
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Article scientifique Article 2016                                     Published version Open Access

This is the published version of the publication, made available in accordance with the publisher’s policy.

Whispering - The hidden side of auditory communication

Fruehholz, Sascha; Trost, Johanna Wiebke; Grandjean, Didier Maurice

How to cite

FRUEHHOLZ, Sascha, TROST, Johanna Wiebke, GRANDJEAN, Didier Maurice. Whispering - The 

hidden side of auditory communication. In: NeuroImage, 2016, vol. 142, p. 602–612. doi: 

10.1016/j.neuroimage.2016.08.023

This publication URL: https://archive-ouverte.unige.ch/unige:95990

Publication DOI: 10.1016/j.neuroimage.2016.08.023

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:95990
https://doi.org/10.1016/j.neuroimage.2016.08.023


Whispering - The hidden side of auditory communication

Sascha Frühholz a,b,c,d,⁎, Wiebke Trost d, Didier Grandjean d,e

a Department of Psychology, University of Zurich, Zurich 8050, Switzerland
b Neuroscience Center Zurich, University of Zurich and ETH Zurich, Zurich 8057, Switzerland
c Center for Integrative Human Physiology (ZIHP), University of Zurich, 8057, Switzerland
d Swiss Center for Affective Sciences, University of Geneva, Geneva 1202, Switzerland
e Department of Psychology, University of Geneva, Geneva 1205, Switzerland

a b s t r a c ta r t i c l e i n f o

Article history:
Received 28 May 2016
Accepted 11 August 2016
Available online 12 August 2016

Whispering is a unique expression mode that is specific to auditory communication. Individuals switch their vo-
calization mode to whispering especially when affected by inner emotions in certain social contexts, such as in
intimate relationships or intimidating social interactions. Although this context-dependent whispering is adap-
tive, whispered voices are acoustically far less rich than phonated voices and thus impose higher hearing and
neural auditory decoding demands for recognizing their socio-affective value by listeners. The neural dynamics
underlying this recognition especially fromwhispered voices are largely unknown.Herewe show thatwhispered
voices in humans are considerably impoverished as quantified by an entropy measure of spectral acoustic infor-
mation, and this missing information needs large-scale neural compensation in terms of auditory and cognitive
processing. Notably, recognizing the socio-affective information from voices was slightly more difficult from
whispered voices, probably based onmissing tonal information.While phonated voices elicited extended activity
in auditory regions for decoding of relevant tonal and time information and the valence of voices, whispered
voices elicited activity in a complex auditory-frontal brain network. Our data suggest that a large-scale multidi-
rectional brain network compensates for the impoverished sound quality of socially meaningful environmental
signals to support their accurate recognition and valence attribution.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

Francis Ford Coppola's film “The Godfather” opens with the famous
whispering scene where Bonasera, after some introductory conversa-
tion, fearfully whispers a displeasing request to Don Corleone. The
scene is a classic example of how individuals switch their vocalization
mode to whispering when deeply moved by their emotions in certain
social contexts. Whispering has both biological and social functions. So-
cially, whispering is used to confine communication to listeners in im-
mediate proximity to signal closeness and secrecy, which supports in-
group-cohesion (Cirillo and Todt, 2002) and prevents eavesdropping
(Morrison and Reiss, 2013), respectively. Sometimes whispering is
also used to completely hide one's own affective states and feelings
from being recognized by others. Its biologic functions are demon-
strated in some animals, which, for example, switch to vocal whispering
when confronted with a predator (Morrison and Reiss, 2013) or to ini-
tiate sexual behavior (Ladich, 2007). This uniquemode of vocal commu-
nication is specific to the auditory modality, since no other sensory
modality allows a similar kind of qualitative switch in communication.

During auditory communication speakers often adaptively switch
from voiced to whispered vocal expression depending on the context.
By “voiced” expressions we here refer to the usual or common mode
of vocalizations, which to a large extend are based on vocal cord vibra-
tions. Concerning unvoiced whispering, which does not include vocal
cord vibrations, speakers not only whisper during normal speech to
confine communication to nearby listeners, but they mainly switch
from a voiced to a whisperingmode to vocally express their inner affec-
tive states in particular contexts (Bachorowski and Owren, 2001). For
example, although fearful individuals sometimes scream loudly when
facing immediate danger, they most often whisper fearfully and vigi-
lantly in threatening situations when the source of threat is not clearly
detectable. Furthermore, although individuals usually express aggres-
sive vocalizations in a voiced mode in order to intimidate another indi-
vidual, they sometimes express their aggression in a low andwhispered
manner, especially in unfamiliar social contexts.

The switch in expression mode thus has an adaptive function, de-
pending on certain conditions and emotional states. Alhough voiced
and whispered vocalizations can express the same emotional states,
they are considerably different in terms of their acoustic profile, espe-
cially in their spectral acoustic properties (Jovicic, 1998).Whispered vo-
calizations result from aperiodic and turbulent airflow in the vocal tract,
leading to reduced salience of the vocal pitch in whispered voices (i.e.

NeuroImage 142 (2016) 602–612

⁎ Corresponding author at: University of Zurich, Department of Psychology,
Binzmühlestrasse 14, Box 18, 8050 Zurich, Switzerland.

E-mail address: sascha.fruehholz@uzh.ch (S. Frühholz).

http://dx.doi.org/10.1016/j.neuroimage.2016.08.023
1053-8119/© 2016 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2016.08.023&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2016.08.023
mailto:sascha.fruehholz@uzh.ch
http://dx.doi.org/10.1016/j.neuroimage.2016.08.023
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg


the breathiness of whispered voices) (Higashikawa et al., 1996), which
usually carries important acoustic information about their affective
meaning (Banse and Scherer, 1996). Besides vocal pitch, whispered
and voiced vocalizations also differ in temporal features (Schwartz,
1967). This reduced acoustic profile of whispered voices, especially a re-
duced pitch salience, usually imposes strong challenges on the brain of
human listeners. We accordingly aimed at providing a combined de-
scription, first, of the acoustic properties and, second, of the perceptual
and neural network dynamics during the decoding of naturalwhispered
and voiced affective vocalizations. These descriptions are related to our
two main research questions. First, can emotions be accurately per-
ceived inwhispered voices? Second, are there similar or different neural
mechanisms for decoding emotions in voiced and whispered vocaliza-
tions given that especially the latter portray only limited acoustic
information?

Concerning the latter question, the neural decoding of emotions
conveyed by voices predominantly, but not exclusively, involves a neu-
ral network consisting of the lateral andmedial frontal cortex as well as
the auditory cortex (Frühholz and Grandjean, 2013a, b; Frühholz et al.,
2014), with a strong structural (Frühholz et al., 2015a) and functional
connectivity (Frühholz and Grandjean, 2012) between these regions
(Ethofer et al., 2012). The functional role of the auditory cortex has
been proposed to underlie the acoustic analysis of physical voice fea-
tures (Frühholz et al., 2012;Wiethoff et al., 2008) and the perceptual in-
tegration of voice features into an acoustic percept (Frühholz et al.,
2012). Given a sufficient amount of relevant acoustic voice information,
such as the level and the temporal dynamics of vocal pitch, pitch sa-
lience, intensity, or the harmonics-to-noise ratio (Frühholz et al.,
2016b; von Kriegstein et al., 2010), and given the extraction of these
voice features in the auditory cortex (Lewis et al., 2012; Lewis et al.,
2009; Patterson et al., 2002; Penagos et al., 2004), the auditory cortex
might also perform some generic emotional analysis on these voice fea-
tures and the voice percept without functional support from other brain
regions (Frühholz et al., 2016a). This case might be expected for the
neural processing of voiced emotional vocalizations given their wide
range of distinctive and discriminative acoustic features (Banse and
Scherer, 1996).

However, in case of the impoverished sound quality of whispered
vocalizations, the extraction of the available acoustic feature informa-
tion in the auditory cortex might not be sufficient for an accurate emo-
tional classification of emotional vocalizations, and this more
challenging decoding might be supported by additional activation in
an extended brain network, especially consisting of frontal brain re-
gions. The inferior frontal cortex (IFC) shows activity and functional
connectivity to the auditory cortex if acoustic cue salience in emotional
voices decreases (Leitman et al., 2010), pointing to an enhanced cogni-
tive evaluation in the IFC under challenging acoustic conditions
(Frühholz and Grandjean, 2013b). The IFCmight also enrich the percep-
tion of impoverished sounds by retrieving acousticmemory information
from long-term, stored prototype emotional vocalizations (Binder et al.,
2009). In the present study, we accordingly aimed at investigating the
neural dynamics of processing voiced and whispered emotional vocali-
zations. We specifically investigated the acoustic decoding of these vo-
calizations in auditory cortical regions that are sensitive to spectral
and temporal information of sounds as well as in an extended neural
network in the frontal cortex that might provide in-depth cognitive
evaluation to compensate for the lack of sensory sound information es-
pecially in whispered voices.

Materials and methods

Participants

Fifteen healthy participants recruited from the Geneva University
took part in the experiment (seven male; mean age 23.67 years, SD =
3.87, age range 18–33 years). All participants were right-handed, had

normal or corrected-to-normal vision, and normal hearing abilities. No
participant presented a neurologic or psychiatric history. All partici-
pants gave informed and written consent for their participation in ac-
cordance with ethical and data security guidelines of the University of
Geneva. The study was approved by the local ethics committee of the
University of Geneva.

Stimulus material and trial sequence

The stimulus material consisted of four speech-like but semantically
meaningless two-syllable words (“belam”, “nolan”, “minad”, “namil”)
spoken either in a neutral, fearful or aggressive tone (factor emotion)
by two male and two female speakers including both normally voiced
vocalizations and whispered vocalizations (factor phonation type),
resulting in 96 different stimuli. The whispered vocalizations were pro-
duced only by exhalation from the lungs. Auditory stimuli had a mean
duration of 633ms (SD=172ms)with similar duration for neutral, ag-
gressive and fearful voices (repeated measures ANOVA (rmANOVA);
F1,31 = 1.48, n.s.). Stimuli were equated for mean energy (Merg =
2.98 × 10−3 Pa2/s, SDerg= 9.81× 10−4), scaled tomean sound pressure
level of 70 dB, and had a linear fade-in/fade-out of 15 ms. A pre-
evaluation of the stimuli by 21 participants (ten male; mean age
25.57 years, SD = 3.58, age range 22–34 years) revealed that neutral,
aggressive and fearful voices were significantly rated as neutral
(rmANOVA; F4,124 = 114.86, p b 0.001), aggressive (F4,124 = 92.30,
p b 0.001), and fearful (F4,124 = 192.53, p b 0.001), respectively. Each
stimulus had to be rated on five continuous scales (range 0–100, corre-
sponding to low to high) on how much they expressed the respective
emotion (fearful, aggressive, happy, sad, and neutral). Each stimulus
was also rated for its arousal level (range 0–100, corresponding to low
to high), and aggressive and fearful voices did not differ in arousal rat-
ings (paired t-test; t31 = 0.76, n.s.), but were significantly higher in
arousal ratings compared with neutral voices (aggressive: t31 = 10.13,
p b 0.001; fearful: t31 = 15.47, p b 0.001).

During themain experiment, each vocalizationwas repeated twelve
times, and they were presented in short blocks of six voices separated
by 500 ms within these blocks, while the short blocks were followed
by 4000 ms of no auditory stimulation. Blocks were preceded by a fixa-
tion cross of 1000 ± 175 ms duration, which cued the onset of a new
block and remained on the screen until the offset of the last auditory
stimulus in a block. The short blocks had a mean duration of 6359 ms
(SD 589) and consisted of randomly chosen vocalizations of the same
valence with no more than two times the same speaker or word pre-
sented in one block. After each short block participants had to indicate
the valence of the vocalizations by a three alternative forced choice de-
cision (“neutral”, “aggressive”, or “fearful”; response buttons
counterbalanced across participants) using the index, middle, and ring
finger of their right hand. The experiment was divided in two runs,
and each run started either with 48 short blocks of voiced vocalizations
followed by 48 blocks of whispered vocalizations, or vice versa (the
order was counterbalanced across participants). Voiced and whispered
vocalizations were not presented intermixed in order to avoid carry-
over effects of perceptual processing from voiced vocalizations that
might have influenced the perception of subsequent whispered vocali-
zations, or vice versa. During scanning, both voiced and whispered vo-
calizations were presented binaurally with magnetic resonance
imaging-compatible headphones (Sensimetrics® insert earphones;
http://www.sens.com/products/model-s14/) at a sound pressure level
(SPL) of approximately 70 dB.

To localize human voice-sensitive regions in the bilateral superior
temporal cortex (STC), we used 500 ms sound clips consisting of 70
nonhuman vocalizations and sounds (animal vocalizations, artificial
sounds, natural sounds) and 70 human speech and nonspeech vocaliza-
tions presented at 70 dB SPL. The stimuli were the same as used by
Capilla and colleagues (Capilla et al., 2013). Each sound clip was pre-
sented randomly once with a fixation cross preceding the onset by
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500ms and a followed by a jittered 3550–5000 ms silent gap before
the onset of the next stimulus. During the voice localizer scan, 10
randomly chosen sounds were repeated twice in a row, and
participants had to detect and indicate this repetition by an index
finger button press. These repetition trials served to maintain the
participants' attention.

For the purpose of a tonotopic mapping of the AC, we used pure sine
wave tones (PSTs) presented in an ascending progression of fourteen
tones from low to high frequency in half-octave steps in the range
0.88–8 kHz (i.e., 0.88, 0.125, 0.177, 0.25, 0.354, 0.5, 0.707, 1, 1.414, 2,
2.828, 4, 5657, and 8 kHz). This tonotopy localizer was identical to the
one used by Da Costa et al. (2011). Pure tone bursts of a random rhyth-
mic pattern of single PSTs (50 ms or 200 ms) of a specific frequency
were presented for a random duration of 1.1–1.7 s every 2 s, starting
with the lowest frequency and then immediately stepping to the next
higher frequency. Thus, there were fourteen 2 s-PST-bursts in progres-
sion, resulting in a 28 s block of a low-to-high PST sequence. This 28 s
block was repeated 15 times and the blocks were separated by a 4 s si-
lent pause. Sound intensity of the PSTs was adjusted in terms of a stan-
dard equal loudness curve (ISO 226, phon 65) to achieve an equal
perceived volume of PSTs.

Finally, for the purpose of a temporal modulation rate (TMR)
mapping in auditory cortex we used amplitude modulated (AM)
uniform and broadband white noise stimuli of 3000 ms duration,
with modulation rates of 1, 2, 4, 8, 16, and 32 Hz, a modulation
depth of 90%, and random phase of the modulation at stimulus
onset. This procedure was similar to a TMR localizer used in a
previous neuroimaging study (Herdener et al., 2013). Stimuli
were presented in a series from low to high modulation rate
separated by 1000 ms, and the series were separated by 3000 ms.
These series were repeated 15 times, and stimuli were presented
at 70 dB SPL.

Acoustic analysis of vocalizations

All vocal stimuli of themain experiment were first analyzed accord-
ing to their level of spectral and temporal information. For this purpose,
we determined the modulation spectrum of each vocalization (Fig. 1A)
by converting the amplitude waveforms of the vocalizations to their
spectrogram using a Hamming window of 1.81/BW window length
(bandwidth (BW) 100 Hz, frequency range 1–5000 Hz), which was
then filtered with a 2D-Gaussian filter (SD 1.3, size 3), and subjected
to a 2D Fourier transform (zero-padded to match the length of the lon-
gest stimulus), from which the power was computed and the zero-
frequency components were shifted to the center of the spectrum. The
resulting modulation spectra for each stimulus were both averaged
along the time axis and the frequency axis to give an average represen-
tation of the frequency and temporal modulation, respectively
(Fig. 1B). For each stimulus we computed the entropy (i.e. Shanon
entropy; Shannon, 1948) of the modulation spectrum along
the temporal and the spectral axis as an indicator of the respective
modulation complexity. Entropy measures for spectral
information and for temporal information were separately
subjected to a 2 × 3 rmANOVA with the within-subject factors
emotion (neutral, aggressive, fearful) and phonation type (voiced,
whispered).

Second, all vocal stimuli were analyzed according to their level of
pitch salience using the Auditory Toolbox (https://engineering.purdue.
edu/~malcolm/interval/1998-010/). The mean pitch salience was

computed on the extracted pitch time course (derived from an auto-
correlation of the original waveform) that was subjected to a cochlear
model (i.e. Lyon's Passive Ear Model). The pitch salience scores were
separately subjected to a 2 × 3 rmANOVA with the within-subject fac-
tors emotion (neutral, aggressive, fearful) and phonation type (voiced,
whispered).

Image acquisition and analysis

We recorded imaging data on a 3-T SIEMENS Trio® TIM System (Sie-
mens, Erlangen, Germany) by using a T2*-weighted multiplexed echo-
planar imaging sequence (Feinberg et al., 2010) with an acceleration
factor of four. We used a partial volume acquisition of 28 slices (thick-
ness/gap = 2/0.4 mm, field of view [FoV] = 192 mm, in-plane resolu-
tion 2 × 2 mm, flip angle = 54°) aligned oblique to the AC-PC plane
(~30° rotation) to cover all parts of the mid and inferior frontal cortex,
large portions of the superior temporal cortex from anterior to poste-
rior, and the amygdala (see Fig. S1). The sequence had a time to repeti-
tion (TR)/time to echo (TE) of 650/30 ms. This fast volume acquisition
together with a short block design was chosen to obtain an improved
sampling rate of the BOLD signal in order to perform a functional con-
nectivity analysis that depends on the sampling rate of the acquired
BOLD time series (see below). The functional connectivity analysis
was also dependent on a continuously sampled BOLD signal. Thus, we
decided to use a continuous sampling protocol instead of a sparse tem-
poral sampling protocol (Hall et al., 1999) that are sometimes used in
auditory experiments. The scanner noise did not considerably impair
the recognizability of the voice stimuli, since classification accuracy
was high above change level (=33%; see below). Finally, a high-
resolution magnetization prepared rapid acquisition gradient echo
(MPRAGE) T1-weighted sequence (192 contiguous 1 mm slices, TR/
TE/time to inversion (TI) = 1900/2.27/900 ms, FoV 296 mm, in-plane
resolution 1 × 1 mm) was obtained in sagittal orientation to record
structural brain images from each participant.

We used the statistical parametric mapping software (SPM 8;
Wellcome Trust Centre for Neuroimaging, London, UK; www.fil.ion.
ucl.ac.uk/spm) for preprocessing and statistical analysis of all functional
images. Functional images were realigned and coregistered to the ana-
tomical image. The New Segment option in SPM8 was used to perform
aunified segmentation approach of individual T1 anatomical images. In-
dividual DARTEL flow fields were estimated based on segmented grey
andwhitematter tissue classes and used for normalizing T1 and EPI im-
ages. Functional images were spatially smoothed using an isotropic
Gaussian kernel of 6mm3 FWHM.

We used a general linear model for the first-level statistical analyses
of the functional data. For the data of themain experiment, wemodeled
activity for each condition including boxcar functions defined by the
onset and duration of the short blocks with a correct response of partic-
ipants. These boxcar functions were convolved with a canonical hemo-
dynamic response function. Separate regressors were created for each
experimental condition and the general linear model also included
one additional regressor containing all erroneous and missed trials. Six
motion correction parameters and four regressors modeling respiratory
and cardiac activity of the participants were finally included as regres-
sors of no interest to minimize false positive activations that were due
to task-correlated motion and to physiological noise. Respiratory and
cardiac activity was modeled using the approach of Glover and col-
leagues (Glover et al., 2000) referred to as the RetroIcor algorithm
(code provided by http://cbi.nyu.edu/software/).

Fig. 1. Voice stimuli and functional localizer scans. (A) Spectrograms and modulation spectra for voiced and whispered neutral (neu), aggressive (agg), and fearful vocalizations (fea).
(B) Mean modulation spectrum along the frequency and the temporal dimension of the 16 stimuli for each condition, including measures of mean pitch salience (“pitch sal”) and
entropy. (C) Reaction times and percentage error rates across the participants (n = 15); mean ±1SEM. (D) Extended AC/STC activity for vocal relative to nonvocal sounds (top panel;
t contrast); tonotopic maps with a common high-low-high gradient (high frequency, HF; low frequency, LF; F contrast) (middle panel); and anterior and posterior temporal
modulation rate (TMR) maps with a superior (low modulation rate, LM) to inferior orientation (high modulation rate, HM) (lower panel; F contrast). All activations across the
participants (n = 15) are thresholded at p = 0.001 with a cluster extent of k = 33 voxels, corresponding to p b 0.05 corrected at the cluster level.
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Linear contrasts for the experimental conditions for each participant
were taken to a second-level random effects analysis implemented as a
factorial design including the within-subject factors emotion (neutral,
anger, fear) and phonation type (voiced, whispered). Functional activa-
tions resulting from the comparison between conditions were
thresholded at a voxel-level threshold of p=0.001 and a cluster extend
threshold of k = 33. This combined voxel and cluster threshold
corresponds to p = 0.05 corrected at the cluster level and was
determined by the 3DClustSim algorithm implemented in the AFNI
software (http://afni.nimh.nih.gov/afni) according to the
estimated smoothness of the data across all contrasts. The cluster
extent threshold of k = 33 was the maximum value for the
minimum cluster size across contrasts of the main experiment
and of functional localizer scans.

In order to determine a directed functional connectivity analysis be-
tween regions, which showed activation either for the comparison of
neutral and emotional vocalizations (factor emotion) or for the compar-
ison of voicedwith whispered vocalizations (factor phonation type), we
performed a granger causality analysis (GCA). Compared to other
methods of estimating functional connectivity, such as the psycho-
physiological interaction (PPI) analysis (Friston et al., 1997), GCA has
the advantage of providing information about the directionality of
functional connections. Furthermore, directionally of connectivity esti-
mation in GCA more accurately and validly can be applied to blocked
presentations of stimuli, while directionality estimation in dynamic
causal modeling (DCM) seemsmore effective for event-related designs
(Seth et al., 2015). Thus, for the GCA analysis concerning the factor
emotion we computed both the functional connectivity for all regions
that were more sensitive to neutral relative to emotional vocalizations
and for all regions that were more sensitive to emotional relative to
neutral vocalizations (Fig. 2A). The latter analysis also included all re-
gions for which we found an interaction between the factors emotion
and phonation type (Fig. 2D). For the GCA analysis concerning the factor
phonation typewe computed functional connectivity for all the regions
that were more sensitive to voiced relative to whispered vocalizations
and for all regions that were more sensitive to whispered relative to
voiced vocalizations (Fig. 2B). Both connectivity analysis for the factor
phonation type also included all regions, which showed either an inter-
action including voiced or whispered vocalizations, respectively
(Fig. 2D).

The GCA analysis was performed on time intervals spanning from
one volume acquisition before the onset (i.e. to take into account
some pre-stimulus neural activity given that a short block started ran-
domly during the following volume acquisition) of a short block until
25 volumes after onset. The amount of 25 volumes after the short
block onset was chosen taking into account themean short block length
(6.359 s) as well as the average peak BOLD delay (~5 s) and its relaxa-
tion to baseline (~5 s), resulting in post-stimulus interval of ~16.359 s.
These segments were extracted from the entire time course of activity
in each region extracted as thefirst eigenvariate in a 2mmradius sphere
around voxel of peak activations. Extracted segments were pooled
across subjects.We used the Granger Causal Connectivity Analysis tool-
box (Seth, 2010) to perform this GCA analysis. TheGCA analysis is based
on vector autoregressive (VAR)models, and the directional connections
strengths between brain regions is quantified as the log ratio of predic-
tions errors. A higher log ratio level for a certain connection is indicative
of a greater causal influence (Seth et al., 2015). Segmented intervals
were preprocessed by linear detrending and by removing the temporal
and the ensemble mean. All data showed covariance stationarity as in-
dicated by the KPSS test, which is a test with the null hypothesis of no
unit root. Finally, a model order of two was chosen based on previous
studies with approximately half the sampling rate using a model order
of one (Deshpande et al., 2009; Sato et al., 2010), and model validity
was confirmed by the Durbin-Watson test. Significant directed connec-
tions based on F statistics between brain regions were determined at a
threshold of p = 0.0001 (FDR corrected).

On the resulting GCA data we subsequently performed a Graph The-
oretic Analysis (GTA) using the Brain Connectivity Toolbox (Rubinov
and Sporns, 2010). For each region, we first determined the node
strength in terms of the sum of weights of all incoming, all outgoing,
and of all connections in total for each node (i.e. region). Second, we de-
termined the connection weight for all connections, which survived the
thresholding in the GCA analysis. For the illustration of the connectivity
results of the GCA analysis, we used the CIRCOS software (http://circos.
ca/software/). Additionally, we computed lobe specific connectivity
measures, by determining the mean weights of connection in the
same lobe (self), connections to the same lobe in the contralateral hemi-
sphere (horizontal), connections to the other ipsilateral lobe (vertical),
and connections to the other contralateral lobe (diagonal).

For the voice localizer, single-subject activity was modeled for vocal
and nonvocal stimuli as stick functions defined by the onset of the audi-
tory stimuli, convolvedwith a canonical hemodynamic response function.
Repetition trials were modeled as a separate regressor of no interest. Lin-
ear contrasts for the vocal and the nonvocal conditions for each partici-
pant were taken to a second-level random effects analysis. For the
latter, we contrasted all vocal against nonvocal stimuli at a threshold of
p = 0.001 and a cluster extent of k = 33 voxels (see above). We deter-
mined voice-sensitive regions along the superior temporal gyrus (STG)
and superior temporal sulcus (STS) in both hemispheres.

For the tonotopic localizer scan, wemodeled activity for each condi-
tion as boxcar functions defined by the onset and duration of each PST
level, convolved with a canonical hemodynamic response function. Lin-
ear contrasts for each condition for each participant were taken to a
second-level random effects analysis, which was setup as a 1 × 7 facto-
rial design, where two successive levels of the 14 PST frequency levels
were combined in a single condition, thus resulting in seven different
conditions. By using an F contrast across these different conditions we
determined areas in the auditory cortex that showed a significant differ-
ence between these conditions at a combined threshold of threshold of
p = 0.001 and a cluster extent of k = 33 voxels (see above). For all
voxels in the resulting statistical map, we determined themaximum re-
sponse across all seven conditions (i.e. winner-take-all). Each voxel was
color coded according to its maximum response to one of the seven
conditions.

For the TMR localizer scan,wemodeled activity for each condition as
boxcar functions defined by the onset and duration of each AM level,
convolved with a canonical hemodynamic response function. Linear
contrasts for each condition for each participant were taken to a
second-level random effects analysis, which was setup as a 1 × 6 facto-
rial design, using the thresholding strategy from the tonotopic localizer.

Results

Acoustic analysis of vocalizations

The present study included a total of 96 affective voices expressing
neutral, aggressive, and fearful emotions in either a voiced or a whis-
pered mode (Fig. 1A). We first measured their pitch salience and the
modulation spectrum as the most distinguishing acoustic features. The
modulation spectrum assesses spectral and temporal regularity, and
the entropy of this spectrumquantifies the amount of spectral and tem-
poral information (Fig. 1B, Table S1).

The entropy for spectral information differed across the phonation
types (repeated measures ANOVA (rmANOVA); F1,15 = 75.21,
p b 0.001; Mphon = 5.04 b Mwhis = 5.78), but not across emotions
(F2,30= 3.43, p=0.045; but Bonferroni posthoc planned pairwise com-
parison were nonsignificant, all p's N 0.078; Mneu = 5.29, Mang = 5.52,
Mfea = 5.44). There was an emotion by phonation type interaction
(F2,30 = 8.07, p = 0.0015). For the latter, follow-up two-sided paired
t-test indicated that for voiced vocalizations aggressive (t15 = 4.87,
p b 0.001) and fearful vocalizations (t15 = 3.31, p=0.0046) had higher
spectral entropy relative to neutral vocalizations, but no such
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differences were observed with whispered vocalizations (all t15
's b 2.03, all p's N 0.06). The entropy for temporal information differed
across the different phonation types (rmANOVA; F1,15 = 63.26,
p b 0.001; Mphon = 5.81 N Mwhis = 5.25) and across emotions (F2,30 =
8.16, p = 0.0014; Mang = 5.38 b Mneu = 5.54 and Mfea = 5.66), but
there was no emotion by phonation type interaction (F2,30 = 1.59, n.s.).

The pitch salience of vocal stimuli differed across the phonation types
(rmANOVA; F1,15=146.83, p ≤0.001;Mphon=0.46NMwhis=0.35), but
not across emotions (F2,30 = 1.41, n.s.). There was no emotion by phona-
tion type interaction (F2,30 = 0.26, n.s.).

Behavioral data

To investigate the neural dynamics during the processing of these
vocalizations, we asked 15 healthy human participants to listen to and
classify these vocalizations (as neutral, aggressive, or fearful) during a
high-spatial and high-temporal resolution functional magnetic reso-
nance imaging study. Reaction times of these classifications did not dif-
fer across emotions (rmANOVA; F2,28 = 1.97, n.s.) and phonation types
(F1,14 = 0.17, n.s.), and there was no emotion by phonation type interac-
tion (F2,28 = 2.24, n.s.) (Fig. 1C). Error rates did not differ across emo-
tions (rmANOVA; F2,28 = 0.77, n.s.), but across the different phonation
types (F1,14= 15.80, p=0.0013). Participantsmademore errors in clas-
sifying whispered relative to voiced vocalizations, but their accuracy
was still at a high level (N90%) (Fig. 1C). There was no emotion by pho-
nation type interaction (F2,28 = 1.44, n.s.).

Functional localizer scans

The experiment included three different localizer scans to identify
cortical auditory regions that show tonotopic frequency mapping (i.e.
sensitivity to spectral information), that are sensitive to the temporal
modulation rate (TMR) of sounds (i.e. sensitivity to temporal informa-
tion), or that show sensitivity to human voices. In terms of neural acti-
vations for the localizer and the experimental scans, we determined
functional effects in subregions of the auditory cortex (AC) consisting
of auditory “core” (Heschl's gyrus, HG) and “belt” regions (planum
polare (PPo), planum temporale (PTe)) (Hackett, 2011). We also deter-
mined activity in subregions of the STC consisting of STG and STS
(Frühholz and Grandjean, 2013a). During the main experiment (see

below)we also determined activity in frontal lobe subregions especially
of the inferior frontal gyrus (IFG) and orbitofrontal cortex (OFC) that are
central for the decoding of vocalizations (Frühholz and Grandjean,
2013b).

During the voice localizer scan, we presented human vocal and non-
human sounds. Vocal compared to nonvocal sounds produced extended
activity in bilateral STC covering regions of core and belt auditory re-
gions as well as of anterior-to-posterior STG and STS (Fig. 1D, upper
panel). Regions showing voice sensitivity are marked by a black outline
in Fig. 1–2.

To identify tonotopic cortical fields, a tonotopy localizer scan in-
cluded the auditory stimulation with pure tones between 0.088 and
8 kHz and revealed a typical pattern of frequency maps with a mirror-
symmetric frequency progression (high-low-high) (Da Costa et al.,
2011), with the low-frequency area approximately located along left
Heschl's sulcus and right PTe (Fig. 1D, middle panel). These two maps
are thought to correspond to regions A1 and R (rostral area) of the pri-
mate primary auditory core. Regions showing tonotopic mapping are
marked by a red outline in Fig. 1–2.

Finally, to identify cortical regions sensitive to the temporal ampli-
tude modulation rate (TMR) of sounds, a TMR localizer scan was used
that included the auditory stimulation ofwhite noise stimuli with inten-
sity variations in the range of 1–32Hz (see Giraud et al., 2000; Herdener
et al., 2013). This scan revealed two bilateral amplitude modulated
(AM) gradient maps located in posterior and mid STC. The posterior
map showed a low-to-high AM frequency progression in the direction
of STG-STS to middle temporal gyrus MTG. The left anterior map
showed a low-to-high AM frequency progression in the direction of
mHG-STG (i.e. mid HG to STG), while the right anterior map showed a
slightly more lateral lHG-mSTS (i.e. lateral HG to mid STS) progression.
Regions showingAMmapping aremarked by a green outline in Fig. 1–2.

Functional brain activity of the main experiment

In terms of the affective value of the vocalizations, we first compared
neural activity for affective relative to neutral vocalizations (i.e. the
emotion effect). They elicited activity in the left core and belt regions
and in bilateral higher-level auditory regions in the STC (Fig. 2A, Table
1). The activity was specifically found in left HG and PPo as well as in
right anterior STG (aSTG), mid STG (mSTG), and mid STS (mSTS).

Fig. 2. Functional activity for voiced andwhispered affective voices. (A) Activity for affective relative to neutral vocalizations (red) and for neutral relative to affective vocalizations (blue)
across participants (n=15). The right panel shows an enlarged view of activity in the temporal cortex. (B) Functional activity for voiced relative to whispered vocalizations (red) and for
whispered relative to voiced vocalizations (blue). (C) Beta estimates for several left and right hemispheric subregions extracted as themean signal in a 2mmradius sphere around voxel of
peak activations. The beta estimates are scaled to the maximum in each subregion, that is, the core, belt, STG, STS, frontal cortex region. (D) Interaction effects for whispered aggressive
vocalizations (left panel) in the left IFG and for voiced fearful vocalizations (right panel) in the left IFG, OFC, pSTG, and right aSTG. All activations across the participants (n=15) are based
on t contrasts and thresholded at p=0.001 and k=33, corresponding to p b 0.05 corrected at the cluster level. Abbreviations: Ins insula,MFGmiddle frontal gyrus, voic voiced, STS superior
temporal sulcus, whispwhispered.
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Neutral relative to affective voices elicited activity in bilateral middle
frontal gyrus (MFG).

In terms of expression mode, voiced relative to whispered vocaliza-
tions revealed auditory cortical activity in the voice-sensitive cortex in
the bilateral core regions (HG) and mid-anterior STG, which largely
overlapped with the tonotopic maps (Fig. 2B, Table 2). Whispered rela-
tive to voiced vocalizations elicited activity in the bilateral voice-
sensitive cortex, especially in the belt regions (PPo) of posterior STC. Be-
sides these differential auditory cortex activations for voiced vocaliza-
tions and whispered vocalizations, both modes of vocalization also
revealed activity in the frontal cortex, which was confirmed by signal
extracted from several regions of interest (Fig. 2C). Voiced vocalizations
elicited activity in the rostral anterior cingulate cortex (rACC), whereas
whispered vocalizations elicited activity in bilateral OFC and the lateral
inferior frontal cortex (IFC) consisting of anterior IFG (aIFG) and poste-
rior IFG (pIFG).

An interaction analysis also revealed specific frontal activity, such as
activity of the left aIFG and pIFG for whispered aggressive vocalizations
and voiced fearful vocalizations, with additional activity for the latter in
bilateral superior temporal gyrus (left pSTG, right aSTG) (Fig. 2D, Table
3). No functional brain activity based on an interaction analysis was
found for whispered fearful vocalizations and for voiced aggressive
vocalizations.

Directional functional connectivity

To identify the dynamics in the neural network described above, we
performed a directional functional granger causality analysis separately
for the regions decoding neutral or affective vocalizations (Fig. 3A–B)
and for those decoding voiced or whispered vocalizations (Fig. 3C–D).
We first compared the neural network for neutral and affective vocali-
zations. Unlike the sparse functional network for neutral vocalization
connecting right to left MFG (Fig. 3A, left panel), affective vocalizations

revealed awidespread temporo-frontal network connecting left IFC, left
auditory core/belt regions, and bilateral STG (Fig. 3A, right panel). This
affective vocalization network indicated a relatively strong importance
of the right temporal cortex (Fig. 3B, lower left panel), and especially
of the aSTG both as input and output node (Fig. 3A, right panel). Fur-
thermore, concerning the important role of the right temporal cortex
in affective vocalization network, the connections weights of the right
temporal cortex were higher for whispered (Fig. 3B, lower right
panel) compared to voiced affective vocalizations (Fig. 3B, lower mid
panel). The central role of the right temporal cortex in the affective vo-
calization network was also indicated by lobe-specific connectivity

Table 1
Functional peak activity related to the affective value of the vocalizations. (A) Activity for
affective versus neutral vocalizations. (B) Activity for neutral versus affective vocaliza-
tions. Activations are reported in the left (“L”) and the right hemisphere (“R”). Activations
are thresholded across all participants (n= 15) at p= 0.001 with a cluster extent of k=
33 voxels, corresponding to p b 0.05 corrected at the cluster level. Peak coordinates with
no cluster size represent local peaks within the larger cluster that is defined by the cluster
size mentioned above it.

Region Cluster size z value MNI

x y z

(A) Affective vs. neutral vocalizations
L Heschl's gyrus 79 4.67 −46 −12 0
L planum polare 3.69 −40 −20 0
L superior temporal gyrus 42 4.11 −64 −42 16
R superior temporal gyrus 445 5.29 66 −18 8

4.90 66 −24 12
4.77 60 −38 8

R superior temporal sulcus 4.66 58 −26 10
4.26 68 −24 6

R superior temporal gyrus 125 4.91 62 2 −8
4.44 60 0 0

R superior temporal gyrus 3.41 50 0 −4
R Heschl's gyrus 3.71 48 −8 2

(B) Neutral vs. affective vocalizations
L middle frontal gyrus 39 3.61 −42 32 26
L inferior temporal gyrus 42 3.48 −44 −56 −18

3.39 −34 −52 −16
3.31 −44 −66 −16

L frontal operculum 62 3.64 −40 0 14
R middle frontal gyrus 346 5.35 44 42 20

4.91 46 46 16
L middle temporal gyrus 71 3.88 −50 −56 −4
L inferior occipital gyrus 40 4.06 −16 −96 −10
L middle occipital gyrus 135 3.75 −24 −90 0
R inferior occipital gyrus 51 3.86 18 −92 −6

Table 2
Functional peak activity related to the vocal expression mode. (A) Activity for voiced ver-
sus whispered vocalizations. (B) Activity for whispered versus voiced vocalizations. Acti-
vations are thresholded across all participants (n = 15) at p = 0.001 with a cluster
extent of k=33voxels, corresponding to p b 0.05 corrected at the cluster level. Inf infinite.

Region Cluster size z value MNI

x y z

(A) Voiced vs. whispered vocalizations
L Heschl's gyrus 1225 Inf −52 −14 6
L superior temporal gyrus Inf −60 −10 4

7.47 −62 −26 14
6.70 −58 2 −4

L middle temporal gyrus 101 4.62 −60 −62 −2
R Heschl's gyrus 1246 Inf 54 −12 4
R superior temporal gyrus Inf 66 −18 8

5.86 62 3 −8
L cingulate gyrus 372 4.59 −6 36 2

4.42 −4 46 4
L cingulate gyrus 141 4.34 −4 26 26
R cingulate gyrus 106 4.04 2 −10 32
R superior frontal gyrus 100 4.57 20 56 32
R middle frontal gyrus 44 3.82 14 −58 12
L caudate nucleus 256 5.26 −18 −4 26

47 3.97 −12 20 16
R caudate nucleus 41 4.69 20 −10 26

46 4.29 18 −10 14
L parahippocampal gyrus 163 4.84 −24 −32 −18
L hippocampus 4.73 −26 −30 −6
L fusiform gyrus 41 3.81 −24 −48 −22
L thalamus 134 4.14 −2 −12 12
L thalamus (MGN) 3.82 −14 −28 −4
R thalamus (MGN) 41 3.78 14 −28 2
R thalamus 3.55 18 −26 −6

(B) Whispered vs. voiced vocalizations
L planum polare 58 5.08 −40 −22 −4
L superior temporal sulcus 157 4.83 −30 −36 10
L planum temporale 3.99 −40 −38 24

3.98 −34 −40 16
L superior temporal sulcus 197 4.17 −56 −54 6

4.17 −56 −38 −4
3.35 −54 −62 20

R planum temporale 91 4.95 42 −36 16
R superior temporal gyrus 111 4.86 66 −42 22

4.12 64 −50 20
R superior temporal sulcus 3.91 64 −52 12
R planum polare 47 4.44 42 −20 −4
L inferior frontal gyrus 1579 6.36 −32 28 0

4.94 −52 6 22
4.22 −42 22 24

L orbital gyrus 98 5.38 −20 26 −20
R inferior frontal gyrus 1438 6.01 38 14 30

5.58 52 22 16
4.71 48 26 2

R inferior frontal gyrus 37 4.62 44 38 −12
R orbital gyrus 53 4.07 20 30 −14
R precentral gyrus 40 3.98 66 −6 28
L postcentral gyrus 213 5.62 −60 −16 18
L inferior occipital gyrus 78 4.76 −20 −68 −28
L cuneus 50 3.96 −12 −84 −12
L inferior occipital gyrus 3.59 −18 −78 −6
R inferior occipital gyrus 73 4.94 22 −78 −12
R hippocampus 46 4.72 26 −38 18
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measures as determined by the mean weights of intra- and extra-
regional connections. The right temporal cortex, first, showed high con-
nections weights for intraregional connections (i.e. “self” connections),
second, for bidirectional connections with the left temporal cortex (i.e.
horizontal connections), and, third, for afferent connections from the

left IFC (i.e. diagonal connections). These three main network features
were characteristic of the general affective vocalization network
(Fig. 3B, lower left panel), and again especially for the whispered affec-
tive vocalizations (Fig. 3B, lower right panel).

A relative increase of connection weights involving the right tempo-
ral cortexwas also found for the voiced vocalization network alongwith
the left temporal cortex, with bilateral mSTG as a central input/output
node (Fig. 3C). Both the left and right temporal cortex showed
intraregional connections and relatively increased STC interconnec-
tions. A left frontal intra-regional and a left frontal to contralateral
right temporal connection with low connection weights were also
found (Fig. 3D).While the latter left frontal to right temporal connection
was specific to all voiced vocalizations (Fig. 3D, top left panel), a left
frontal to ipsi-lateral left temporal connection was found for aggressive
and fearful voiced vocalizations (Fig. 3D, top mid panels). The later re-
sulted from an independent estimation of functional connections of
each emotion separately for voiced vocalization. Compared to the rela-
tively simple voiced vocalization network, we found a multi-
directional complex network during the recognition of the affective
value from whispered vocalizations, and this whispered vocalizations
network showed several unique features. First, this network generally
included highly increased intra- and inter-regional connection weights
of both temporal and frontal cortices (Fig. 3D, lower panel) compared
to the voiced vocalization network (Fig. 3D, upper panel). Second, un-
like the voiced vocalizations network, the whispered vocalization net-
work included bottom-up auditory-to-frontal connections (i.e. vertical
and diagonal connection from temporal areas), indicating the transfer

Table 3
Functional peak activity for the comparison of the interaction effects. (A) Specific activity
for whispered angry vocalizations. (B) Specific activity for voiced fearful vocalizations. Ac-
tivations are reported in the left (“L”) and the right hemisphere (“R”). Activations are
thresholded across all participants (n = 15) at p = 0.001 with a cluster extent of k = 33
voxels, corresponding to p b 0.05 corrected at the cluster level.

Region Cluster size z value MNI

x y z

(A) Whispered × angry vocalizations
L inferior frontal gyrus 37 3.71 −48 10 28
L inferior frontal sulcus 35 3.36 −42 26 30

3.35 −44 22 30

(B) Voiced × fearful vocalizations
L superior temporal gyrus 124 3.95 −62 −42 18

3.42 −52 −42 22
3.36 −54 −44 18

R superior temporal gyrus 35 4.25 62 0 −6
L inferior frontal gyrus 623 4.57 −46 22 28

4.32 −50 12 28
L middle frontal gyrus 4.26 −44 30 24
L insula 93 4.38 −28 20 6

3.89 −30 24 −2

Fig. 3. Results of the granger causality and graph theoretic analysis. (A) Functional connections for neutral (left; n = 881 trials) and for affective vocalizations (right; n = 1867
trials). Seed regions: red frontal, blue temporal; connection color according to the seed region of interest; line thickness indicates connection strength; inner circles represent
connections weights: incoming (in strength), outgoing (out strength), and all in/out connections (all strengths). (B) Mean connection strength for neutral and affective
vocalizations (left panel) for connections inside the same lobe (self), to the same contralateral lobe (hor, horizontal), to the other ipsilateral lobe (ver, vertical), and to the
other contralateral lobe (dia, diagonal). Connection strength shown separately for voiced (middle panel) and whispered vocalizations (right panel). The black boxes in the
lower panel indicate the increased temporo-temporal connections in the emotional vocalizations network, which were especially increased for the whispered emotions.
(C) Functional connections for voiced (left; n = 1383 trials) and for whispered vocalizations (right, n = 1365 trials). (D) Mean connection strength for voiced and whispered
vocalizations (left panel) and separately for aggressive (middle left panel), fearful (middle right panel), and neutral vocalizations (right panel). The black boxes in the lower
panel indicate the bottom-up temporal-to-frontal connections in the whispered vocalizations network, that were not found in the voiced vocalization network. Connections
were thresholded at p = 0.0001 (false discovery rate (FDR) corrected).
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of auditory information to the frontal cortex. Third, the whispered vo-
calization network also included stronger frontal-to-frontal connections
(i.e. “self” and “horizontal” connection from frontal areas) as well as
top-down frontal-to-auditory connections (i.e. vertical and diagonal
connection from frontal areas), indicating an increased involvement of
cognitive evaluation processes.

Discussion

The present study determined the neural activity and network dy-
namics underlying the decoding of the socio-affective value from voiced
and whispered vocalizations. These vocal expression modes differ con-
siderably in their acoustic properties, especially in terms of tonal infor-
mation. Concerning the latter, voiced vocalizations had a higher pitch
salience, probably based on their higher spectral regularity (i.e. less en-
tropy) compared with whispered vocalizations. The affective classifica-
tion of whispered vocalizations was slightly more difficult, probably
because of this missing spectral information (Vestergaard and
Patterson, 2009). This is in accordance with the observation that indi-
viduals are less confident in their decisions on whispered relative to
voiced vocalizations (Lass, 1976). Unlike their reduced pitch salience,
whispered vocalizations showed more temporal regularity than did
voiced vocalizations. Given the impoverished tonal sound quality of
whispered voices, from which no valid affective value can be inferred,
increased temporal regularity of whispered vocalizations might partly
compensate for this missing tonal information. Speakers might actually
vocalize more regularly and with increased modulation depth to im-
prove the clarity of whispered vocalizations (Krause and Braida,
2004), which might also improve their recognizability and their affec-
tive classification.

In terms of neural activity underlying these classifications, we first
determined activity related to the affective value of vocalizations. Affec-
tive vocalizations elicited activity in the left core and belt regions, and in
bilateral higher-level auditory regions in the STC. These auditory subre-
gions have been identified as being relevant for affective voice process-
ing (Beaucousin et al., 2007; Frühholz and Grandjean, 2013a; Frühholz
et al., 2015b; Frühholz et al., 2016a). They were located in the bilateral
voice-sensitive cortex, and these regions partly overlapped with low
frequency fields of the tonotopic frequency maps (b3–4 kHz), and
with rather low temporal regularity fields (low modulation (LM)) of
the TMR maps (b4–8 Hz). This distributed activity is in accordance
with previous observations (Frühholz and Grandjean, 2013a; Pernet
et al., 2015), and the overlap with specific tonotopic and TMR fields re-
flects the importance of these frequency and temporal information
ranges for classifying affective vocalizations (Banse and Scherer, 1996).

Concerning the neural activity related to the expression mode,
voiced vocalizations showed activity in voice-sensitive auditory core re-
gions and the STG, which largely overlapped with the tonotopic maps.
HG activity is in accordance with the activity found for voiced relative
to synthesized whispered vocalizations in the anterolateral HG (von
Kriegstein et al., 2010), but herewe report amuchmore extended activ-
ity in response to natural voiced andwhispered vocalizations. The activ-
ity inside the tonotopic fields might represent the higher spectral
regularity of voiced vocalizations (Norman-Haignere et al., 2013) that
determines theperception of pitch. Pitch andpitch salience are predom-
inantly used in listeners to classify affective vocalizations (Banse and
Scherer, 1996; Vestergaard and Patterson, 2009). The activity for voiced
vocalizations largely overlappedwith the activity for the emotion effect,
pointing to the relevance of salient pitch information for decoding the
affective value of vocalizations (Banse and Scherer, 1996; Frühholz
et al., 2012; Leitman et al., 2010). The activations for voiced vocaliza-
tions also overlapped with the left (LM and high modulation (HM)
field) and the right anterior TMR map (LM field), which seems to de-
code both slow and fast temporal dynamic information from voiced vo-
calizations. This information might be related to segmental and

suprasegmental modulation of intonation contours of vocalizations
(Banse and Scherer, 1996).

Whispered relative to voiced vocalizations elicited activity in the bi-
lateral voice-sensitive cortex. The effects for whispered vocalizations
overlapped with the emotion effect only in the left belt region (i.e.
PPo), indicating some direct affective decoding in the secondary AC
fromwhispered vocalizations. STC activity in response towhispered vo-
calizationswas located outside the tonotopicmaps, but overlappedwith
the posterior TMRmaps. In accordance with their reduced spectral reg-
ularity, whispered vocalizations elicited activity only in auditory regions
sensitive to temporal regularity, a feature that improves their recogni-
tion accuracy (Krause and Braida, 2004). Thus, auditory cortical activity
in response to whispered vocalizations might indicate both the
decoding of the affectivemeaning (i.e. PPo) and the decoding of tempo-
ral information (i.e. posterior STS). Concerning this temporal informa-
tion, temporal regularity was interestingly decoded in the anterior
TMR maps for voiced vocalizations, whereas for whispered vocaliza-
tions, it was decoded in the posterior TMRmaps. Given that whispered
vocalizations had higher temporal regularity, this might indicate that
the anterior and posterior TMRmaps are differentially sensitive to tem-
poral information in more regular and irregular sounds, respectively.
This would point to a diversity of cortical TMR maps beyond their
existing topographical description (Herdener et al., 2013).

Besides STC activity, both modes of vocalization also revealed activ-
ity in the frontal cortex. In response to voiced vocalizations, activity was
found in rACC,which is usually involved in inferring the emotional state
of another individual (Frühholz et al., 2009; Frühholz et al., 2016a;
Szameitat et al., 2010). Whispered vocalizations elicited activity in the
OFC and the IFC, which are involved in the cognitive evaluation of vocal-
izations (Frühholz and Grandjean, 2013b), especially under demanding
task conditions (Leitman et al., 2010). The IFC might be also involved in
retrieving information from long term semantic memory (Binder et al.,
2009), such that the impoverished sound quality of whispered vocaliza-
tion is enriched with acoustic memory information from previous en-
counters with whispered voices or from prototypical information from
voiced emotional vocalizations. In the present study, participants per-
formed less accurately when classifying whispered vocalizations. This
indicated increased difficulty to recognize the affective value fromwhis-
pered voices, which might lead to increased evaluation demands for
correct classification in the OFC and IFC. The activity in the IFC in re-
sponse to whispered vocalizations also extended into the inferior
motor cortex, which usually controls articulatory vocal motor parame-
ters.Motor cortex activity has been shown to support speechperception
(Hervais-Adelman et al., 2012; Pulvermüller et al., 2006), and thismotor
cortex activity found here might also support the recognition of affec-
tive intonations in speech during themore challenging task of recogniz-
ing emotions from whispered vocalizations.

This role of the IFC in supporting the classification of vocalizations
under more challenging conditions is also indicated by the results of
an interaction analysis for whispered aggressive vocalizations and
voiced fearful vocalizations. Both emotion-by-mode combinations are
“unusual” ways of expressing these different emotions. Aggressive ut-
terances are usually expressed with a prominent voice, whereas fear is
often expressed in a soft and whispered tone. These unusual affective
vocalizations might receive enhanced evaluation in the IFC for correct
classification (Leitman et al., 2010), with voiced fear also showing in-
creased activity in the bilateral STC and overlapping with the LM area
of the TMR maps. Thus, increased decoding of slow temporal informa-
tion in voiced fearful vocalizationsmight support their correct classifica-
tion. These increased decoding demands for these rather unusual ways
of emotional vocalization might also be supported by the retrieval of
acoustic memory information as discussed above, which might be sup-
ported by IFC activity both for the unusual whispered and the voiced
vocalizations.

The functional activity underlying these classifications thus involved
a widespread neural network for the decoding of the expressions mode
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and the affective value of vocalizations. Concerning these neural net-
work dynamics as determined by a Granger causality analysis, affective
vocalizations revealed a widespread temporo-frontal network with
strong connectivity to right temporal auditory cortex, especially for
whispered affective vocalizations. The right STC showed strong
intraregional connections, but also bidirectional connectivity with the
left auditory STC and top-down connections from the left frontal cortex.
The right STC seems to be important in integrating and distributing in-
formation between brain regions, especially under conditions of in-
creased decoding demands (Leitman et al., 2010), such as for
whispered affective vocalizations. This finding might also explain in-
creased task-relevant top-downmodulation of the right auditory cortex
by the left frontal cortex, whichmight drive enhanced acoustic analysis
in the AC (Frühholz et al., 2016b; Leitman et al., 2010).

Concerning neural network dynamics related to the expression
mode, a relative increase in connectivity of the right and the left audi-
tory cortex was also found both for the voiced and whispered vocaliza-
tions networks. Concerning the voiced vocalizations network, bilateral
core auditory cortices were interconnected pointing to increased acous-
tic decoding and inter-hemispheric acoustic information exchange
(Frühholz and Grandjean, 2012). The bilateral mid STG, in particular,
had a central position as an input and output node in this network.
The mid STG only marginally overlapped with the tonotopic and the
TMR maps and could thus represent a perceptual integration node of
spectral and temporal acoustic information (Frühholz et al., 2012).
Given only minor top-down connections from the frontal cortex for
voiced vocalizations, their decoding might largely rest on an in-depth
acoustic analysis in the auditory cortex. Given that voiced vocal expres-
sions are rich in terms of spectral and time information, this acoustic
decoding seems sufficient for a proper value attribution to these vocal-
izations (Banse and Scherer, 1996).

Unlike the voiced vocalizations network, we found a multi-
directional “hypercomplex” network (Norris et al., 2005) with several
unique features for the decoding of whispered vocalizations. First, we
identified a much stronger involvement of the bilateral frontal regions,
which showed many fronto-frontal and especially fronto-temporal
top-down connections. The top-down influence of frontal regions on
the auditory cortex might drive an increased acoustic analysis of the
available sound information in whispered voices (Leitman et al.,
2010). Second, temporal regions not only showed intra- and interre-
gional connections, but also extended bottom-up temporo-frontal con-
nections. These bottom-up and the top-down connections might be
required to decode the affective value from whispered voices due to
their impoverished acoustic quality. The auditory cortex might send
the analysis of the sparsely available acoustic information to the frontal
cortex, which consequently might provide increased cognitive evalua-
tion (Frühholz and Grandjean, 2013b; Leitman et al., 2010) and enrich-
ment by voicememory information to support top-downpredictions on
acoustic decoding on the auditory cortex (Bar, 2009). This temporal
bottom-up transfer of acoustic information and the frontal top-down in-
fluence might be an iterative process until an accurate decision can be
made on whispered vocalizations. Third, all of these temporal and fron-
tal regions had an equal level of importance as input and output nodes
in this network, except for the relatively increased importance of re-
gions in the right posterior STC. The latter regions, located in the poste-
rior TMR map, may decode temporal information in more regular
vocalizations. Whispered vocalizations were temporally more regular
and had only marginal spectral information. Thus, the functional con-
nectivity with brain regions decoding this information seems to be of
high relevance (Trost et al., 2015; Trost et al., 2014). These neural net-
work data together suggest that a large-scale multidirectional bottom-
up and top-down brain network compensates for the impoverished
sound quality of whispered voices to support their accurate recognition
and value attribution.

Taken together, our data demonstrate, first, that the affective value
can be quite accurately recognized both from whispered and from

voiced vocalizations, although to a slightly lesser degree in vocal whis-
pering. Second, the affective value of these vocalizations is decoded in
a network of frontal and auditory brain regions. Neural decoding in
the auditory regions, in particular, largely follows the acoustic proper-
ties that makewhispered and voiced vocalizations considerably distinct
on a perceptual level. Neural decoding also follows the general topo-
graphical frequency and temporal regularity maps in the auditory cor-
tex. Finally, we found a hypercomplex and probably compensatory
neural fronto-temporal network that supports the accurate affective
classification of whispered vocalizations, which is probably based on
their impoverished sound quality especially in terms of tonal
information.
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