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Loudness dependence of auditory evoked potentials (LDAEP) evaluates loudness processing in the human audi-
tory system and is often altered in patients with psychiatric disorders. Previous research has suggested that this
measuremay be used as an indicator of the central serotonergic system through the highly serotonergic innerva-
tion of the auditory cortex.
However, differences among the commonly used analysis approaches (such as source analysis and single elec-
trode estimation) may lead to different results. Putatively due to discrepancies of the underlying structures
being measured. Therefore, it is important to learn more about how and where in the brain loudness variation
is processed.
We conducted a detailed investigation of the LDAEP generators and their temporal dynamics by means of mul-
tichannel magnetoencephalography (MEG). Evoked responses to brief tones of five different intensities were re-
corded from 19 healthy participants. We used magnetic field tomography in order to appropriately localize
superficial as well as deep source generators of which we conducted a time series analysis.
The results showed that apart from the auditory cortex other cortical sources exhibited activation during the N1/
P2 timewindow. Analysis of time courses in the regions of interest revealed a sequential cortical activation from
primary sensory areas, particularly the auditory and somatosensory cortex to posterior cingulate cortex (PCC)
and to premotor cortex (PMC). The additional activationwithin the PCC and PMChas implications on the analysis
approaches used in LDAEP research.

© 2014 Elsevier Inc. All rights reserved.
Introduction

The loudness dependence of the N1/P2 auditory evoked potentials
(LDAEP) constitutes a prime object of investigation in the continuing
search for biological correlates of psychiatric disorders (Kenemans and
Kähkönen, 2011). Due to feasibility reasons the LDAEP is mostly record-
ed by electroencephalography (EEG). Nonetheless, the loudness depen-
dence can also be measured from changes in magnetic fields (LDAEF)
using magnetoencephalography (MEG). LDAEP has been reported to
be a valid measure of central serotonergic neurotransmission both in
animals and humans (Hegerl and Juckel, 1993; O'Neill et al., 2008).
The basic concept of LDAEP is that serotonergic neurotransmission has
a homeostatic function and modulates the responsiveness and sensitiv-
ity of cortical neurons in the primary auditory cortex (PAC) (Jacobs and
chiatry, Psychotherapy and
ch, PO Box 1930, 8021 Zürich,
Azmitia, 1992). A pronounced LDAEP supposedly reflects low central se-
rotonergic neurotransmission, whereas a weak LDAEP reflects high se-
rotonergic activity (Hegerl and Juckel, 1993; Kawohl et al., 2008;
Wutzler et al., 2008). The measure of the auditory evoked response to
increasing sound pressure levels is referred to as loudness dependence
and is inter-individually different (Buchsbaum, 1971). The LDAEP has
been widely applied in psychiatric samples (Ostermann et al., 2012;
Park et al., 2010;Wyss et al., 2013), in studieswith pharmaceutical chal-
lenge (Hitz et al., 2011; Kähkönen et al., 2002), in relation with the pre-
diction of treatment outcome (Juckel et al., 2007; Linka et al., 2004) and
in genetic association studies (Gallinat et al., 2003; Juckel et al., 2008;
Kawohl et al., 2008).

Nonetheless, further improvement of the sensitivity and specificity
of the LDAEP analysis is required to qualify it as a diagnostic marker.
This could facilitate the clinical applicability of the parameter. Thus far
the LDAEP has been analyzed in several different ways. The most com-
mon strategies used in EEG rely on single-electrode estimation (e.g.
Debener et al., 2002), dipole source analysis (DSA; e.g. Wyss et al.,
2013) and current source density analysis using low resolution brain

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2014.08.012&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2014.08.012
mailto:c.wyss@fz-juelich.de
Unlabelled image
http://dx.doi.org/10.1016/j.neuroimage.2014.08.012
Unlabelled image
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg
https://www.researchgate.net/publication/8375684_The_intensity_dependence_of_the_auditory_evoked_N1_component_as_a_predictor_of_reponse_to_Citalopram_treatment_in_patients_with_major_depression?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5767640_Association_of_catechol-O-methyltransferase_variants_with_loudness_dependence_of_auditory_evoked_potentials?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5387270_Loudness_Dependence_of_Auditory_Evoked_Potentials_as_Indicator_of_Central_Serotonergic_Neurotransmission_Simultaneous_Electrophysiological_Recordings_and_In_Vivo_Microdialysis_in_the_Rat_Primary_Audit?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/40683111_The_loudness_dependence_of_the_auditory_evoked_potential_LDAEP_in_schizophrenia_bipolar_disorder_major_depressive_disorder_anxiety_disorder_and_healthy_controls?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/47357842_How_Human_Electrophysiology_Informs_Psychopharmacology_From_Bottom-up_Driven_Processing_to_Top-Down_Control?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/47357842_How_Human_Electrophysiology_Informs_Psychopharmacology_From_Bottom-up_Driven_Processing_to_Top-Down_Control?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/250925999_The_Loudness_Dependence_of_Auditory_Evoked_Potentials_LDAEP_as_an_Indicator_of_Serotonergic_Dysfunction_in_Patients_with_Predominant_Schizophrenic_Negative_Symptoms?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/250925999_The_Loudness_Dependence_of_Auditory_Evoked_Potentials_LDAEP_as_an_Indicator_of_Serotonergic_Dysfunction_in_Patients_with_Predominant_Schizophrenic_Negative_Symptoms?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/250925999_The_Loudness_Dependence_of_Auditory_Evoked_Potentials_LDAEP_as_an_Indicator_of_Serotonergic_Dysfunction_in_Patients_with_Predominant_Schizophrenic_Negative_Symptoms?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/14814852_Intensity_dependence_of_auditory_evoked_potentials_as_an_indicator_of_central_serotonergic_neurotransmission_A_new_hypothesis_1?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/14814852_Intensity_dependence_of_auditory_evoked_potentials_as_an_indicator_of_central_serotonergic_neurotransmission_A_new_hypothesis_1?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5986848_Differential_Prediction_of_First_Clinical_Response_to_Serotonergic_and_Noradrenergic_Antidepressants_Using_the_Loudness_Dependence_of_Auditory_Evoked_Potentials_in_Patients_With_Major_Depressive_Disor?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/264329834_Individual_Differences_in_Stimulus_intensity_response?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11452391_Is_auditory_evoked_potential_augmentingreducing_affected_by_acute_tryptophan_depletion?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11060132_Acute_trytophan_depletion_decreases_intensity_dependence_of_auditory_evoked_magnetic_N1P2_dipole_source_activity?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5430502_The_loudness_dependence_of_the_auditory_evoked_potential_LDAEP_as_an_in_vivo_biomarker_of_central_serotonergic_function_in_humans_Rationale_evaluation_and_review_of_findings?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/259827081_The_loudness_dependence_of_auditory_evoked_potentials_and_effects_of_psychopathology_and_psychopharmacotherapy_in_psychiatric_inpatients?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5471727_Insights_in_the_central_serotonergic_function_in_patients_with_affective_disorders?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5471727_Insights_in_the_central_serotonergic_function_in_patients_with_affective_disorders?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/51836781_Examination_of_the_effect_of_acute_levodopa_administration_on_the_loudness_dependence_of_auditory_evoked_potentials_LDAEP_in_humans?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/38135319_Allelic_variants_of_the_functional_promoter_polymorphism_of_the_human_serotonin_transporter_gene_is_associated_with_auditory_cortical_stimulus_processing?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==


466 C. Wyss et al. / NeuroImage 102 (2014) 465–473
electromagnetic tomography (LORETA; e.g. Jaworska et al., 2013). A
general restriction of source localisation in EEG and MEG is the exis-
tence of the inverse problem (Michel et al., 2004). This indicates that
from the signal measured at the scalp, the location of the underlying
generators is not uniquely determined. One should keep in mind that
different source configurations can produce the same potentials on
the scalp.

By using the EEG single-electrode estimation at the Cz electrode or
the Fz electrode – by far the most used strategy to define the LDAEP –

we have to account for following limitations: first, it is for sure that a
single electrode cannot adequately represent source activity generated
by the underlying brain area due to the superposition effect and the
poor conductance of the skull. Secondly, using a single channel only is
not possible to set apart the overlapping generators in both the primary
and secondary auditory cortices with this approach. This differentiation
is important because the serotonin concentration is highest in the pri-
mary sensory areas (Azmitia and Gannon, 1986; Juckel et al., 1997;
Lewis et al., 1986). Positron emission tomography (PET) and autoradi-
ography analysis showed a high mean density of serotonin transmitter
receptors in the PAC (Fink et al., 2009; Zilles et al., 2002). Moreover, a
functional magnetic resonance imaging (fMRI) study on LDAEP using
individual landmarks for the separation of primary and secondary
auditory cortices indicated different loudness dependencies in
these areas (Brechmann et al., 2002). Thus, the primary auditory cor-
tex plays a pivotal role in the analysis of the LDAEP and the conse-
quential interpretations.

Fortunately, advances in source reconstruction allow for the isola-
tion of the signal from the PAC in a relatively straightforward fashion.
Both dipole source analysis (Hegerl and Juckel, 1993; Scherg and
Picton, 1991) and LORETA (Mulert et al., 2002) showed to be capable
of separating the sources in the auditory cortex and are used to deter-
mine the LDAEP. One problem with DSA is that the investigator has to
define the number of dipoles that better explains the variances of con-
tributing sources a priori. In the standard N1/P2 dipole model for the
analysis of the LDAEP two dipoles are set in each hemisphere, one tan-
gential dipole representing the PAC and one radial representing the sec-
ondary auditory cortex (Scherg and Von Cramon, 1985).

However, little effort has been made to specify if significant addi-
tional generators contribute to the scalp potential or account for an
improvement of the residual variance in the dipole model. Electro-
physiological studies conducted in the 1980s and 1990s already
pointed out that the auditory N1 wave does not arise from a unitary
source (i.e. auditory cortices) but reflects a superposition of sources
with different functional significances (Giard et al., 1994; Knight
et al., 1980; Näätänen and Picton, 1987; Picton et al., 1999). Those
studies were mostly based on derived sources from the scalp poten-
tials or limited by a priori dipole models. Since then not much re-
search has been done on the underlying mechanism of auditory
processing during the N1/P2 timewindow, even though themethod-
ology has improved significantly. For instance, better resolution in
space and time can be achieved by using a few hundreds of highly
sensitive magnetometer sensors in MEG or by utilizing a hybrid
fMRI/EEG system which provides both, high spatial and temporal
resolutions (Neuner et al., under review).

Evidence from the recent studies comparing the diverging analysis
methods in LDAEP research is in line with the assumptions that addi-
tional sources are activated. Hagenmuller et al. (2011) compared
DSA analysis with single-electrode estimation within the same sam-
ple and found a significant difference between scores obtained with
both methods. The authors assumed that a third source was addi-
tionally activated and contributed to the scalp signal captured by a
single electrode. Actually, some studies used a third regional source
in the dipole model in the frontal region, especially for high intensi-
ties in order to improve the residual variance between the modeled
and the true signal recorded at the scalp (Hitz et al., 2011; Wyss
et al., 2013). Surprisingly, a study by Mulert et al. (2002) compared
DSA and LORETA for source localisation and did not find a significant
correlation between the results of the two techniques. This dissocia-
tion could be explained because distinct types of source analysis
methods were compared. DSA in contrast to LORETA is a discrete
source analysis that requires a priori assumptions about the exact
number of dipole sources based on physiological knowledge. In this
study the authors used a two-dipole model instead of setting a
third dipole. This could have led to a contamination of the true signal
resulting from the tangential dipole activity representing the prima-
ry auditory cortex.

The present study aims at improving the analysis strategy of LDAEP
investigations by taking into account all generators involved in loudness
dependence bymeans of MEG analysis. We usedwholehead MEG com-
bined with a distributed source model approach which allows an ex-
ploratory analysis – without fixing the number of generators a priori –
of the spatio-temporal profiles of the activated brain regionswith excel-
lent time resolution (Attal et al., 2012; Ioannides, 2006; Ioannides et al.,
2004). The use of high-density recording by means of MEG/EEG has
never been applied in the analysis of LDAEP thus far and the increased
number of channels used in this study tend to result in a satisfactory dis-
entanglement of the overlapping components in the brain (Dammers
et al., 2007; Michel et al., 2004). We hypothesize that besides the audi-
tory cortex additional sources contribute to late auditory evoked re-
sponses as observed from scalp recordings in the timeframe of N1m/
P2m.We suppose that this interfering source activity ismostly apparent
after high intensity tones due to the following reasons: First, while using
dipole sourcemodels in the analysis of LDAEP an involvement of a third
neuronal source was supposed to be present at particularly high inten-
sities (Hitz et al., 2011; Wyss et al., 2013). Second, Näätänen and Picton
(1987) already reported that an additional component was most easily
observed at high intensities.

Our findings promise to be valuable in improving basic physiological
knowledge of the involved processes in order to define prior assump-
tions in discrete source analysis, for instance to create an adequate di-
pole model (Scherg and Berg, 1991). Moreover, we intend to further
elucidate the comparability of the various methodological approaches.

Materials and methods

Subjects

Nineteen healthy male right-handed subjects participated in the
study (mean age 26.5 ± 4.0 years). All volunteers were recruited from
the staff of the Forschungszentrum Jülich and from a volunteer mailing
list. Subjects that met the following criteria were excluded: current or
prior history of neuropsychiatric disorders as assessed by theMini Inter-
national Neuropsychiatry Interview (M.I.N.I.) (Sheehan et al., 1998);
first-degree relatives with psychiatric disorders; drug or alcohol
abuse; and smokingor a lifetimehistory ofmetabolic disorders. Subjects
were instructed to consume neither alcohol nor any pharmaceuticals
48 h before or caffeine 12 h before measurements. Handedness was
assessed by the Edinburgh Handedness Inventory (Oldfield, 1971). All
subjects gave written informed consent. The study was approved by
the Ethics Committee of the Medicine Faculty of the Rheinisch–
Westfälischen Technischen Hochschule Aachen (RWTHAachen Univer-
sity) andwas carried out in accordancewith the Declaration of Helsinki.
One subject was excluded as not suitable for analysis because of poor
signal quality from the MEG measurements which was most likely
due to external noise.

Experimental procedure

Neuromagnetic field changes in response to auditory stimulation
were recorded in a magnetically shielded room with a whole-head
248 magnetometer system (Magnes3600, 4D-Neuroimaging, San
Diego, USA). Recordings were performed in a supine position with the
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subjects laywith their eyes open. During the passive listening of the au-
ditory stimulation all subjects were asked to stay relaxed and to avoid
movements. As attention to the auditory stimuli has been shown to
modulate the auditory evoked potentials (Schechter and Buchsbaum,
1973), and therefore also the LDAEP (Baribeau and Laurent, 1987), a si-
lentmoviewas shown to the subjects for thepurposes of distraction and
they were told not to pay attention to the auditory stimuli. The sinusoi-
dal tones (1000 Hz, 40 ms duration with 10 ms rise and fall time) were
generated by a digital signal processor (Multi I/O Processor RX8, TDT
System 3, Tucker–Davis Technologies, Alachua, USA) andwere present-
ed binaurally through earphones with plastic tubes and ear plugs
inserted into the outer ear canals. Two programmable attenuators for
the left and right ear (PA5, TDT System 3, Tucker–Davis Technologies,
Alachua, USA) were used to present the tones at 10, 20, 30, 40, 50 and
60 dB sensation level (SL) in a pseudo-randomized order with not
more than two equal levels following each other and pseudo-random
stimulus onset asynchrony between 2 and 3 s in steps of 17ms. Individ-
ual hearing thresholds were determined prior to each experiment and
calibrated over five times. The mean threshold across all subjects was
approximately 20 dB sound pressure level (SPL) and was just above
the level of system noise of 20 dB SPL (at octave-band around
1000 Hz) that means that the presented stimuli were in the range of
30 to 80 dB SPL. The individual threshold was examined to guarantee
an equal perception of the tones at both ears and to control the variabil-
ity due to differences in the stimulation settings. Moreover, it is impor-
tant to dissociate between perceived loudness and physical sound
intensity, as it is supposed that the activation in auditory cortex rather
reflects the subjective perception (Langers et al., 2007). A system specif-
ic constant time delay of 20 ms respective to the stimulus onset was
taken into account and later subtracted for analysis.

MEG recording

The neuromagnetic activity was continuously recorded with a
sampling rate of 678.17 Hz in a frequency range from DC up to
200 Hz. Prior to theMEGmeasurement, 5 head location coils were at-
tached to subject's head. The position of the coils and the head itself
was digitized using a 3D digitizer (Polhemus, 3space/Fastrack,
Colchester, USA). Before and after each recording block, subject's
head position was monitored by the head location coils, whereby a
maximum difference of 5 mm for each experiment was accepted
for further analysis. Eye movement and heart beats were monitored
simultaneously using electrocardiography (ECG) and electrooculog-
raphy (EOG), respectively (Brain Vision BrainAmp ExG MR, Brain
Products, Gilching, Germany).

Individual anatomical MRIs

For the co-registration of the MEG coordinate frame with the indi-
vidual brain anatomy, high-resolution T1-weighted MR-images were
acquired for each subject with a voxel size of 1 × 1 × 1 mm3 (3T, Trio,
Siemens, Erlangen, Germany). The rendered head shape was matched
to the surface of the scalp by means of customized software, providing
an affine transformationmatrix for co-registering theMEG head coordi-
nate and the MRI coordinate system (Dammers et al., 2007). For MEG
source space preparation the individual anatomical brain was extracted
using the Brain Extraction Tool (BET) as implemented in FSL (Version
5.0.4, FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl) and a source
space of approximately 10000–12000 nodes using an isometric 5 mm
grid was defined prior to source analysis.

Data analysis

MEG signal processing
After acquisition, all data were band-pass filtered with a blackman

windowed sinc filter (Smith, 1997) in the range of 1–200 Hz including
notch filters at the power line frequency (50 Hz and the harmonics).
Noisy MEG channels were excluded by visual inspection. Artifact rejec-
tion was automatically performed using the independent component
analysis (ICA) as described in Dammers et al. (2008). Artifact free
epochs were extracted for each stimulus in a time window ranging
from−200ms to+650ms before and after stimulus onset, respective-
ly. The epoch onsets were corrected for the time delay between gener-
ating and presenting the stimuli to the subject ears. A baseline
correction was calculated from the pre-stimulus interval −200 ms to
−50 ms. The first five epochs of each condition were excluded in
order to reduce short-term habituation effects and epochs with thresh-
old level above 3 pT were excluded by default. Within one subject, only
the minimum number of accepted epochs (min. 70) was averaged ac-
cording to the six conditions. Across subjects on average 73.8 (SD 1.3)
out of 80 epochswere accepted for each condition and guaranteed an al-
most constant signal-to-noise ratio. Global field power (GFP)was calcu-
lated independently for each subject and condition andwas normalized
by dividing through the standard deviation of the baseline (Lehmann
and Skrandies, 1980).

MEG source analysis
Magnetic field tomography (MFT; Ioannides et al., 1990) is a dis-

tributed source reconstruction method for the localization of the pri-
mary current density as recorded by MEG. MFT belongs to the family
of weighted minimum norm solver (Ioannides, 2006; Ioannides
et al., 1995; Taylor et al., 1999). A detailed description of the algorith-
mic steps is described in (Ioannides, 1995). In short: Let mi be the
output of the ith magnetometer. Then the measurement mi can be
expressed as a linear functional of the primary current density j(r)
with the vector-valued lead field ϕi(r) describing the sensitivity pro-
file of the ith sensor:

mi ¼
Z

Q
ϕi rð Þ � j rð Þ � d3r: ð1Þ

For estimating the current density j(r) MFT is based on a probabilis-
tic treatment of the inverse problem where the estimated current den-
sity is expressed as a linear combination of expansion functions:

j rð Þ ¼
XN

k
Ak � ϕk rð Þ �w rð Þ ð2Þ

with N being the number of detectors, w(r) is a probability weighting
function defined throughout the source space, incorporating any a
priori information about source location, and Ak are expansion coeffi-
cients that can be determined from the measurement data. In contrast
to the well-known MN approach, MFT uses a non-linear weighting
function w(r) that allows the weights to depend on the strength of
the first solution ||j0(r)||p (with p = 1) of the primary current density
(Taylor et al., 1999). The initial values for the weighting function in
MFT is determined by training the algorithm using computer generated
data before MFT is applied to the real data (Ioannides et al., 1990). Dur-
ing inversion the weight update wn = c ⋅ w0(r) ⋅ ‖jn − 1(r)‖p is used to
sharpen up the reconstruction within an iterative process, with w0

being the initial weight and c being a constant to ensure that the sum
of weights equals 1. In other words, the result of the first application
is used to enhance the a priori probability weight in regions where
the activity has been identified. The difference to MN estimation is
that in MN-based solver no iteration is involved (with p = 0) and
w(r) = w = 1. Moreover, the regularization parameter in MN solvers
is estimated only once (typically from the noise covariance matrix),
while in MFT the parameter is adapted for each inversion (Ioannides
et al., 1990). In this way MFT is computationally more demanding, but
is able to reconstruct shallow as well as deep sources at a time (Chen
et al., 2009; Dammers and Ioannides, 2000; Weidner et al., 2010).

Lead fields used (cf. Eq. (1)) for the MFT analysis were computed
from each individual subject with respect to a spherical head model.
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Fig. 1. Group averages (n= 19) of global field power (GFP) after auditory stimuli presen-
tation (10–60 dB SL). The N1m peak occurred between 75 and 125 ms, the P2m peak be-
tween 175 and 225 ms. MFT analysis were conducted within these time windows.
Reference level of intensity is SL.
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Current density source reconstructionwas estimated based on the aver-
aged MEG data. We used the modulus (strength) of the current density
activation for further analysis. The mean of the baseline was subtracted
for baseline correction in each subject individually. Because we were
only interested in calculating the root mean squared (RMS) values out
of positive activations, negative values possibly resulting from baseline
correction were set to zero. RMS values were calculated voxel-wise for
these data for each subject in a sliding window of 50 ms latency with
25 ms overlap between 0 and 650 ms. In this way, full 3D reconstruc-
tions across time are provided with respect to the GFP distribution
and the time characteristics of the auditory evoked components
(Woods, 1995). These 4D spatio-temporal profiles (MFTrms values)
were transformed into theNeuroimaging Informatics Technology Initia-
tive (NIfTI) format using an interpolated common isometric voxel size
of 2 mm3 for both the MFTrms reconstruction and the MRI anatomical
scans in order to combine the MFT solution with the FSL software.
Each NIfTI-volume was then aligned to the MNI standard space (Mon-
treal Neurological Institute, MNI152 2 mm brain) using the non-linear
registration algorithm (FNIRT, Non-linear Image Registration Tool;
FSL). Finally, the standard space volumes were used for statistical anal-
ysis throughout.

Statistical analysis
For group analysis, the transformed MFTrms volumes for each

sound pressure level and time window were entered into second-
level statistical group analysis using the generalized linear model in-
cluded in FSL. Monte Carlo Permutation was applied as a non-
parametric measure with minimal need of assumptions about the
data. Due to our particular interest in the highest sound levels, we
performed one-sample permutation t-tests with 5000 permutations
to assess brain activity differences in the processing of the highest
(60 dB) vs. lowest (10 dB) sensation levels (Nichols and Holmes,
2002). The voxel-wise maps were thresholded using threshold-free
cluster enhancement (TFCE; Smith and Nichols, 2009) at P b .001 at
cluster-level for T = 3.73 and all significance values were family-
wise error (FWE) corrected for multiple comparisons. Variance
smoothing was applied using a Gaussian kernel of width 3 mm in
order to increase the power of the test. Anatomical regions were de-
fined by means of the Jülich Histological Atlas (JHA; Eickhoff et al.,
2006) at highest t-values and maximum probabilities of each ana-
tomical label. For the regions that have not yet been defined in
a cytoarchitectonic map, we used the macroscopic probabilistic
Harvard–Oxford cortical structural atlas, provided with FSL.

We performed a time-course analysis within the anatomical regions
significantly activated in the t-test during the N1m time window for
each condition to elucidate the temporal dynamics across regions.
Based on the 4D spatio-temporal profiles of the MFT analysis we calcu-
lated RMS values in space by taking into account all voxels in each of
these regions-of-interest (ROI) for each time point. The data was nor-
malized by the maximum value found across all conditions in time for
each subject respectively, thus providing comparisons between subjects
and conditions.

In order to statistically evaluate the best fit lines (linear or quadratic)
of the slopes generated from mean RMS activations versus intensity
levels (Fig. 3) across the ROIs, we used hierarchical linear regression
analysis (SPSS version 22 for Mac) using RMS values as the dependent
measure.

Results

Source analysis

Fig. 1 shows the GFP over 248magnetometers of the averaged au-
ditory evoked field calculated across all sound pressure levels. Based
on these latency peaks we concentrated on the activity in the follow-
ing time windows 75–125 ms for N1m and 175–225 ms for P2m.
In the N1m time window we found significant neural activations
in the primary auditory cortex (PAC), the posterior cingulate cortex
(PCC), the premotor cortex (PMC) and the primary somatosensory
cortex (Fig. 2A). Moreover, activation was found in the paracingulate
cortex. In the time window of P2m significant activations were
shown in the PAC, the primary and secondary visual cortices extend-
ing into the precuneus and the PMC (Fig. 2C). Table 1 provides the t-
contrast values and MNI coordinates.

Time course analysis of the activation in a ROI

The results of the time course analysis revealed different activation
patterns among the ROIs between 0 and 300ms (Fig. 2B). In the sensory
cortices a saturation effect of the N1m could be observed that means
that the highest sound level did not evoke a higher mean MFTrms
value. According to latencies, the N1m component peaked between 88
and 133 ms across all intensity levels in the sensory cortices (auditory
and somatosensory) and the PCC (Table 2). The time courses of the
meanMFTrms values in the PMCdid not show accentuated peaks. How-
ever, a loudness dependency is still obvious and a maximum value at
119 ms for the 60 dB condition was reached.

Relating to the P2m component a distinct peak with the highest
sound level is shown in the PCC. In the remaining ROIs the peaks
were rather broad and flat, nevertheless showing an increase around
220 ms in the sensory areas whereas no clear peak was observed in
the PMC.

The temporal sequence of activations for the highest sound pressure
levels determined from theN1-peak latencies was from PAC and prima-
ry somatosensory cortex to PCC and finally to PMC (Fig. 2B, Table 2). The
left and the right PAC were activated simultaneously (Table 2).

LDAEP slope differences among the ROIs

A supplemental research question arose during our analysis
based on the observation of the saturation effect. Therefore, the
slope of the loudness dependence of the RMS activation across all in-
tensities was generated at the previously defined time window of
N1m (75–125 ms) within each ROI. Fig. 3 shows that the mean
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A B C

Fig. 2.MEG activation for the contrast analysis between the highest and the lowest intensity in the time window of N1m (A) and P2m (C) (N= 19, thresholded below P b .001 at cluster
level for T = 3.73, FWE-corrected). Time course analysis between 0 and 300 ms poststimulus in each ROI (B). Vertical dotted line indicates the latency of N1. L: left hemisphere; R: right
hemisphere. RMS values for time courses were low pass filtered at 30 Hz for graphical reasons. Reference level of intensity is SL.
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MFTrms value in the PAC increases steadily with lower intensities
but decreases with the highest intensity in both hemispheres. A sim-
ilar trend was observed for the activation in the primary somatosen-
sory cortex. On the other hand, the activation in the PCC and the PMC
Table 1
Anatomical locations of all significant T-contrast activations inMEGmagnetic field tomography
for T = 3.73, FWE-corrected). To keep apart the different clusters, localmaximawithin 10 mm
ter size; MNI: Montreal Neurological Institute (mm).

Region L/R

60–10 dB

N1 Primary auditory cortex/planum temporale R
Primary auditory cortex/middle temporal gyrus L
Posterior cingulate cortex L
Posterior cingulate cortex/precuneus R
Premotor cortex/primary somatosensory cortex R
Paracingulate cortex L

P2 Primary auditory cortex R
Primary auditory cortex/middle temporal gyrus L
Visual cortices V1 and V2/precuneus R
Premotor cortex L
steadily increases with sound pressure level. These characteristics
were confirmed by hierarchical linear regression analysis. Analysis
revealed that a quadratic model was able to account for an additional
amount of total variance of a linear model alone in the left and right
in the timewindow of N1m and P2m (N = 19, thresholded below P b .001 at cluster level
of each other in each cluster were defined. L: left hemisphere; R: right hemisphere; k: clus-

k t-Value MNI coordinates

x y z

2173 5.58 50 −26 6
800 4.58 −50 −22 8

2173 5.7 −6 −50 28
2173 5.4 4 −48 30
368 5.16 48 −6 50
95 4.46 −4 20 44

1651 6.42 52 −16 2
385 4.34 −52 −10 −6
212 3.85 8 −56 14
117 4.59 −28 −20 66

image of Fig.�2


Table 2
N1-peak latencies (ms) for each sound pressure level (dB SL) within ROIs. L: left hemisphere; R: right hemisphere.

Region dB SL

L/R 10 20 30 40 50 60

ms

Primary auditory cortex/planum temporale R 114 107 96 96 92 89
Primary auditory cortex/middle temporal gyrus L 111 101 98 96 92 90
Posterior cingulate cortex/precuneus L/R 117 111 117 96 104 99
Premotor cortex R 88 172 200 121 96 119
Primary somatosensory cortex R 133 120 95 92 93 88
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PAC (left: ΔR2 = .096, P = .000; right: ΔR2 = .083, P = 0.000). No
additional variances were explained for the quadratic model in the
PCC (ΔR2 = .003, P = .531), PMC (ΔR2 = .006, P = .378) and in
the primary somatosensory cortex (ΔR2 = .018, P = .122).

Discussion

This study assessed the neuroanatomical correlates of the N1m/
P2m-complex evoked by the presentation of brief tones of different in-
tensities. In addition to prior studies, multichannel MEG was used and
source reconstruction was performed using a data-driven approach.
Brain activation during the processing of the tones presented with the
highest sound pressure levels compared to those with the lowest
sound pressure levels was computed. However, the waveforms of
both the N1m and P2m are not generated by a single region, but they
rather reflect the sum of several relatively independent latent compo-
nents generated by a distributed network involving PAC, primary so-
matosensory cortex, motor cortex and the PCC.

Sources in and near the auditory cortex

A large number of studies examined brain activity generated by
loudness variation of auditory stimulation with EEG (Hegerl et al.,
1994; Neukirch et al., 2002), MEG (Elberling et al., 1982; Vasama
et al., 1995) or fMRI (Hart et al., 2002; Jäncke et al., 1998; Mulert
et al., 2005). They have consistently found sources in and in the vi-
cinity of the auditory cortex and further investigated the underlying
neural mechanisms (i.e. increased responses or spatial extent of acti-
vated cortex volume) by intensity change. In line with these studies
we found activation in the primary auditory cortex and specifically
as shown in other MEG studies (Godey et al., 2001) the activation ex-
tended into the planum temporale at the N1m time-range (Table 1,
Fig. 3. ROI analysis of average current densities at N1m over all intensities. L: left hemi-
sphere; R: right hemisphere.
Fig. 2). In contrast, the activation showed a slight posterior to anteri-
or shift toward the planum polare in the time window of the P2m.

Contribution of neural activity outside the auditory cortex

To our knowledge there is very little research reporting on sources
outside the auditory cortex underlying the LDAEP. It is known that sub-
cortical structures involved in the early processing of auditory stimuli
such as the superior olive, the inferior colliculus and themedial genicu-
late body are sensitive to noise levels, showing a higher activity to in-
creasing levels (Sigalovsky and Melcher, 2006).

Nevertheless, references from studies describing the generators of
the auditory N1 and P2 components are extensive and should be
taken into account for the interpretation of our results. Näätänen and
Picton (1987) already pointed out that not only one predominant gen-
erator but also other sources contribute to the scalp recorded N1 peak
in auditory processing. These authors proposed a third component un-
derlying the N1 wave often referred as the “unspecific component”
whose exact location is still unknown, but is proposed to lie within
the frontal motor cortex and PMC in the precentral gyrus. Justification
for these assumptions came from the effects of interstimulus intervals
(ISI) on the scalp topography of the N1, as refractoriness processes be-
come more active during increased ISI (N4 s) and thus lead to less spe-
cific additional sources near the vertex (Hari et al., 1982; Näätänen and
Picton, 1987; Velasco and Velasco, 1986). Moreover, intracerebral re-
cordings in monkeys supported additional generators of auditory
evoked potentials in the PMC and motor cortex (Arezzo et al., 1975).
Since then only few studies have contributed to the clarification of this
third component bymeans of scalp current density and dipole analysis.
The characteristics of this frontal response, however, are still ambigu-
ous. Some authors (Alcaini et al., 1994; Giard et al., 1994; Näätänen
and Picton, 1987) described a component with contributions from
sources outside the auditory cortex with a peak latency of 100 ms,
most easily recorded at intensities greater than 60 dB SPL and with
long as well as short ISIs. The sources were described to lie within the
posterior frontal lobe in the motor cortex (BA4), the supplementary
motor area (BA6) or the cingulate gyrus. Other authors reported a com-
ponent generated by the same regions but at later latencies (i.e. around.
125 ms; 140 ms) or with a longer refractory period, that is emerging
only with longer ISIs (Alcaini et al., 1994; Picton et al., 1999).

Our study is thefirst using a distributed sourcemodel to show an ad-
ditional significant activation in the PMC during the N1m timewindow.
The response remained relatively constant between 60 and 180ms and
peaked at 119ms in the condition of the highest intensity (Fig. 2). These
findings are in agreement with the findings of the aforementioned pre-
vious work. The activation in the PMC might be related to the acoustic
startle response to a sudden loud noise and is viewed as an aversive re-
sponse to novel and potentially harmful stimuli (De Pascalis et al., 2012;
Lang et al., 1990). The primary somatosensory cortex that is additionally
activated in the present study could also play a considerable role in the
processing of the startle response (Neuner et al., 2010). Other authors
pointed out that the supplementary and premotor areasmay be related
to the orienting response, an orientation of attention to a change in the
environment and linked to the planning and execution of motor
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responses even though the subjects had no such task to perform (Hari
et al., 1982; Kim et al., 1999; Näätänen and Picton, 1987).

Furthermore, the PCC was observed to belong likewise to the net-
work of auditory intensity processing. The results show a greater in-
crease in activation with higher sound pressure levels in the time
window of N1m and P2m. Interestingly, one single LDAEP-study using
PET reported activation in this region (Lockwood et al., 1999), but
with maximal activation at lower intensities. The authors assigned to
this region a significant role in regulating or controlling the magnitude
of intensity and also mentioned a possible link to the attention system.
However, the functional role of the PCC is currently not clear and com-
peting theories exist (Leech and Sharp, 2014). According to our findings
(Fig. 2B) the PCC is activated after the primary sensory areas and may
subserve evaluative functions such as monitoring sensory events and
homeostatic processes (Vogt et al., 1992). In fact, the PCC shows no di-
rect innervations to primary sensory and motor areas (Parvizi et al.,
2006), but connections to the prefrontal cortex. Interestingly, the PCC
is modulated by serotonergic neurotransmission (Hahn et al., 2012).
Long term treatment with selective serotonin reuptake inhibitors
(SSRIs) were reported to have a significant effect on the neuronal struc-
ture (Kraus et al., 2014) and function (Matthews et al., 2010) of the PCC.
Moreover, transmitter receptor fingerprints of the cerebral cortex indi-
cate that the mean densities of 5-HT1A and 5-HT2 receptors are compa-
rable between PCC and PAC (Zilles et al., 2002). While studies about
treatment response prediction are promising in LDAEP research, the op-
timal used analysismethod is still debated (Jaworska et al., 2013;Mulert
et al., 2002; Park et al., 2011). However, scalp measured potentials, for
instance at Cz, might reflect serotonergic modulated responses from
both the PAC and the PCC (e.g. Linka et al., 2004). To our knowledge,
there exists no study investigating a modulatory effect of the 5-HT sys-
tem on the PMC.

Another interesting finding is that the presentation of auditory
stimuli activated not only the primary auditory cortex but also the pri-
mary visual and somatosensory cortex. This is in agreement with the
theory of multisensory integration that states low level integration in
different sensory modalities (i.e. auditory, visual and somatosensory)
and controverts the traditional assumption that multisensory integra-
tion is a higher order process (Schroeder and Foxe, 2005).

By comparing the activation pattern between the time windows of
N1m and P2m, we did not find any significant differences (Table 2).
Fig. 2 reveals that there has been a slight shift of activation from the
PCC toward the precuneus and the visual cortices.

LDAEP slope differences among the ROIs

Our data showed that the characteristics of responses to high inten-
sity levels differ between the ROIs. Responses at the highest intensities
in the PAC level off, what is commonly called saturation, whereas the
slope in the PCC and PMC continuously increases along the intensity
level (Fig. 3). Saturation is particularly susceptible to varying methodo-
logical conditions and has been documented when stimuli were pre-
sented at shorter intervals than 2.5 s or when the intensity was held
constant within blocks (Näätänen and Picton, 1987). However, this
effect is discussed controversially to occur in the auditory cortex.
While some studies reported saturation effects (Bruneau et al., 1985;
Lockwood et al., 1999; Neukirch et al., 2002; Reite et al., 1982) others
did not (Brechmann et al., 2002; Hall et al., 2001; Hart et al., 2002;
Jäncke et al., 1998; Langers et al., 2007; Soeta and Nakagawa, 2009).
Thus it appears that the mechanism leading to saturation is not
well understood. The hypothesis of intensity selectivity of neurons
contribute to sorting out this issue: first, the observation of spatial
extend of activated voxels with increasing intensities in fMRI leads
to the hypothesis of an increase in the number of responding neu-
rons. As a consequence, involved neurons spread to auditory associ-
ation areas when the monotonic neurons in PAC are saturated
(Jäncke et al., 1998; Uppenkamp and Roehl, 2013). The observed
response saturation in PAC in our data might be a consequence of
this restricted response. Second, it is supposed that neurons in the
auditory cortex have specific functions related to the decomposition
of acoustic information (Seifritz et al., 2002). The so called monoton-
ic and non-monotonic intensity tuned neurons differ in their re-
sponse to intensity level to protect the sensory system from
overstimulation and are thought to be topographically organized
without forming a clear intensity map in PAC (Ojima, 2011). An in-
coming sensory stimulus gets processed in these neurons by a corti-
cal intensity tuning mechanism that is based on the basic principle of
the canonical microcircuit. This process emphasizes that temporal
interaction between excitatory thalamic and inhibitory input via in-
terneurons is pivotal for intensity tuning (Ojima, 2011; Wu et al.,
2011). The fact that inhibition is less represented than excitation
by the BOLD activation in functional imaging (Waldvogel et al.,
2000), having in mind this interactional process, this could explain
why most fMRI studies investigating response saturation in PAC did
not find a saturation effect.

Interestingly, the characteristics of the activation found in the
PMC in our data is in line with earlier observations from our working
group: Hagenmuller et al. (2011) revealed that the LDAEP slopes
(amplitudes plotted against intensity) differentiate between DSA
and single-electrode estimation at Cz. While the slope induced at
the scalp showed a steady rise to increasing intensity levels, the po-
tentials within PAC saturated with the highest intensity. This effect is
also shown in the present data, when activations over intensities in
PAC and PMC are compared. Considering the similar LDAEP slopes
at Cz and within the PMC, we can suppose that the single-electrode
method's sensitivity to potential changes outside the temporal cor-
tex is affected by this frontal source.

Furthermore, the nature of synchronicity of the activated brain
regions plays an important role. Huang et al. (2003) reported a vary-
ing percentage of explained variance at the Cz electrode from bilater-
al superior temporal gyrus (STG) sources between healthy controls
and patients with schizophrenia. The authors attributed this group
differences to an additional generator outside the STG that is sup-
posed to fire synchronously or asynchronously with the sources in
auditory cortex. In the case of synchronously firing – as showed in
healthy subjects – it is possible that the variances of both sources
were correlated and therefore not detectable at Cz. Interfering con-
tributions from extra-auditory areas, for instance from the PCC,
could lead to additional variances of the results across psychiatric
disorders complicating the use of different analysis approaches
(Jaworska et al., 2013; Park et al., 2011).

Substantive procedural differences make direct comparisons be-
tween studies on LDAEP difficult. As discussed by many authors,
the stimuli presented to the subject have a crucial impact on the
resulting signal and its sources. For example there is a big range of in-
tensity levels presented in LDAEP studies – varying from two to six
sound levels – what implicates differences in initial levels that in
turn have an impact on the N1m amplitude (Park et al., 2011; Soeta
and Nakagawa, 2012). Moreover, as already discussed above the ISI
is supposed to have an effect on the appearance of the sources be-
cause recovery cycles differ between populations of neurons (Coch
et al., 2005). It has even been demonstrated that the way the inter-
vals are presented (randomized or in a block) influences the signal
(Zacharias et al., 2012). In our study we did not focus on variation
in ISI and its specific effects on source localisation remain open. Fur-
thermore, an effect of frequency on the loudness dependencewas re-
ported (Soeta and Nakagawa, 2009).

Further research using dipole source analysis that takes this prior
knowledge about the generating sources into account, will need to be
undertaken. Sophisticated Bayesian inversion schemes (Kiebel et al.,
2008) are useful to objectively compare competing dipole models that
vary in the numbers of dipoles or other informative priors and decide
which theory explains the observed data best.

https://www.researchgate.net/publication/11184989_Heschl's_gyrus_is_more_sensitive_to_tone_level_than_non-primary_auditory_cortex?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11106750_Comparison_between_the_analysis_of_the_loudness_dependency_of_the_auditory_N1P2_component_with_LORETA_and_dipole_source_analysis_in_the_prediction_of_treatment_response_to_the_selective_serotonin_reup?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11106750_Comparison_between_the_analysis_of_the_loudness_dependency_of_the_auditory_N1P2_component_with_LORETA_and_dipole_source_analysis_in_the_prediction_of_treatment_response_to_the_selective_serotonin_reup?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/8375684_The_intensity_dependence_of_the_auditory_evoked_N1_component_as_a_predictor_of_reponse_to_Citalopram_treatment_in_patients_with_major_depression?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/7702977_Auditory_and_visual_refractory_period_effects_in_children_and_adults_An_ERP_study?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/7702977_Auditory_and_visual_refractory_period_effects_in_children_and_adults_An_ERP_study?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/24231962_Sound_level-dependent_growth_of_N1m_amplitude_with_low_and_high-frequency_tones?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/24231962_Sound_level-dependent_growth_of_N1m_amplitude_with_low_and_high-frequency_tones?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/43342505_Escitalopram_attenuates_posterior_cingulate_activity_during_self-evaluation_in_healthy_volunteers?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/49670827_Interplay_of_excitation_and_inhibition_elicited_by_tonal_stimulation_in_pyramidal_neurons_of_primary_auditory_cortex?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/49670827_Interplay_of_excitation_and_inhibition_elicited_by_tonal_stimulation_in_pyramidal_neurons_of_primary_auditory_cortex?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/51162534_From_elementary_synaptic_circuits_to_information_processing_in_primary_auditory_cortex?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/51162534_From_elementary_synaptic_circuits_to_information_processing_in_primary_auditory_cortex?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/221808910_Differential_modulation_of_the_default_mode_network_via_serotonin-1A_receptors?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/223982051_Stimulation-history_effects_on_the_M100_revealed_by_its_differential_dependence_on_the_stimulus_onset_interval?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/228060724_Auditory_evoked_responses_in_human_auditory_cortex_to_the_variation_of_sound_intensity_in_an_ongoing_tone?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/228060724_Auditory_evoked_responses_in_human_auditory_cortex_to_the_variation_of_sound_intensity_in_an_ongoing_tone?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/235382036_Response_prediction_to_antidepressants_using_scalp_and_source-localized_loudness_dependence_of_auditory_evoked_potential_LDAEP_slopes?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/235382036_Response_prediction_to_antidepressants_using_scalp_and_source-localized_loudness_dependence_of_auditory_evoked_potential_LDAEP_slopes?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/250920400_The_role_of_the_posterior_cingulate_cortex_in_cognition_and_disease?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/256289227_Gray_matter_and_intrinsic_network_changes_in_the_posterior_cingulate_cortex_after_selective_serotonin_reuptake_inhibitor_intake?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/20743627_Frontal_auditory_evoked_potentials_and_augmenting-reducing?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/17013028_Auditory_evoked_magnetic_fields_Response_amplitude_vs_stimulus_intensity?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11556309_Comparison_of_the_AmplitudeIntensity_Function_of_the_Auditory_Evoked_N1m_and_N1_Components?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/6548993_fMRI_activation_in_relation_to_sound_intensity_and_loudness?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/223673123_Interstimulus_interval_dependence_of_the_auditory_vertex_response_and_its_magnetic_counterpart_Implications_for_their_neural_generation?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/223673123_Interstimulus_interval_dependence_of_the_auditory_vertex_response_and_its_magnetic_counterpart_Implications_for_their_neural_generation?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/13546215_Intensity_coding_of_auditory_stimuli_An_fMRI_study?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/13546215_Intensity_coding_of_auditory_stimuli_An_fMRI_study?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/12011367_Functional_magnetic_resonance_imaging_measurements_of_sound-level_encoding_in_the_absence_of_background_scanner_noise?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11573100_Sound-level-dependent_representation_of_frequency_modulations_in_human_auditory_cortex_a_low-noise_fMRI_study?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11172891_Spatiotemporal_Pattern_of_Neural_Processing_in_the_Human_Auditory_Cortex?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/11003578_Architectonics_of_the_human_cerebral_cortex_and_transmitter_receptor_fingerprints_Reconciling_functional_neuroanatomy_and_neurochemistry?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/10768326_Predicting_EEG_responses_using_MEG_sources_in_superior_temporal_gyrus_reveals_source_anomaly_in_patients_with_schizophrenia?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/7725836_Multisensory_contributions_to_low-level_'unisensory'_processing?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/7341430_Neural_connections_of_the_posteromedial_cortex_in_the_macaque?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/7341430_Neural_connections_of_the_posteromedial_cortex_in_the_macaque?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5894808_Variational_Bayesian_inversion_of_the_equivalent_current_dipole_model_in_EEGMEG?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/5894808_Variational_Bayesian_inversion_of_the_equivalent_current_dipole_model_in_EEGMEG?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/21677244_Functional_Heterogeneity_in_Cingulate_Cortex_The_Anterior_Executive_and_Posterior_Evaluative_Regions?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/13214828_The_Large-Scale_Neural_Network_for_Spatial_Attention_Displays_Multifunctional_Overlap_But_Differential_Asymmetry?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/232749638_The_relative_metabolic_demand_of_inhibition_and_excitation?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/232749638_The_relative_metabolic_demand_of_inhibition_and_excitation?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/50941140_Determination_of_the_loudness_dependence_of_auditory_evoked_potentials_Single-electrode_estimation_versus_dipole_source_analysis?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/47701617_The_loudness_dependence_of_the_auditory_evoked_potential_LDAEP_as_a_predictor_of_the_response_to_escitalopram_in_patients_with_generalized_anxiety_disorder?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/47701617_The_loudness_dependence_of_the_auditory_evoked_potential_LDAEP_as_a_predictor_of_the_response_to_escitalopram_in_patients_with_generalized_anxiety_disorder?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/47701617_The_loudness_dependence_of_the_auditory_evoked_potential_LDAEP_as_a_predictor_of_the_response_to_escitalopram_in_patients_with_generalized_anxiety_disorder?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/256099849_Human_auditory_neuroimaging_of_intensity_and_loudness?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/227900171_The_N1_Wave_of_the_Human_Electric_and_Magnetic_Response_to_Sound_A_Review_and_an_Analysis_of_the_Component_Structure?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==
https://www.researchgate.net/publication/227900171_The_N1_Wave_of_the_Human_Electric_and_Magnetic_Response_to_Sound_A_Review_and_an_Analysis_of_the_Component_Structure?el=1_x_8&enrichId=rgreq-3c8e372f3a280e16e377c080ba78e004-XXX&enrichSource=Y292ZXJQYWdlOzI2NDg2ODI5MDtBUzoxOTg4NDM5ODQ1NTE5NDZAMTQyNDQxOTUwODk5OA==


472 C. Wyss et al. / NeuroImage 102 (2014) 465–473
Conclusions

This study concentrates on the underlying mechanism of activation
during the processing of auditory evoked fields related to the variation
of tone intensities. Our results indicate that apart from the auditory cor-
tex and its association areas other regions are activated post stimulus in
the time window of N1m and P2m. The most striking result to emerge
from the data is additional activation in the premotor (PMC) and prima-
ry somatosensory areas with the highest intensity levels. Moreover, we
found loudness dependent activation in the posterior cingulate cortex
(PCC). For further investigationwe analyzed time courses of the activity
and receptiveness to rising intensity levels in these areas. Themotor re-
sponse might originate from a reaction (e.g. attentional, orienting or
protective) of the organism to exceptional stimuli and is most likely in-
dicated at the scalp level near vertex. As a result, source localization and
single-electrode estimation do not cover the same sources and we sug-
gest that these methods are not directly comparable in the analysis of
LDAEP.
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