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ABSTRACT

Functional near-infrared spectroscopy (fNIRS) and electroencephalography (EEG) data were simultane-
ously obtained from normal-hearing listeners presented with continuous natural vowel sequences to
study the interrelation of the haemodynamic and electrophysiological cortical responses evoked by voice
pitch changes. fNIRS topographies and distributed ERP source reconstructions both indicated additional
activity in the right superior temporal cortex if the prosodic contours varied between successive vowels,
rather than being the same throughout the sequences. The source-level ERPs furthermore revealed two
temporally and spatially separable adaptation processes in superior temporal cortex: Firstly, the early P1
component was bilaterally attenuated when vowels with the same prosodic contours were presented re-
peatedly, reflecting sensory adaptation. Secondly, the later P2 and sustained potential components were
smaller in the right hemisphere during sequences without prosodic changes, which is taken to represent
an attention-based adaptation effect. The present results demonstrate the convergence of both methods
and demonstrate which ERPs underlie the right-lateralised activity in superior temporal cortex evoked in

response to pitch changes that has been observed in many neuroimaging studies.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Pitch changes in auditory signals transmit crucial informa-
tion, such as prosodic variations in speech and melody in music.
Pitch information also promotes the formation of separate audi-
tory streams (Oxenham, 2008), which is important for understand-
ing speech in noise (Cullington et al., 2008; Steinmetzger et al.,
2015). Consequently, the restricted access to pitch information is
a critical limitation when listening through a cochlear implant (CI;
Macherey et al., 2014; Oxenham, 2008; Steinmetzger et al., 2018).

Neuroimaging and lesion studies have shown that secondary
auditory regions in the right hemisphere are critically involved
in the processing of pitch changes (Johnsrude et al., 2000;
Meyer et al., 2002; Patterson et al., 2002; Zatorre et al., 2001). For
example, a functional magnetic resonance imaging (fMRI) study by
Patterson et al. (2002) showed that while tone sequences with a
fixed pitch mainly evoke activity in primary auditory cortex, pitch
changes elicit additional activity anterior to it. Specifically, stronger
activity in response to pitch changes was observed in the right
planum polare and superior temporal sulcus (STS), both located
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in the superior temporal cortex (STC). In agreement with these
findings, fMRI evidence demonstrated that vowels with a fixed
pitch elicit prominent bilateral activity in superior temporal ar-
eas (Uppenkamp et al.,, 2006), while vowels with prosodic mod-
ulations evoke additional activity in right superior temporal areas
(Obleser et al., 2006). Accordingly, theoretical models of auditory
cortical processing (Poeppel, 2003; Zatorre et al., 2002) posit that
pitch changes and slow spectral modulations should engage right
superior temporal areas, in particular their anterior part.

In contrast, the electrophysiological activity evoked by the
processing of pitch changes in the right STC is poorly un-
derstood. In a recent magnetoencephalography (MEG) study,
Andermann et al. (2021) found that the transient auditory re-
sponses (i.e., P1, N1, and P2) were strongly reduced in response
to stimulus sequences with a fixed pitch compared to melodic se-
quences with discrete, stepwise pitch changes. These results are
in line with earlier MEG data (Patterson et al., 2016; Rupp et al.,
2005) showing reduced N1 and P2 amplitudes in response to
melodies compared to tone sequences without pitch changes. Fur-
thermore, the dipole sources in Rupp et al. (2005) indicated that
the N1 and P2 evoked by pitch changes might originate from
a slightly more anterior location than pitch-onset responses, and
that they were lateralised to the right hemisphere. However, these
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dipole-based MEG studies were concerned with activity generated
in primary auditory cortex only and it is also unclear whether
these findings similarly apply to continuous pitch glides typically
found in natural speech.

In the current study, the cortical processing of pitch changes
in sequences of natural vowels was investigated using simultane-
ously recorded functional near-infrared spectroscopy (fNIRS) and
electroencephalography (EEG) data. In contrast to the literature re-
ferred to above, the combination of both methods enabled the
concurrent assessment of the haemodynamic and electrophysio-
logical cortical activity evoked by the stimuli. Focussing on the
event-related potentials (ERPs) ensured the comparability of the
results obtained with both methods, as the synchronised postsy-
naptic activity underlying the ERPs has been shown to underlie
the blood-oxygen-level-dependent (BOLD) responses measured us-
ing fNIRS (Logothetis, 2003; Logothetis et al., 2001). By computing
distributed source reconstructions of the ERPs, the combination of
both methods also allowed to assess the similarity of the resulting
cortical activity maps. This approach was intended to determine
whether the cortical activity evoked by pitch changes can be accu-
rately detected using fNIRS, and thereby validate the suitability of
this method.

The materials in the present study were a set of natural Ger-
man vowels synthesised with a range of prosodic contours. These
vowels were concatenated into continuous sequences in which the
pitch contours were either the same for each individual vowel
(FIXED PROSODY) or varied between vowels (VARIABLE PROSODY),
while any other acoustic differences were controlled for. Hence,
there were gliding pitch changes in both conditions, but they were
repetitive in the FIXED PROSODY condition, while they varied across
vowels in the VARIABLE PROSODY condition. Both conditions were
expected to elicit right-lateralised activity in the STC, but the non-
repetitive pitch contours in the VARIABLE PROSODY condition were
assumed to evoke additional activity in this area, particularly its
anterior portion. As the pitch contours of the vowels had durations
of several hundred ms, both the transient ERP components and the
subsequent sustained potential in the right STC were hypothesised
to have larger amplitudes in the VARIABLE PROSODY condition.

The current study is furthermore intended to lay the foundation
for subsequent work with CI users. By testing a sample of young
normal-hearing listeners, we aimed to obtain a standard model of
how these stimuli are processed. In contrast to EEG data, which are
contaminated by electrical artefacts when testing CI users, fNIRS
is ideally suited to study Cl-based hearing, as the devices do not
interfere with the measurements. To ensure that the experimen-
tal paradigm is also suitable for testing infant CI users, there was
no behavioural task. The differences between the prosodic contours
used here were designed to be readily apparent with normal hear-
ing. However, as they primarily have to rely on temporal rather
than spectral pitch cues, this linguistically relevant contrast is more
difficult to perceive for CI users and individual difference are large
(Chatterjee et al., 2008; Everhardt et al., 2020; Steinmetzger et al.,
2018). It is thus assumed that if differences between the FIXED
and VARIABLE PROSODY conditions are evident at the cortical level,
this should go along with better Cl-based performance and higher
speech intelligibility scores. Hence, the current paradigm might po-
tentially be useful for an objective evaluation of Cl-based hearing,
particularly in young children where reliable behavioural measures
are hard to obtain.

2. METHODS
2.1. Participants

Twenty subjects (10 females, 10 males; mean age 26.2 years,
standard deviation 8 years) participated in this experiment. All
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Fig. 1. Example stimuli and experimental design. A) Waveforms, narrow-band spec-
trograms, and summary autocorrelation function spectrograms of the vowel /e/ pro-
cessed to have five different prosodic contours. B) The individual vowels were con-
catenated into blocks of 20 vowels lasting 16 s and alternated with pauses lasting
16-20 s. The prosodic contours within these blocks were either the same through-
out (FIXED PROSODY) or varied between the individual vowels (VARIABLE PROSODY).

Stimulus block (16 s)
Variable prosody

subjects were German native speakers and had audiometric thresh-
olds of less than 20 dB HL (hearing level) at octave frequencies be-
tween 125 and 8000 Hz. All participants reported that they are
right-handed, have no history of neurological or psychiatric ill-
nesses, and were not taking any medications at the time of testing.
Written consent was obtained prior to the experiment. The study
was approved by the local research ethics committee (Medical Fac-
ulty, University of Heidelberg) and was conducted in accordance
with the Declaration of Helsinki.

2.2. Stimuli

The stimulus materials used in this study were recordings of
the German vowels /a/, /e/, [i/, [o/ and [u/ spoken by an adult male
German talker. The recordings were made in an anechoic room
and digitised with 24-bit resolution and a 48-kHz sampling rate,
using a condenser microphone (Briiel & Kjer, type 4193, Nerum,
Denmark) and an RME Babyface audio interface (Haimhausen, Ger-
many). Each vowel was cut at zero-crossings right before vowel on-
set, limited to a length of 800 ms using a 50-ms Hann-windowed
offset ramp, and high-pass filtered at 50 Hz (zero-phase-shift 3-
order Butterworth).

Subsequently, the original FO contours of the vowels were ma-
nipulated with the STRAIGHT vocoder software (Kawahara et al.,
2005) implemented in MATLAB (MathWorks, Natick, MA, USA),
which allows to alter the prosodic properties of the stimulus ma-
terials without affecting their spectral envelope. Each of the five
vowels was re-synthesised with two different mean fundamental
frequencies (FOs; 80 Hz and 120 Hz) and five different prosodic
contours (flat, rising straight, falling straight, rising curved, and
falling curved), resulting in a final set of 50 stimuli. For the non-
flat contours, the FO increased or decreased by a perfect fifth rel-
ative to the mean FO. The mean FO was always specified to be the
mid-point of the non-flat contours, such that the maximum and
minimum FO values were equally far above and below the mean.
Finally, the stimuli were low-pass filtered (zero-phase-shift 15t-
order Butterworth) at 3.5 kHz - to match the frequency response
of the Etymotic Research ER3 headphones (Elk Grove Village, IL,
USA) used in a corresponding MEG experiment - and normalised
to a common root-mean-square level.

Examples of the stimuli are shown in Fig. 1A. The narrow-band
spectrograms depicted in the upper half of the figure demonstrate
that the spectrum of the example vowel (/e/, mean FO = 120 Hz)
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is indeed very similar across the five prosodic versions, while the
waveforms differ markedly. To visualise the different prosodic con-
tours, the lower half of the plot shows spectrographic represen-
tations of summary autocorrelation functions (SACFs; Meddis and
Hewitt, 1991; Meddis and O'Mard, 1997). The individual autocor-
relation functions were calculated for the low-pass filtered (2d-
order Butterworth, cut-off 1 kHz) outputs of 22 gammatone filters
with centre frequencies ranging from 0.2-4 kHz and summed to-
gether into SACFs. This procedure was applied with a step size of 1
ms and a Hann-window size of 5 ms to yield spectrographic rep-
resentations of the SACFs across the duration of the stimuli. The
time lag of the first peak in the SACF spectrograms represents the
FO of the stimuli.

2.3. Experimental design and procedure

To maximise the BOLD responses, a block design with long
stimulation periods and equally long pauses was used (Fig. 1B). The
individual vowels were thus concatenated into blocks of 20 stim-
uli with a total duration of 16 s, which were followed by pauses
with random durations ranging from 16-20 s (Henson, 2007).
Furthermore, the silent gaps between the individual vowels in
each block were minimised to ensure that the ERPs were re-
flecting pitch-change responses rather than energy-onset responses
(Krumbholz et al., 2003).

The experiment comprised two conditions: In the FIXED
PROsODY condition, all vowels within a block had the same
prosodic contour (flat, rising straight, falling straight, rising curved, or
falling curved). In the VARIABLE PROSODY condition, the contours var-
ied between the vowels within each block (rising, falling, straight,
curved, or a mixture of all five contour types). Each participant was
presented with 50 blocks in each condition, i.e., 10 blocks of each
contour type or combination, respectively. In both conditions, the
same vowel with the same mean FO was presented throughout a
given block and hence there was one block for each of the ten
combinations of vowel type and mean FO. The order of the blocks
as well as the order of the prosodic contours within each block
of the VARIABLE PROSODY condition were both randomised with-
out any constraints. The experiment thus consisted of 100 stimu-
lus blocks, framed by 101 pauses, amounting to a total duration of
about 57 mins. As the EEG data were analysed relative to the onset
of the individual vowels in each block, this design resulted in 2000
trials (2 conditions x 50 blocks x 20 vowels). The range of prosodic
contours, vowels, and FOs was included to ensure the generalisabil-
ity of the results and to make the experiment less monotonous.
Although these factors could in principle be analysed too, the cur-
rent paper solely focussed on the differences between the FIXED
and VARIABLE PROSODY conditions.

The experiment took place in a sound-attenuating and electri-
cally shielded room, with the participant sitting in a comfortable
reclining chair during data acquisition. Throughout the experiment,
the light was dimmed to the lowest level to minimise ambient
light from interfering with the fNIRS recordings. There was no be-
havioural task, but pauses were inserted about every 15 mins to
ensure the vigilance of the subjects. Although this procedure en-
abled no control of the attentional state of the subjects, it pro-
vides the advantage that it can be used in infant studies without
modification. The stimuli were converted with 24-bit resolution at
a sampling rate of 48 kHz using an RME ADI-8 DS sound card
and presented over Etymotic Research ER2 earphones attached to
a Tucker-Davis Technologies HB7 headphone buffer (Alachua, FL,
USA). The presentation level was set to 70 dB SPL, using an arti-
ficial ear (Briiel & Kjer, type 4157) connected to a corresponding
measurement amplifier (Briiel & Kjer, type 2610).

The fNIRS and EEG methodology described in the next
two sections largely resembles that of a previous study
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(Steinmetzger et al., 2020). Stimulus materials, the fNIRS and
EEG data, as well as the code used to process these data are all
available at: https://osf.io/ps47b.

2.4. fNIRS recording and analysis

fNIRS signals were recorded with a continuous-wave NIRScout
16 x 16 system (NIRx Medizintechnik, Berlin, Germany) at a sam-
pling rate of 7.8125 Hz. Eight source optodes and eight detec-
tor optodes were placed symmetrically over each hemisphere by
mounting them on an EEG cap (EasyCap, Herrsching, Germany).
The source optodes emitted infrared light with wavelengths of 760
and 850 nm. To avoid interference between adjacent sources, only
a single source optode per hemisphere was illuminated at a given
time. The chosen optode layout was devised to optimally cover the
auditory cortex and associated areas, resulting in 22 measurement
channels per hemisphere, of which 20 had a standard source-to-
detector distance (~30 mm), while the remaining 2 had a shorter
spacing (~15 mm). Note that the optimal short-channel spacing of
8.4 mm (Brigadoi et al., 2015) could not be realised with the cur-
rent fNIRS system and the signals obtained via the short channels
therefore contained a small proportion of cortical activity. The op-
tode and reference positions for each individual subject were digi-
tised with a Polhemus 3SPACE ISOTRAK II system (Colchester, VT,
USA) before the experiment.

The data were pre-processed using the HOMER2 toolbox (ver-
sion 2.8; Huppert et al., 2009) and custom MATLAB code. The raw
light intensity signals were first converted to optical density values
and then corrected for motion artefacts. A kurtosis-based wavelet
algorithm with a threshold value of 3.3 (Chiarelli et al., 2015) was
used to identify and correct motion artefacts by rejecting spec-
tral components of the signal rather than time segments. Mea-
surement channels with poor signal quality were then excluded
from further analysis based on their scalp coupling index (SCI;
Pollonini et al., 2014). SCIs were computed by filtering the opti-
cal density signals of both wavelengths between 0.5-2.5 Hz (3"-
order low-pass and 5™-order high-pass Butterworth filters, applied
forwards and backwards), to emphasise the heart-beat related sig-
nal fluctuations, and correlating the filtered signals. Channels with
correlation coefficients below 0.5 were excluded (mean = 1.7 chan-
nels/subject, max. 10 per subject, no excluded short channels), as
this indicates a poor contact between optodes and scalp. As we
did not pre-select the subjects, the sample included several par-
ticipants with long, dark hair. Thus, a lower SCI threshold than
the one suggested by Pollonini and colleagues (0.75) was used to
limit data loss. Next, the motion-corrected signals of the remaining
channels were band-pass filtered between 0.01-0.5 Hz (same filter
types as for the SCI above), to isolate the task-related neural activ-
ity, and subsequently converted to concentration values based on
the modified Beer-Lambert law (Scholkmann et al., 2014). The dif-
ferential path length factors required for the conversion were de-
termined based on the wavelengths of the light and the age of the
subject (Scholkmann et al., 2013).

Secondly, the pre-processed data were statistically evalu-
ated and topographically visualised with SPM-fNIRS (version r3;
Tak et al., 2016). Based on the principles of the general linear
model (GLM), the SPM framework tests how closely the stimulus-
evoked signal changes resemble a canonical haemodynamic re-
sponse function (HRF). In SPM-fNIRS, the optode positions of each
subject were first transformed from subject space to MNI space, af-
ter which they were probabilistically rendered onto the ICBM-152
cortical template surface. This was achieved by applying a least-
squares approach in which a set of digitised reference points dis-
tributed across the whole head (4 external fiducials and 17 posi-
tions of the extended international 10-20 system) was aligned to
template values (Singh et al., 2005).
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Fig. 2. fNIRS measurement layout. A) Group-averaged positions of the source and
detector optodes (red and blue circles, respectively) and the resulting measurement
channels (grey numbers), rendered onto the ICBM-152 cortical template surface.
The point cloud around each channel number indicates the positions of the individ-
ual subjects and the colour of the cloud corresponds to the mean distance between
the respective source-detector pair. B) Sensitivity profiles of the measurement chan-
nels forming the two auditory regions of interest (ROIs) covering the superior tem-
poral cortices, based on the digitisation of the optode positions and a structural MRI
scan of a representative subject.

The signals were then temporally smoothed using the shape of
the canonical HRF waveform (‘pre-colouring’) to avoid autocorrela-
tion issues when estimating the model (Worsley et al., 1995). The
data of the individual subjects were statistically modelled by con-
volving the continuous signals obtained from each long channel
with separate regressor functions representing the FIXED and VARI-
ABLE PROSODY conditions. The standard SPM double-gamma func-
tion was used as canonical HRF and convolved with 16-s boxcar
functions following the onsets of the stimulus blocks. The HbO
data were modelled with positive HRFs, while the concentration
changes were assumed to be negative for the HbR analysis. To al-
low the time course of the measured concentration changes to vary
slightly, the temporal and spatial derivatives of the canonical HRF
were included as additional regressors (Plichta et al., 2007). Fur-
thermore, the first component of a principal component analysis
of the pre-processed signals of the four short channels was used as
an additional nuisance regressor. This procedure serves to estimate
and remove the so-called global scalp-haemodynamic component
(Sato et al., 2016), i.e., the superficial signal component.

After estimating the HbO and HbR GLMs for each subject, con-
trast vectors were defined to assess the functional activations. To
evaluate the activity in the FIXED or VARIABLE PROSODY conditions,
the respective regressors were set to 1, while all other regressors
including the derivatives and the global scalp component were set
to O to statistically control for their effects. When comparing the
two conditions, the regressor representing the VARIABLE PROSODY
condition was set to 1, while the regressor of the FIXED PROSODY
condition was set to -1, as we expected stronger activity in the
former condition. As before, all other regressors were set to 0 to
control for their effects.

A customised version of the SPM-fNIRS plotting routine was de-
vised to topographically visualise the measurement layout as well
as the functional activations. The optode locations as well as the
resulting channel positions and distances are shown in Fig. 2A. The
analyses presented in this paper focussed on responses recorded
from the auditory cortices in both hemispheres. Therefore, two au-
ditory regions of interest (ROIs) were defined a priori, each com-
prising four channels positioned along the superior temporal cor-
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Fig. 3. fNIRS oxygenated haemoglobin (HbO) results. A) Group-level topographies.
The upper two rows show the activation maps for the FIXED and VARIABLE PROSODY
conditions, respectively. The lower row shows where the activity in the VARIABLE
PROsoDY condition exceeded that in the FIXED PROsoDY condition. Channels within
the two auditory regions of interest (ROIs) are outlined by black circles and white
channel numbers indicate significant ROI channels. B) Group-level haemodynamic
response functions (HRFs) for both conditions and ROIs. The shading around the
cortical HRFs indicates the standard error of the mean.

tices (left ROI: ch# 5, 12, 14, and 16; right ROI: ch# 27, 34, 36,
and 38). To verify the coverage of the auditory cortices, the sensi-
tivity profiles of these channels were computed using AtlasViewer
(version 2.2, default settings; Aasted et al., 2015) and are pro-
vided in Fig. 2B. In the plots showing the functional activations
(Fig. 3A & 4A), the short channels were omitted as they are as-
sumed to not reflect any cortical responses. The waveforms in the
HRF plots (Fig. 3B & 4B), were averaged from -2-32 s around block
onset and baseline corrected by subtracting the mean amplitude
in the pre-stimulus window from each sample point. The HRFs
are shown both after the pre-processing (‘Total HRF’) and again
after regressing out the contribution of the short channels and
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Fig. 4. fNIRS de-oxygenated haemoglobin (HbR) results. A) Group-level topogra-
phies. B) Group-level HRFs. All plotting details apart from the scaling are the same
as for the HbO results shown in Fig. 3.

pre-colouring the signals (‘Cortical HRF'), to illustrate the effect of
removing the non-cortical signal component. Additionally, the S-
weighted canonical HRFs (‘Model HRF’) are shown to demonstrate
how well the cortical HRFs can be explained by the HRF models.

2.5. EEG recording and analysis

Continuous EEG signals were recorded using a 64-channel
BrainVision actiCHamp system (Brain Products, Gilching, Germany).
Cl-compatible custom EEG caps with holes for the transmitter coils
at electrode positions P7 and P8 were used. Apart from this omis-
sion, the 60 scalp electrodes were arranged according to the ex-
tended international 10-20 system. Four additional electrodes were
placed around the eyes to record vertical and horizontal eye move-
ments. The EEG data were recorded with an initial sampling rate
of 500 Hz, an online anti-aliasing low-pass filter with a cut-off
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frequency of 140 Hz, and were referenced to the right mastoid.
As with the fNIRS optodes, the electrode positions of each subject
were digitized with a Polhemus 3SPACE ISOTRAK II system before
the experiment.

The data were pre-processed offline using FieldTrip (version
20180924; Oostenveld et al.,, 2011) and custom MATLAB code. The
continuous waveforms were first segmented into epochs ranging
from -0.3-0.9 s relative to vowel onset. Next, linear trends and the
DC component were removed by subtracting a 1%t-order polyno-
mial and the epochs were low-pass filtered at 15 Hz (4™-order
Butterworth, applied forwards and backwards). The low cut-off fre-
quency was chosen to improve the signal-to-noise ratio of the data
and thus enable reliable source localisations. Very similar event-
related potentials (ERPs) were obtained with a 30-Hz cut-off (Fig.
S1). The epochs were then re-referenced to the mean of both
mastoids and down-sampled to 250 Hz. After visually identifying
and excluding bad channels (total = 9, max. 3 per subject), the
data were decomposed into 20 principal components to detect and
eliminate eye artefacts. After the four eye electrodes were removed
from the data, epochs in which the amplitudes between -0.2-0.8 s
around stimulus onset exceeded 480 nV or the z-transformed am-
plitudes differed by more than 17.5 standard deviations from the
mean of all channels were excluded from further processing. On
average, 88% of the trials (1765/2000 per subject) passed the rejec-
tion procedure. In two subjects, EEG battery issues led to data loss,
so that only 60% (1204) and 24% (479) of the trials remained after
the rejection procedure. Bad channels were then interpolated us-
ing the weighted average of the neighbouring channels. Lastly, the
data were re-referenced to the average of all 60 channels and each
individual epoch was baseline corrected by subtracting the mean
amplitude from -0.1-0 s before stimulus onset.

Distributed source reconstructions of the ERPs were computed
using the MNE-dSPM approach implemented in Brainstorm (ver-
sion 3.200625; Dale et al., 2000; Tadel et al., 2011). The electrode
positions of each subject were first co-registered to the ICBM152
MRI template by aligning three external fiducial points (LPA, RPA,
and Nz) and subsequently projecting the electrodes to the scalp
of the template MRI. A Boundary Element Method (BEM) volume
conduction model based on the ICBM152 template and the corre-
sponding cortical surface (down-sampled to 15.000 vertices) were
used as head and source models. The BEM head model was com-
puted using OpenMEEG (version 2.4.1; Gramfort et al., 2010) and
comprised three layers (scalp, outer skull, and inner skull) with
1082, 642, and 642 vertices, respectively. To validate the accu-
racy of the template-based source reconstructions, structural MRIs
of four subjects were also obtained and used to devise individual
head and source models. Linear MNE-dSPM solutions with dipole
orientations constrained to be normal to the cortex were estimated
after pre-whitening the forward model with the averaged noise co-
variance matrix calculated from the individual trials in a time win-
dow from -0.2-0 s before vowel onset. The default parameter set-
tings for the depth weighting (order = 0.5, max. amount = 10),
noise covariance regularisation (regularise noise covariance = 0.1),
and regularisation parameter (SNR = 3) were used throughout. The
individual source reconstructions were then converted to absolute
values and spatially smoothed (Gaussian kernel, full width at half
maximum = 3 mm).

3. Results
3.1. fNIRS data
3.1.1. Oxygenated haemoglobin (HbO) results
The group-level fNIRS HbO topographies are shown in Fig. 3A.

The upper two rows depict the functional activations for the FIXED
and VARIABLE PROSODY conditions, whereas the lower row shows
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where the activity in the VARIABLE PROsODY condition exceeded
that in the FIXED PROsODY condition. To statistically evaluate these
three contrasts, it was separately assessed for each channel in the
left (ch# 5, 12, 14, and 16) and right (ch# 27, 34, 36, and 38) audi-
tory ROIs whether the beta weights were significantly greater than
zero. As Shapiro-Wilk tests indicated at least one ROI channel with
a non-normal distribution of the beta weights in each contrast (p
< 0.05), non-parametric tests were used throughout. The false dis-
covery rate (FDR) across the eight ROI channels was controlled us-
ing the Benjamini-Hochberg procedure. After applying this correc-
tion, no significant activity was evident in the FIXED PROSODY con-
dition, whereas three channels in the right ROI (ch# 34, 36, and
38) reached significance level in the VARIABLE PROSODY condition
(Wilcoxon signed-rank tests, pirpg) < 0.05). Furthermore, when not
correcting for multiple comparisons among the ROI channels, three
channels along the right STC (ch# 27, 34, and 38) showed sig-
nificantly greater activity in the VARIABLE PROSODY condition com-
pared to the FIXED PROSODY condition (Wilcoxon rank-sum tests, p
< 0.05). None of the ROI channels showed an effect in the opposite
direction (FIXED > VARIABLE, p > 0.572).

To test for general effects across conditions and hemispheres,
the beta weights were then averaged across the four channels in
each ROL After doing so, Shapiro-Wilk tests indicated no violations
of normality anymore and the data were analysed using a two-way
repeated measures ANOVA. The results indicated a significant main
effect of condition (F19) = 4.743, p = 0.042), reflecting the overall
greater responses in the VARIABLE PROSODY condition, but neither a
main effect of hemisphere nor an interaction of the two factors (p
> 0.204).

To complement the topographical results, the grand-averaged
time courses of the HbO concentration changes in both conditions
are shown in Fig. 3B, separately for both ROIs. In the FIXED PROSODY
condition, the cortical haemodynamic response functions (HRFs) of
the left as well as the right STC exhibited hardly any increase in
HbO concentration during the stimulation period, followed by a
marked decrease after sounds offset. In contrast, clear increases in
HbO concentration are evident in the VARIABLE PROSODY condition,
particularly in the right STC.

3.1.2. De-oxygenated haemoglobin (HbR) results

The group-level fNIRS HbR topographies are shown in Fig. 4A
and were plotted and statistically evaluated in the same way as
the HbO data. In contrast to the HbO data, the activity of channels
in the right ROI reached significance (ppg) < 0.05) in the FIXED
(ch# 34 and 38) as well as the VARIABLE PROSODY condition (ch#
34, 36, and 38). However, despite a strong trend in the right ROI
(p = 0.061 for ch# 36, p = 0.098 across all four ROI channels),
the activity in the VARIABLE PROSODY condition did not significantly
exceed that in the FIXED PROSODY condition. As for the HbO data,
none of the channels in the two ROIs showed an effect in the op-
posite direction (FIXED > VARIABLE, p > 0.122). After averaging the
beta weights across the four channels in each ROI, a two-way re-
peated measures ANOVA furthermore revealed neither main effects
of condition or hemisphere nor an interaction (p > 0.233). Never-
theless, the time courses of the HbR concentration changes shown
in Fig. 4B vary distinctly between the two conditions, with dis-
tinctly more pronounced responses in the VARIABLE PROSODY CON-
dition in both conditions.

3.2. EEG data

3.2.1. Sensor-level results

The grand-average ERPs relative to the onset of the individual
vowels contained in the stimulation blocks are shown in Fig. 5A.
On the left, the sensor waveforms in the FIXED and VARIABLE
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PROSODY conditions are depicted after averaging them over 16 elec-
trodes in the fronto-central scalp region. The selected electrodes
are highlighted in the inset scalp map in Fig. 5A and were cho-
sen as auditory ERPs usually have the largest amplitudes in this
scalp region. In both conditions, prominent P1 and P2 components
are evident, while the intermediate N1 was less pronounced. To
statistically evaluate the data, the time windows of the transient
auditory ERP components were determined after averaging across
conditions and taking the RMS across all scalp channels (P1 = 50—
110 ms, N1 = 110-170 ms, and P2 = 170-300 ms).

After averaging the ERP amplitudes across all ROI channels
and the respective time windows, permutation-based (n = 10.000)
paired t-tests across the two conditions indicated significantly
larger positive amplitudes for the P1 tq9) = 5.02, p < 0.001), N1
(tq9) = 2.83, p = 0.006), and P2 (t9) = 1.93, p = 0.034) in the
VARIABLE PROSODY condition. The corresponding scalp maps are
shown on the right of Fig. 5A.

As the fNIRS results showed that the haemodynamic responses
in the VARIABLE PROsODY condition peaked later than in the
FIXED PROSODY condition, suggesting more sustained neural activity
throughout the stimulation blocks, the ERP amplitudes and laten-
cies in the first and second half of the blocks were subsequently
analysed separately to test for a similar effect. During the first half
of the blocks, only the P1 amplitude (f19) = 1.90, p = 0.032) was
found to be larger in the VARIABLE PROSODY condition. No signifi-
cant differences were evident for the N1 (t9) = -0.07, p = 0.533)
and P2 (tq9) = -0.97, p = 0.827). During the second half of the
blocks, however, the P1 (f9) = 4.24, p < 0.001), N1 (f19) = 3.34,
p = 0.002), and P2 (19y = 2.60, p = 0.008) all had significantly
more positive amplitudes in the VARIABLE PROSODY condition.

3.2.2. Source-level results

dSPM-based distributed source reconstructions of the ERPs av-
eraged across all vowels contained in the stimulation blocks and
the entire duration of the individual vowels (0-800 ms) are shown
in Fig. 5C. The results indicate right-lateralised bilateral activity in
the primary auditory cortex in both conditions. Additional activity
was located to the right STS, particularly in the VARIABLE PROSODY
condition. Furthermore, the activity in the right primary auditory
cortex extended further anterior into planum polare in the VARI-
ABLE PROSODY condition.

To evaluate the accuracy of the source reconstructions, dSPM
solutions of four subjects for which structural MRI scans were
available were compared to solutions based on the ICBM152 tem-
plate MRIL. As shown in Fig. S2, activity was generally larger
when the subject-specific MRIs were used, while the overall right-
lateralised pattern of activity remained unchanged. Similarly, the
cortical activity was largely confined to the cortical sulci for the
MRI- and template-based dSPM solutions. The individual MRIs thus
enabled to localise a greater amount of the energy of the surface-
recorded signals to the auditory cortex and adjacent regions, but
the results were not qualitatively different from the template-
based solutions.

To statistically analyse the source distributions, the time-
averaged source activity in the STC was extracted for both hemi-
spheres, based on the Desikan-Killiany atlas implemented in Brain-
storm. A two-way repeated measures ANOVA revealed no main
effects for the factors condition and hemisphere (p > 0.183), but
a significant interaction (Fy19y = 5.029, p = 0.037). A one-sided
post-hoc t-test comparing the difference between conditions across
hemispheres confirmed that this effect was driven by the greater
responses in the VARIABLE PROsODY condition in the right hemi-
sphere (t19y = 2.243, p = 0.016).

Next, the source waveforms extracted from the right and left
STC were analysed (Fig. 5D), based on the same component time
windows as in the sensor-level analyses. For each component, a
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Fig.5. EEG results. A) Sensor-level event-related potentials (ERPs) and scalp maps across all vowels in the stimulus blocks. The significance level of the ERP components is
indicated by the black asterisks. The scalp maps on the right show differences between conditions after time-averaging the voltages across the specified time windows. B)
Sensor-level ERPs and scalp maps for the first and second half of the stimulus blocks. C) dSPM source reconstructions of the ERPs averaged across all vowels in the blocks
and the entire duration of the individual vowels. The upper two rows show the cortical activity for the FIXED and VARIABLE PROsODY conditions, respectively. In the lower
row, the difference between the two conditions is shown. D) Source-level ERPs across all vowels in the stimulus blocks, extracted from the left and right superior temporal
cortices (STCs). The STCs are highlighted in the inserted cortical surface plots. SP = sustained potential.

two-way repeated measures ANOVAs with the factors condition
and hemisphere was computed. For the P1, a highly significant
main effect of condition was observed (F;19) = 17.584, p < 0.001),
reflecting the greater amplitudes in the VARIABLE PROSODY con-
dition, but no effect of hemisphere or interaction (p > 0.352).
In contrast to the sensor level results, no effects were observed
for the N1 (p > 0.676). Despite of a trend for a main effect of
condition, there were also no significant effects for the P2 (p >
0.101). Nevertheless, the condition comparison showed that the P2
in the VARIABLE PROSODY condition was larger in the right hemi-
sphere (t;9) = 2.180, p = 0.021). Finally, the source waveforms
also revealed a late effect (300-800 ms) that was not apparent
at the sensor level. No main effects (p > 0.124) but a significant
interaction was found for this sustained potential (F 19y = 5.981,
p = 0.024). Here, a one-sided post-hoc t-test comparing the differ-
ence between conditions across hemispheres confirmed that this
effect was driven by the greater responses in the VARIABLE PROSODY
condition in the right hemisphere too (t9) = 2.446, p = 0.012).

4. DISCUSSION

4.1. Prosodic variability elicits additional activity in right superior
temporal cortex

The present fNIRS and EEG results both indicated right-
lateralised STC activity in response to continuous vowel sequences,
regardless of whether the pitch contours of the individual vowels

were the same throughout the blocks (FIXED PROSODY) or varied
between successive vowels (VARIABLE PROSODY). Furthermore, both
methods also revealed additional activity in the right STC in the
VARIABLE PROSODY condition. In the fNIRS HbO topographies, this
effect is reflected in stronger activity along the right STC, although
it did not result in a significant condition*hemisphere interaction.
The ERP source reconstructions, in contrast, revealed this type of
interaction and stronger activity in the VARIABLE PROSODY condition
was particularly evident in the anterior portion of the right STC.
The current results thus agree with studies that have found right-
lateralised responses to melodies and speech signals with prosodic
variations (Dimitrijevic et al., 2013; Meyer et al.,, 2002; Norman-
Haignere et al., 2019). More specifically, they are in line with the
notion that pitch changes are primarily processed in the anterior
part of the right STC (Johnsrude et al., 2000; Patterson et al., 2002;
Zatorre et al., 2002).

Adding to this, the current results have shown that right-
hemispheric activity in the superior temporal cortex not only re-
flects the processing of pitch changes per se, but also the variability
of the pitch changes contained in the stimulus materials. Further-
more, the EEG data revealed that the late ERP components (P2 and
sustained potential) are driving the BOLD effects in right superior
temporal areas that reflect the processing of pitch changes in the
right STC.

Although the fNIRS and EEG results were largely coherent, the
lack of a significant condition*hemisphere interaction in the fNIRS
data suggests that this method has a lower sensitivity for detect-
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ing auditory activity. As the ERP source reconstructions localised
the activity elicited by the stimuli primarily to the cortical sulci (cf
Fig. 5.C), this may be explained with the limited depth resolution
of the fNIRS measurements. With a standard source-detector dis-
tance of 30 mm, the majority of the infrared light is assumed to
reach no deeper than about 15 mm (Patil et al., 2011; Pinti et al,,
2018). This points at a general limitation of fNIRS in auditory re-
search and raises the possibility that experimental effects may be
missed when solely relying on this method, particularly with re-
gard to primary auditory cortex activity emanating from deep in
the lateral sulcus.

4.2. The ERPs reflect early and late adaption effects

The fNIRS waveforms recorded from the right superior tempo-
ral cortex not only exhibited higher amplitudes in the VARIABLE
PROsODY condition but were also found to peak significantly later
compared to the FIXED PROSODY condition. While the time course
of the responses in the VARIABLE PROSODY condition matched the
shape of the canonical HRF model well, the waveforms in the FIXED
PROsoDY condition receded back to baseline level markedly earlier.
The pattern in the latter condition is consistent with fMRI data
showing monotonically increasing adaptation effects in response
to uniform stimulus sequences, an effect also referred to as rep-
etition suppression (Grill-Spector et al., 2006; Steinmann et al.,
2012).

In contrast, the ERP data revealed a more complex picture of
the underlying neural processes. The P1 amplitudes were larger
in the VARIABLE PROsODY condition and this early effect was ob-
served in the STC of both hemispheres. However, larger P2 and
sustained potential amplitudes in the VARIABLE PROSODY condition
were only found in the right STC. Both of these effects may be
explained with greater stimulus-specific adaptation, i.e., the elec-
trophysiological equivalent of repetition suppression (Briley et al.,
2013; Fishman et al., 2012; Ulanovsky et al., 2003).

Diminished auditory P1 amplitudes in response to repeated
stimuli have been referred to as P50 suppression, a sensory adapta-
tion effect that appears to be unaffected by attention (Jerger et al.,
1992; Todorovic et al., 2012). On the other hand, the larger P2
and sustained potential amplitudes in the VARIABLE PROSODY cOn-
dition may represent an attention-related adaptation effect. This
interpretation is in line with the observation that only the audi-
tory ERP components following the P1 are modulated by attention
(Picton et al., 1974). The repetitiveness of the FIXED PROSODY con-
dition likely caused the participants to pay less attention to these
predictable stimulus sequences after the first few vowels, leading
to the observed adaptation effect during the second half of the
stimulus blocks.

The current ERP results furthermore agree with the MEG data of
Todorovic et al. (2012), who reported similar early and late adapta-
tion effects in an active listening task. In that study, repetition sup-
pression effects for tone pairs with a fixed compared to a variable
pitch were also observed for the P1 as well as during a later time
window including P2 and sustained response, but not for the inter-
mediate N1. However, in contrast to the sensor-level MEG data of
Todorovic et al. (2012), the ERP source analysis in the current study
also demonstrated a differential contribution of the right and left
auditory cortex to the early and late adaptation effects. The ERP
source waveforms showed that the later effect was lateralised to
the right STC, whereas the earlier effect was evident in the STC of
both hemispheres. More generally, the finding that both the early
and late ERP components differed between the FIXED and VARIABLE
PROSODY conditions is consistent with the extended duration of the
prosodic contours, which the listeners had to track over the course
of several hundred ms in order to identify them.
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4.3. Comparison of the oxygenated (HbO) and de-oxygenated (HbR)
fNIRS data

In accordance with the literature on the physiological bases
of fNIRS signals (Kirilina et al.,, 2012; Tachtsidis et al., 2016), the
HbR data were less affected by non-cortical artifacts, as indicated
by the greater similarity of the total and cortical HRFs. However,
the smaller response amplitudes and the correspondingly smaller
signal-to-noise ratio compared to the HbO data outweighed this
advantage. Overall, the HbR data showed greater activity than the
HbO data for the individual conditions, whereas the condition
comparison instead returned more pronounced differences for the
HbO data. Furthermore, in contrast to the HbO data, the HbR time
courses contained separate sound onset and offset peaks. This is in
line with fMRI data recorded in response to continuous auditory
stimuli (Harms et al., 2002; Steinmann et al., 2012) and thus pro-
vides further evidence for the similarity of HbR and BOLD signal
changes (Cui et al., 2011; Strangman et al., 2002).

In contrast to a previous fNIRS-EEG study in which we
tested normal-hearing listeners with a comparable passive audi-
tory paradigm (Steinmetzger et al., 2020), the HbO and HbR re-
sults were largely coherent in the current experiment. In particular,
our previous data showed prominent negative HbO responses in
fronto-temporal areas, whereas the HbR data showed the expected
activity in auditory areas. A possible explanation for this might be
that HbO signals are affected by activity of the sympathetic branch
of the autonomic nervous system (ANS; Tachtsidis and Scholk-
mann, 2016). The absence of a similar effect in the current data
thus suggests that no substantial changes in ANS activity were
elicited. Furthermore, the congruence of the HbO and HbR results
suggests that the current results have not been affected by tempo-
ralis muscle artefacts, which have been shown to result in concur-
rent positive HbO and HbR amplitude deflections in the anterior
temporal scalp region (Zimeo Morais et al., 2017).

4.4. Differences between the sensor- and source-level ERPs

In contrast to the P1 and P2 amplitudes, which were larger in
the VARIABLE PROSODY condition at both the sensor and source lev-
els, larger N1 amplitudes were only evident in the sensor wave-
forms. However, previous MEG studies (Andermann et al., 2021;
Patterson et al.,, 2016; Rupp et al., 2005) have consistently found
the N1 to be enhanced in response to melodies as compared to
fixed pitch sequences, making an effect in the opposite direction
unlikely. Since this effect was not present at the source level, it
seems to have been caused by the superposition of the N1 by the
neighbouring P1 and P2 components at the scalp level.

Secondly, while auditory MEG studies have consistently re-
ported a sustained field after the initial transient responses (e.g.,
Andermann et al., 2021; Eulitz et al., 1995; Gutschalk et al., 2002),
no sustained potential was evident at the scalp level here (Fig. 5A).
In contrast, the source waveforms extracted from the right STC
showed a significantly larger amplitude in the VARIABLE PROSODY
condition during this period (300-800 ms, Fig. 5D). However, as
shown in Fig. S3, after re-referencing the sensor-level data to the
vertex electrode (Cz), a sustained potential difference was also ev-
ident at the scalp level, particularly at right fronto-temporal elec-
trode sites. This demonstrates that the average reference required
for computing the source reconstructions merely attenuated this
slow potential, implying that the mean across all scalp channels
contained a similar deflection.

5. Conclusions

The concurrently obtained fNIRS and EEG data analysed in the
current study showed that vowel sequences in which the prosodic
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contours vary between successive vowels elicit additional activity
in the right superior temporal cortex, compared to sequences in
which the prosodic contours are the same throughout. These re-
sults demonstrate that cortical activity in right secondary auditory
areas not only reflects the processing of prosodic pitch changes as
such, but also the variability of these pitch changes.

Moreover, the ERP source analysis enabled the temporal and
spatial dissociation of two separate adaptation effects in the supe-
rior temporal cortex. Early after vowel onset, differences between
the two conditions were confined to the P1, which was larger
when the prosodic contours varied between vowels. In addition to
this early bilateral effect taken to reflect sensory adaption, smaller
P2 and sustained potential amplitudes were observed during se-
quences without prosodic changes. This later effect was localised
to the right hemisphere and is interpreted as an attention-based
adaptation effect caused by the repetitiveness of these sequences.

In summary, the current results have shown which electrophys-
iological processes underlie the right-lateralised activity in sec-
ondary auditory regions that many neuroimaging studies have re-
ported when using materials with pitch changes and slow spec-
tral modulations. From a methodological point of view, the results
show that the distribution of cortical activity measured with fNIRS
and EEG was largely coherent, although the sensitivity of the EEG
data was higher than that of the fNIRS data.
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