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Abstract
Emotional sounds are processed within a large cortico-subcortical network, of which the auditory cortex, the voice area, and 
the amygdala are the core regions. Using 7T fMRI, we have compared the effect of emotional valence (positive, neutral, and 
negative) and the effect of the type of environmental sounds (human vocalizations and non-vocalizations) on neural activ-
ity within individual early stage auditory areas, the voice area, and the amygdala. A two-way ANOVA was applied to the 
BOLD time course within each ROI. In several early stage auditory areas, it yielded a significant main effect of vocalizations 
and of valence, but not a significant interaction. Significant interaction as well as significant main effects of vocalization 
and of valence were present in the voice area; the former was driven by a significant emotional modulation of vocalizations 
but not of other sounds. Within the amygdala, only the main effect of valence was significant. Post-hoc correlation analysis 
highlighted coupling between the voice area and early stage auditory areas during the presentation of any vocalizations, and 
between the voice area and the right amygdala during positive vocalizations. Thus, the voice area is selectively devoted to the 
encoding of the emotional valence of vocalizations; it shares with several early stage auditory areas encoding characteristics 
for vocalizations and with the amygdala for the emotional modulation of vocalizations. These results are indicative of a dual 
pathway, whereby the emotional modulation of vocalizations within the voice area integrates the input from the lateral early 
stage auditory areas and from the amygdala.
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Abbreviations
AI  Primary auditory area
AMY  Amygdala
HVN  Human vocalizations with negative emotional 

valence
HVP  Human vocalizations with positive emotional 

valence
HV0  Human vocalizations with neutral emotional 

valence
NVN  Non-vocalizations with negative emotional 

valence
NVP  Non-vocalizations with positive emotional valence

NV0  Non-vocalizations with neutral emotional valence
R  Rostral (primary) auditory area
VA  Voice area

Introduction

The universal nature of human emotional vocalizations and 
the prominent role that they play in shaping social inter-
actions (Sauter et al. 2010) warrant the highly specialized 
processing, which have been described in a series of seminal 
studies.

The emotional valence of human vocalizations is pro-
cessed by complex cortico-subcortical networks, which 
include the primary auditory cortex, the surrounding early 
stage and higher order auditory areas, the inferior frontal 
gyrus and the amygdala, as well as the medial frontal cortex, 
the insula, basal ganglia, and the cerebellum (Schirmer and 
Kotz 2006; Frühholz et al. 2016). As highlighted in a recent 
review (Frühholz et al. 2016), the amygdala, the auditory 
areas, including the voice area, and the inferior frontal cortex 
have strong functional connections and encode not only the 
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emotional valence of non-verbal vocalizations, but also of 
other sound categories (e.g., speech prosody: Wildgruber 
et al. 2009; music: Koelsch 2010).

The amygdala (AMY) has been repeatedly shown to 
be involved in the process of emotional stimuli of differ-
ent sensory modalities, as demonstrated by fMRI and PET 
studies (Baas et al. 2004; Costafreda et al. 2008; Ball et al. 
2009) and by intracranial recordings (for review Murray 
et al. 2014). In the auditory modality, emotional modula-
tion was investigated for human vocalizations (Morris et al. 
1999; Sander and Scheich 2005; Ethofer et al. 2006a, b; 
Viinikainen et al. 2012; Pannese et al. 2016), including emo-
tional prosody (reviews: Wildgruber et al. 2006; Liebenthal 
et al. 2016); a mixture of human vocalizations and envi-
ronmental sounds (Viinikainen et al. 2012); or instrumen-
tal music (reviews: Koelsch 2010; Frühholz et al. 2014). 
Cytoarchitectonically AMY is subdivided into three major 
nuclei groups, the lateral basal, centromedial, and superficial 
(Amunts et al. 2005). As demonstrated in non-human pri-
mate and non-primate species, it receives auditory input via 
monosynaptic afferents from the medial geniculate nucleus 
(Ottersen and Ben-Ari 1979; Russchen 1982; LeDoux et al. 
1985; Shinonaga et al. 1994) and by reciprocal interconnec-
tions with parts of the auditory cortex. The latter involve in 
non-human primates predominantly the non-primary audi-
tory areas and cortical regions on the postero-superior part 
of the temporal convexity (Price and Amaral 1981; Yukie 
2002); in some species, part of the primary auditory cortex 
was found to be involved as well (Reser et al. 2009). Among 
other wide-spread connections, AMY has also reciprocal 
connections with the prefrontal cortex (Ghashghaei and Bar-
bas 2002; Barbas 2007) and with the mediodorsal nucleus 
of the thalamus (Russchen et al. 1987). Diffusion tensor 
imaging in humans revealed fibre tracts between AMY 
and medial geniculate nucleus-related fibre tracts that are 
compatible with the connectivity described in non-human 
species (Keifer et al. 2015; Kamali et al. 2016). As shown 
in rodents, distinct amygdala circuits process fearful and 
rewarding stimuli and modulate, via specific outputs, auto-
nomic reactions (Janak and Tye 2015).

The voice area (VA) was defined in the pioneering study 
of Belin and colleagues (Belin et al. 2000) by its stronger 
responses to human than animal vocalizations. It is located 
in the middle part of the superior temporal gyrus and sulcus. 
A follow-up study using the same stimulus set showed in 218 
subjects that the voice-sensitive region is mostly bilateral 
(94% of subjects). It confirmed the location within the poste-
rior part of the superior temporal sulcus and on the adjacent 
part of the convexity of the superior temporal gyrus; the 
rostral extension of VA was shown to reach up to the (lower) 
lip of the sylvian fissure and to encroach on the lateral brim 
of the supratemporal plane. The authors reported great inter-
individual variability as to its precise anatomical location 

(Pernet et al. 2015). The part of the superior temporal gyrus 
and sulcus, where VA is located, receives auditory input 
from the primary auditory cortex via a cascade of cortico-
cortical connections (Cammoun et al. 2015). In this respect, 
it is similar to other auditory-processing pathways in human 
(e.g., Kim and Knösche 2016) and bears strong similarity to 
the homologous region in non-human primates (e.g., a recent 
comprehensive study: Scott et al. 2015). VA activity was 
reported to be modulated by the emotional value of vocaliza-
tions (Belin et al. 2002; Grandjean et al. 2005; Ethofer et al. 
2006b, 2008, 2009b; Beaucousin et al. 2007a; Obleser et al. 
2007, 2008; Bestelmeyer et al. 2017). The emotional voice 
area has been identified by its stronger response to emotional 
than neutral pseudo-sentences; it overlaps partially with VA 
and extends beyond it to the middle part of the superior 
temporal gyrus, Heschl’s gyrus, and the antero-lateral part 
of the planum temporale (Ethofer et al. 2012). Thus, in 
addition to VA, the auditory cortex on the supratemporal 
plane participates significantly in the encoding of emotional 
vocalizations (Wildgruber et al. 2004a; Meyer et al. 2005; 
Dietrich et al. 2007, 2008; Leitman et al. 2010; Szameitat 
et al. 2010; Ethofer et al. 2012). Although multiple subre-
gions of the superior temporal cortex are involved (Frühholz 
and Grandjean 2013), none of the previous studies analysed 
individual auditory areas, most likely because of limitations 
imposed by low spatial resolution. From the above studies, 
eight used 1.5 T (Belin et al. 2000, 2002; Wildgruber et al. 
2004b; Grandjean et al. 2005; Ethofer et al. 2006b, 2008; 
Beaucousin et al. 2007b; Szameitat et al. 2010) and nine 
3 T fMRI (Dietrich et al. 2007; Ethofer et al. 2008, 2009a, 
2012; Obleser et al. 2008; Leitman et al. 2010; Arnal et al. 
2015; Bestelmeyer et al. 2017; Lavan et al. 2017), often 
with a voxel size of 3 × 3 × 3 mm or more (11 studies) and 
smoothing of more than 8 mm (12 studies). In view of the 
anatomical evidence described below, this type of spatial 
resolution does not allow to analyse individual early stage 
auditory areas.

The supratemporal plane comprises several early stage 
auditory areas, as demonstrated in histological studies 
(Clarke and Morosan 2012). Investigating them with fMRI 
represents a challenge on three accounts. First, early stage 
auditory areas tend to be relatively small (40–310  mm2; 
(Clarke and Morosan 2012) and their investigation requires 
high spatial resolution. Second, the realignment of the 
supratemporal plane tends to be imprecise and landmarks, 
such as Heschl’s gyrus, have been shown to be shifted by as 
much as 4 mm between individual brains of a group study 
(Viceic et al. 2009). Thus, a whole brain contrast aligns in 
a group study regions, which do not correspond across sub-
jects to the same area. To circumvent this problem, several 
studies used a functional marker for the primary auditory 
cortex and based its identification in each individual sub-
ject on tonotopic mapping (with ultra-high field: Formisano 
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et al. 2003; Da Costa et al. 2011; Moerel et al. 2014), or 
by approximating it with Heschl’s gyrus (Zilles et al. 1988; 
Rademacher et al. 2001; Viceic et al. 2006; van der Zwaag 
et al. 2011). Third, no reliable functional marker is avail-
able for individual non-primary auditory areas; they tend 
to be broadly tuned to complex features such as frequency, 
pitch, amplitude modulation, or envelop (Hall et al. 2002; 
Rauschecker and Scott 2009; Chevillet et al. 2011). Their 
characterization relies on histological criteria and was car-
ried out in post-mortem material (Rivier and Clarke 1997; 
Clarke and Rivier 1998; Hackett et al. 2001; Wallace et al. 
2002; Chiry et al. 2003). Their identification in activation 
studies can be based on Talairach coordinates published in 
histological studies (Viceic et al. 2006; van der Zwaag et al. 
2011), preferably in combination with tonotopic mapping 
for the localization of the primary auditory cortex (Da Costa 
et al. 2015, 2018).

The inferior frontal cortex contributes to the cognitive 
evaluation of emotional cues of verbal and non-verbal vocal-
izations and its modulation by attention (review Frühholz 
and Grandjean 2013). The putatively homologous area in 
non-human primates, the lateral prefrontal cortex, receives 
relatively sparse afferents from AMY; this contrasts with the 
strong, bidirectional connections, which AMY has with the 
orbitofrontal and medial prefrontal areas (Ghashghaei and 
Barbas 2002; Barbas 2007; Barbas et al. 2011).

In summary, the early stage auditory areas, VA, and 
AMY constitute a core network for the process of emotional 
vocalizations (Frühholz et al. 2016), which is fostered by 
strong connections, as demonstrated in hodological studies 
in non-human primates and in man. The primary auditory 
cortex and AMY receive both direct auditory inputs from 
the medial geniculate nucleus (Shinonaga et al. 1994). A 
complex pattern of cortico-cortical connections links the 
primary and non-primary early stage areas and the adjacent 
superior temporal convexity (Cammoun et al. 2015). The 
extended auditory region is interconnected with AMY (Price 
and Amaral 1981; Yukie 2002; Reser et al. 2009). On the 
basis of this complex architecture, and notably a dual audi-
tory input via the primary auditory cortex and via AMY, it 
can be argued that the process of emotional vocalizations 
may differ between the early stage auditory areas, VA, and 
AMY, possibly with different selectivities in respect to that 
of other emotional sounds.

Here, we made use of the high spatial resolution of ultra-
high field fMRI at 7 T to investigate the representation of 
human vocalizations vs. other environmental sounds, and 
their modulation by emotional valence within early stage 
auditory areas, VA, and AMY. Based on previous findings, 
we expected (1) the AMY to process emotional valence both 
for vocalizations and non-vocalizations; (2) specific audi-
tory belt areas to encode specifically human vocalizations 
or emotional valence, but not emotional valence of human 

vocalizations only; and (3) VA and/or AMY to process emo-
tional valence selectively for human vocalizations. These 
hypotheses were tested by comparing the BOLD responses 
within the above regions of interest to human vocalizations 
and to other environmental sounds with positive, neutral, or 
negative emotional valence using various repeated meas-
ures ANOVA. In addition, we explored functional coupling 
between individual early stage auditory areas, VA and AMY, 
expecting to find a signature of the dual auditory input via 
the primary auditory cortex and the amygdala.

Materials and methods

Subjects

Eleven subjects (7 female, 8 right-handed, mean age 
25.3 ± 4.27 years) participated in the study after giving 
written, informed consent. None of the participants reported 
hearing deficits or history of neurological or psychiatric ill-
ness. Hearing thresholds and mental states were measured 
prior to testing. All participants were native speakers of 
French, without musical training. All experimental proce-
dures were approved by the Ethics Committee of the Can-
ton de Vaud. The data set of one subject was discarded due 
to data acquisition problems (ghosting), and data from the 
remaining ten subjects were used in the following analysis.

Participants provided informative health status and then 
completed five questionnaires: the Edinburgh Handed-
ness Inventory (Oldfield 1971), the Hospital Anxiety and 
Depression (HAD) scale (Zigmond and Snaith 1983), the 
Big-Five Inventory (Plaisant et al. 2010), and a musical 
aptitude questionnaire. The participants were representa-
tive of the general population. The results of the Big-Five 
Inventory showed that the N (Neuroticism) score had greater 
between-subject variability than the other scores. The scores 
for factors A (Agreeableness), C (Conscientiousness), and 
E (Extraversion) in our subject sample were higher than in 
the sample from (Plaisant et al. 2010), whereas the N score 
was smaller and had greater variability. The distribution of 
the O (Openness) score of the current study was similar to 
that of (Plaisant et al. 2010). Concerning the HAD scale, 
the between-subject variability was greater for the anxiety 
score compared to the depression score. Despite this score 
variability, no subjects were excluded based on these results.

Experimental design and statistical analysis

The experimental design included a single fMRI session 
(~ 55–60 min in total) during which participants listened 
passively (i.e., without performing a task) to human vocali-
zations or other environmental sounds with positive, neutral, 
or negative emotional valence while fixating on a red cross 
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on a black background. The baseline condition was resting 
silently with the same fixation. The fMRI session was fol-
lowed by a rating of the emotional valence of the 66 stimuli 
used in the experiment. A debriefing was then performed 
outside the MRI scanner.

Auditory stimuli were presented in blocks of 11 differ-
ent sounds from the same category (human vocalizations or 
other environmental sounds) and with the same emotional 
valence (positive, neutral, or negative). On the whole, six 
stimulus conditions were presented: (1) human vocalizations 
with neutral valence (vowels or consonant vowels without 
significance); (2) human vocalizations with positive valence 
(e.g., baby or adult laughing and erotic vocalizations by man 
or woman); (3) human vocalizations with negative valence 
(e.g., frightened scream and vomiting, brawl); (4) non-
vocalizations with neutral valence (e.g., running car engine, 
wind blowing, and train); (5) non-vocalizations with posi-
tive valence (e.g., applause, opening beer can, and pouring 
into the glass; river); and (6) non-vocalizations with nega-
tive valence (e.g., ticking and exploding bomb; tire skids, 
breaking glass). Each subject listened to three runs, in which 
blocks and their sequence order were pseudo-randomized. 
Each fMRI run began with a 30-s silent rest condition, 
followed by 14 blocks, each of which lasted 30 s (22 s of 
sounds + 8 s of silence), followed again by a 30-s silent rest 
condition (total of 8 min). Sounds were presented using 
MATLAB (R2015b, The MathWorks, Inc., Natick, Mas-
sachusetts, United States) and the Psychophysics Toolbox 
(www.psych toolb ox.org). Stimuli were delivered binaurally 
at 80 ± 8 dB SPL via MRI-compatible headphones (Sensi-
Metrics S14, SensiMetrics, USA), following prior filtering 
with the SensiMetrics filters to obtain a flat frequency trans-
mission. The auditory stimuli used in this experiment were 
the same as in (Aeschlimann et al. 2008), who showed in 
their study that human vocalizations is a separate category 
within the environmental sounds. In this battery, 66 differ-
ent emotional sound files of 2 s were selected and equally 
distributed in the following six categories: Human Vocaliza-
tions Positive (HVP), Human Vocalizations Neutral (HV0), 
Human Vocalizations Negative (HVN), Non-vocalizations 
Positive (NVP), Non-vocalizations Neutral (NV0), and Non-
vocalizations Negative (NVN). Categories were controlled 
for their acoustic characteristics: the percentage of points 
showing a significant difference between the mean spectro-
gram of two different sound categories was calculated and 
maintained below 1% to avoid acoustic differences between 
the six categories of sound, as in (De Meo et al. 2015). All 
the sounds were also tested using the PRAAT software 
(http://www.fon.hum.uva.nl/praat /) and homemade MAT-
LAB scripts to determine their mean fundamental frequency, 
mean intensity, harmonics-to-noise ratio, power, center 
of gravity, mean Wiener entropy, and spectral structure 
variation (Reddy et al. 2009). Two-way repeated measure 

ANOVA with the factors Vocalization (Human Vocaliza-
tions, Non-vocalizations) × Valence (Positive, Neutral, Neg-
ative) were performed to compare the effect of each acoustic 
feature on the sound categories. We found a main effect of 
Vocalization [F(1,64) = 18.68, p = 0.0015], a main effect of 
Valence [F(2,63) = 21.14, p = 1.17E − 5] and an interaction 
Vocalizations × Valence [F(2,63) = 8.28, p = 0.002] on the 
mean Wiener entropy. We found a main effect of Valence 
[F(2,63) = 10.51, p = 0.0007] on the center of gravity. 
There was a main effect of Vocalizations [F(1,64) = 134.23, 
p = 4.06E − 7], a main effect of Valence [F(2,63) = 69,61, 
p = 9.78E − 10] and an interaction of Vocalizations × 
Valence [F(2,63) = 17.91, p = 3.48E − 5] on the harmonics-
to-noise ratio. Finally, there was an interaction of Vocali-
zations x Valence on the mean intensity [F(2,63) = 12.47, 
p = 0.0003] and on the power [F(2,63) = 14.77, p = 0.0001].

The post-acquisition rating of the emotional valence of 
each stimulus was performed, while the subject was still 
lying in the scanner (without any sequence running) to mini-
mize emotional bias and to match at best the experimental 
conditions. Stimuli were presented in random order; after 
each sound presentation, the subject was instructed to judge 
the valence of the sound with a linear visual 7-point scale 
(1 being very pleasant and 7 being very unpleasant) and to 
give their answer orally within a 5 s silent gap.

Tonotopic mapping was achieved by presenting each sub-
ject pure tones (88–8000 Hz, in half octave steps) in ordered 
progressions for 2 s, as described previously (Da Costa et al. 
2011, 2013, 2015, 2018). A cycle was composed of 28 s of 
tone presentation (14 frequencies × 2 s) followed by a 12-s 
silent pause. A single fMRI run consisted of 12 identical 
cycles for a total duration of 8 min. Each subject listened 
to two runs, either with ascending or descending frequency 
progressions. One subject (the pilot of the study) had a dif-
ferent mapping paradigm (but comparable tonotopic maps), 
with seven tones (88–8000 Hz, in octave steps) and 12 cycles 
(composed of 14 s of tone presentation and 14 s of silent 
pause).

The identification of the regions of interest (ROIs) was 
performed as follows. First, the identification of the early 
stage auditory areas was carried out as described previously 
(Da Costa et al. 2015, 2018). Briefly, individual tonotopic 
mappings were used to identify in each subject the primary 
and non-primary areas, which were designated as the pri-
mary auditory areas (A1 and R), the lateral belt areas (L1, 
L2, L3, and L4), and medial belt areas (M1, M2, M3, and 
M4). These individually defined areas were used as ROIs for 
the analysis of neural activity (Fig. 1a, orange box, Table 1), 
and their respective coordinates were in accordance with 
previously published values (Viceic et al. 2006; van der 
Zwaag et al. 2011; Da Costa et al. 2015, 2018). Second, 
VA was identified by the contrast ‘Human Vocalizations vs. 
Non-vocalizations’ (p = 0.001, uncorrected). All significant 

http://www.psychtoolbox.org
http://www.fon.hum.uva.nl/praat/
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voxels on the posterior part of the superior temporal gyrus 
and sulcus were considered as part of VA. The Talairach 
coordinates of VA defined in this way were well within the 

general regions of VA as described by Pernet et al. (2015). 
For some subjects, a few voxels were located within the lat-
eral early stage auditory areas; they were not considered as 

Fig. 1  a Behavioral results. Left panel: heart rate (beats per minute). 
Middle panel: root mean squared successive difference (RMSSD). 
Right panel: valence ratings. The red line represents the median 
value, the box indicates the values between the 25th and the 75th per-
centiles, and the whiskers show the data below the 25th percentile or 
above the 75th percentile, not considered as outliers. The outliers are 
depicted with a plus symbol. The green diamond represents the mean 
value. Refer to the manuscript for the sound categories abbreviations. 
b GLM statistical maps and ROI definition. The maps resulting from 
the contrast ‘Sounds vs. Silence’ are presented in the lower panel on 
the volume in the coronal and transverse views and in the upper panel 
on the surface (FDR corrected, q < 0.05). Orange box: tonotopic 
maps were projected into the individual right hemisphere surface of 

a representative subject (r > 0.12). The frequency-selective region 
was divided into 10 ROIs: A1, R, L1, L2, L3, L4, M1, M2, M3, and 
M4. c Hypothesis. We expected (1) the AMY to process emotional 
valence both for vocalizations and non-vocalizations and to be highly 
correlated with VA and specific lateral belt auditory areas (within 
AC, L1, L2, and L3; grey lines); (2) specific auditory belt areas to 
encode specifically human vocalizations or emotional valence but not 
emotional valence of human vocalizations only and to be correlated 
to each other; and (3) VA and/or AMY to process emotional valence 
selectively for human vocalizations and being modulated by lateral 
belt auditory areas (within AC, L2; dark lines). RH right hemisphere, 
LH left hemisphere. Refer to the manuscript for the ROIs definition 
and abbreviations
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belonging to VA but to the respective lateral early stage audi-
tory areas in further analysis. Third, AMY was identified in 
each subject on the anatomical images using BrainVoyager 
(BrainVoyager QX v2.8, Brain Innovation, Maastricht, The 
Netherlands) drawing tools. Given that the same sounds are 
used for the definition of VA and for the following statisti-
cal analysis, the results for VA region are only descriptive, 
except for the post-hoc correlation analysis.

MRI data acquisition was performed on a 7T MRI scan-
ner (Siemens MAGNETOM scanner, Siemens Medical 
Solutions) with an 8-channel head rf-coil (RAPID Biomedi-
cal). To acquire high spatial resolution data sets, a sinusoidal 
2D-EPI sequence with 1.5 mm isotropic voxels was used 
for the functional acquisition (1.5 × 1.5 mm in-plane resolu-
tion, slice thickness = 1.5 mm, TR = 2000 ms, TE = 25 ms, 
flip angle = 70°, slice gap = 0 mm, matrix size = 146 × 146, 
and field of view = 219 × 219, with 43 oblique slices cen-
tered on the superior temporal plane along the lateral sul-
cus, with a total coverage of ~ 65 mm and covering the full 
extent of the superior and medial temporal sulci until the 
entorhinal cortex). T1-weighted high-resolution 3D ana-
tomical images were acquired with an MP2RAGE sequence 

(resolution = 1 × 1 × 1 mm3, TR = 5500 ms, TE = 1.87 ms, 
TI1/TI2 = 750/2350 ms, slice gap = 0 mm, matrix size = 256 
× 240, and field of view = 256 × 240 (Marques et al. 2010).

The process of emotional stimuli in AMY has been shown 
to modulate autonomic reactions, via specific outputs to 
brain stem nuclei (Janak and Tye 2015). Emotional stimuli 
of different valence can thus induce distinct changes in heart 
rate or breathing and introduce a bias to image analysis. 
We accounted for this in our study and recorded during the 
experiment, pulse oximetry, and respiration, using a plethys-
mograph and respiratory belt provided from the MRI scan-
ner vendor. In total, each subject had an imaging session of 
54 min with five functional runs: three runs of the auditory 
emotional experiment and two runs of the tonotopic map-
ping experiment, which were used for the definition of the 
ROIs within the superior temporal plane.

The MRI analysis included the following steps. Preproc-
essing steps included scan time correction (only for the audi-
tory emotional runs), temporal filtering, motion correction, 
segmentation, and normalization into the Talairach space 
and were performed with BrainVoyager. These preproc-
essing steps were common to all fMRI acquisitions, then 

Table 1  Mean Talairach 
coordinates (center of gravity) 
of all ROIs and mean areas

STD standard deviation

ROI X ± STD(X) Y ± STD(Y) Z ± STD(Z) Area ± STD(area) [mm3]

Left hemisphere
 Amy − 21.79 ± 4.32 − 4.62 ± 3.06 − 14.41 ± 3.42 1240 ± 218.96
 A1 − 41.85 ± 4.77 − 25.63 ± 4.82 10.71 ± 3.87 781.1 ± 113.52
 R − 38.68 ± 4.18 − 20.58 ± 4.77 10.04 ± 3.86 736.2 ± 147.44
 L1 − 53.67 ± 5.02 − 35.60 ± 8.63 16.97 ± 8.19 2204 ± 491.04
 L2 − 54.40 ± 5.19 − 18.26 ± 5.00 9.22 ± 4.00 794.2 ± 89.6
 L3 − 48.86 ± 5.46 − 8.73 ± 5.80 5.23 ± 3.51 1193 ± 286.6
 L4 − 42.96 ± 4.16 − 0.63 ± 9.85 − 7.21 ± 6.98 2113 ± 305.24
 M1 − 44.50 ± 6.44 − 35.80 ± 5.31 20.71 ± 7.75 1723 ± 352.72
 M2 − 32.94 ± 2.71 − 31.42 ± 3.17 16.75 ± 2.87 254.7 ± 65.1
 M3 − 30.05 ± 1.89 − 27.67 ± 3.15 16.89 ± 3.46 182.4 ± 55.08
 M4 − 34.54 ± 3.19 − 11.19 ± 9.84 − 2.39 ± 10.71 1698 ± 237.5
 VA − 53.30 ± 6.21 − 30.36 ± 5.72 6.13 ± 4.43 435.4 ± 202.36

Right hemisphere
 Amy 20.27 ± 4.36 − 5.05 ± 2.84 − 14.57 ± 3.42 1259 ± 180.96
 A1 43.24 ± 4.83 − 26.09 ± 5.00 11.79 ± 3.71 678.3 ± 110.16
 R 40.24 ± 4.24 − 20.24 ± 4.96 8.71 ± 4.29 745.9 ± 141.28
 L1 55.52 ± 4.80 − 31.55 ± 5.86 19.18 ± 9.55 1903 ± 436.44
 L2 56.71 ± 4.23 − 21.04 ± 6.27 9.50 ± 4.49 922.5 ± 195.7
 L3 52.15 ± 5.07 − 9.87 ± 5.78 3.67 ± 3.56 1003 ± 174.8
 L4 43.62 ± 4.71 0.31 ± 10.10 − 7.29 ± 6.39 2380 ± 343.2
 M1 44.73 ± 6.25 − 32.77 ± 5.04 24.99 ± 8.42 1477 ± 144.36
 M2 33.25 ± 3.11 − 30.77 ± 4.48 17.78 ± 4.36 236.1 ± 35.3
 M3 31.47 ± 2.30 − 26.75 ± 3.97 16.23 ± 4.21 199.3 ± 43.56
 M4 34.95 ± 2.92 − 10.74 ± 10.96 − 3.30 ± 10.32 1844 ± 279.36
 VA 48.79 ± 7.60 − 31.39 ± 7.37 5.46 ± 4.98 592.3 ± 222.56



2493Brain Structure and Function (2019) 224:2487–2504 

1 3

depending on the purpose of the fMRI run, the data sets 
were processed differently. To define early stage auditory 
areas, a linear cross-correlation analysis was computed for 
each tonotopic mapping data set, and the resulting correla-
tion maps were averaged together (ascending and descending 
correlation map) to define the best frequency value for each 
voxel according to the cycle order (Da Costa et al. 2011, 
2013, 2015, 2018). These analyses were performed at the 
single subject level in the volumetric space, and the result-
ing maps were projected onto the cortical surface meshes, 
where the individual early stage auditory areas and VA were 
defined and projected back to the volumetric space (see the 
paragraph on “the identification of the regions of interest 
(ROIs)” for more details). Then, we performed a random 
effects (RFX) group analysis on the auditory emotional 
runs, with movement and respiration parameters as regres-
sors, and tested for the contrast ‘Sounds vs. Silence’ with an 
FDR correction at q < 0.05 (p < 0.05, Fig. 1b). This GLM 
analysis was used to verify that specific regions of the brain 
were activated by our paradigm and particularly that our 
ROIs were activated by the emotional sounds. The remain-
ing analysis focused only on the BOLD responses extracted 
from these ROIs, as explained in the next paragraphs.

The BOLD time course extraction and processing were 
performed as follows. Functional individual time courses 
for each ROI were extracted in the 3D volume space 
using BrainVoyager and imported into MATLAB. Each 
time course was normalized by its mean signal, separated 
according to the sound category, and averaged (1) spatially 
within each ROI, (2) temporally over blocks and runs, and 
(3) across the ten subjects, resulting in a time course of 
15 timepoints for each ROI and category. A timepoint-by-
timepoint two-way repeated measure ANOVA, 2 vocaliza-
tion (human vocalizations, non-vocalizations) × 3 valence 
(positive, neutral, negative) was performed on the averaged 
BOLD time courses according to (Da Costa et al. 2015, 
2018). Significant results were restricted temporally by only 
considering the p values lower or equal to 0.05 for at least 
three consecutive timepoints. It is to be noted that the prob-
ability that three consecutive timepoints be false positives is 
(0.05 × 0.05 × 0.05) = 1.25 × 10−4. Therefore, this constraint 
in time was considered as a valid correction for our analysis 
(see Supporting Information of Da Costa et al. 2015 for more 
details). Finally, post-hoc timepoint-by-timepoint paired t 
tests were performed between each pair of sound categories.

Physiological data were processed with the TAPAS 
PhysIO toolbox (Kasper et al. 2017). The respiration record-
ings were used as regressors in the GLM model, whereas the 
cardiac recordings were processed with the same pipeline 
as the BOLD signal to obtain a pulse time course for each 
sound category. Heart rate, interbeat interval (time interval 
between two successive beats) time courses, and heart rate 
variability were also extracted from these data. The heart 

rate variability was calculated using the root mean squared 
successive difference between the interbeat interval, normal-
ized by the mean interbeat interval according to (Goedhart 
et al. 2007). These latter measures were used to evaluate the 
effect of the emotional content of the auditory stimuli on the 
cardiac rhythm.

Results

Modulation of behavioral measures by emotional 
and vocal contents

The average heart rate did not show any significant differ-
ences between sound categories (Fig. 1a, left). Heart rate 
variability, represented by the normalized root mean squared 
successive difference (RMSSD), did not show any signifi-
cant difference between sound categories (Fig. 1a, middle). 
The time courses of the pulses were submitted to a time-
point-by-timepoint two-way repeated measure ANOVA 2 
Vocalization (Human Vocalizations, Non-vocalizations) × 
3 Valence (Positive, Neutral, Negative), which highlighted 
a main effect of Vocalization.

Post-scanning ratings of the valence of the sound stim-
uli showed a bigger variance in the categories HVP and 
NVN compared to that in the four other sound categories 
(Fig. 1a, right). A two-way repeated measure ANOVA 2 
Vocalization (Human Vocalizations, Non-vocalizations) × 
3 Valence (Positive, Neutral, Negative) on the valence rat-
ings revealed a main effect of Valence [F(2, 653) = 532.29, 
p = 7.38E − 138], no effect of Vocalization [F(1, 653) = 2.68, 
p = 0.1], and an interaction of Vocalization x Valence  
[F(2, 653) = 22.31, p = 4.23E − 10]. As indicated by post-
hoc t tests, the latter was driven by the difference between 
vocalizations vs. non-vocalizations, which was significant 
for negative, but not neutral or positive valence.

Emotional modulation of neural activity elicited 
by human vocalizations and by other environmental 
sounds

The RFX GLM analysis with the contrast ‘Sounds vs. 
Silence’ [p < 0.005, q(FDR) < 0.05] resulted in a strong bilat-
eral activation on the supratemporal plane, the posterior part 
of the superior temporal sulcus corresponding to VA and in 
the AMY (Fig. 1b and Table 2).

Two-way repeated measure ANOVA on the BOLD 
responses with factors’ Vocalization (Human Vocalizations 
and Non-vocalizations) and Valence (Positive, Neutral, and 
Negative) revealed a significant main effect of Vocalization 
bilaterally in VA and L2, as well as in the left L1 and right 
L3 (Fig. 2a). A main effect of Valence was significant bilat-
erally in VA and L3, as well as in the left L2, right L4 and 
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AMY. The interaction Vocalization × Valence was signifi-
cant bilaterally in VA, as well as in right A1. To investigate 
this significant interaction, we performed post-hoc one-way 
ANOVAs for the factor Valence on the categories of Human 
Vocalizations and Non-vocalizations separately, as well as 

post-hoc one-way ANOVAs for the factor Vocalization on 
the categories of Positive, Negative, and Neutral sounds 
separately (Fig. 2b). The analysis of the effect of emo-
tional Valence on Human Vocalizations (HVP, HV0, HVN) 
using one-way ANOVA yielded a significant main effect 

Fig. 2  Statistical results. a Two-way ANOVA 2 vocalization (human 
vocalizations and non-vocalizations) × 3 valence (positive, neutral, 
and negative) on the BOLD signal. The results of the ANOVA vocali-
zation × valence, with the ROIs represented on the y-axis, the time-
points on the x-axis, and the color bar indicating different statistical 
thresholds. The red colors indicate a p value lower or equal to 0.05 
for at least three consecutive timepoints. Upper panel: main effect 
of Vocalization. Middle panel: main effect of Valence. Lower panel: 

interaction Vocalization × Valence. b Separate one-way ANOVA for 
Human Vocalizations and Non-vocalizations. Three upper panels: 
main effect of Valence on human vocalization categories (HVP, HV0, 
HVN). Two lower panels: main effect of Valence on non-vocalization 
categories (NVP, NV0, NVN). RH: right hemisphere; LH: left hemi-
sphere. Refer to the manuscript for the ROIs’ definition and abbrevia-
tions
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of Valence bilaterally in VA. The analysis of the effect of 
emotional Valence on Non-vocalizations (NVP, NV0, NVN) 
using one-way ANOVA did not yield any significant main 
effect. Post-hoc t tests reveal that the main effect of Valence 
on vocalizations in VA was driven by a significant difference 
between ‘HVP and HVN’ and ‘HV0 and ‘HVN’. The inter-
action effect found in right A1 was driven by a main effect 
of Vocalization only for the positive stimuli and not for the 
neutral nor negative stimuli. A post-hoc three-way repeated 
measure ANOVA with factors’ Vocalization (Human Vocali-
zations and Non-vocalizations), Valence (Positive, Neutral, 
and Negative), and Time (every 15 time point of the block) 
revealed a significant main effect for Vocalization in bilateral 
VA, in left L1 and L2, and right L3; a significant main effect 
for Valence in right L3 and bilateral VA; a significant main 
effect for Time in all bilateral ROIs; a significant interac-
tion Vocalization × Time bilaterally in R, L2, L3, VA, in 
left L1 and M3, and right M1 and M2; a significant interac-
tion Valence × Time bilaterally in L2, L3, and VA; and a 
significant interaction Vocalization × Valence × Time in 
bilateral L2, L3, VA, right AMY, and left A1 and R. There 
was no significant interaction Vocalization × Valence when 
Time was considered as a factor (results not displayed). The 
main effect for Time in all bilateral ROIs supported our 
main hypothesis that the BOLD evolved differently for each 
stimuli along the blocks; therefore, our interpretations are 
focusing on the results from the two-way ANOVA.

The BOLD time courses for the ROIs with a significant 
effect in the ANOVA are presented in Fig. 3. VA responded 
preferentially to human vocalizations of neutral and posi-
tive valence, whereas the superior temporal gyrus responded 
preferentially to neutral sounds. The AMY shows a stronger 
response for the positive emotional sounds. We observed 
that the process of the various valences occurs at the begin-
ning of the time course, regardless of the ROI. Moreover, 
we noticed a habituation effect for all sound categories in all 
ROIs, with the strongest one (i.e., longest plateau) observed 
in VA for the vocalizations.

Correlation of BOLD signal between regions 
of interest

To investigate the coupling between ROIs with signifi-
cant effects of the two-way repeated measure ANOVA of 
the BOLD responses, we performed post-hoc correlations 
between the BOLD signals of the AMY, VA, L1, L2 and 
L3 for Human Vocalizations and for Non-vocalizations 
(Fig. 4a). Significant correlations (p < 0.01; with an adjusted 
R2 > 0.6; see Tables 3 and 4) were found among the three belt 
areas (L1, L2, L3) and VA; their strength varied as a func-
tion of stimulus category and partially valence and between 
the hemispheres. Strikingly, the correlations between VA 
and the belt areas were stronger for vocalizations than for 

non-vocalizations. The right AMY was correlated with the 
right VA and right L1, L2 and L3 during the presentation 
of HVP (but not during non-vocalizations nor during HVN 
or HV0); this effect was not found in the left hemisphere.

Discussion

Our results indicate that emotional valence modulates dif-
ferentially neural activity that is elicited by human vocaliza-
tions vs. non-vocal environmental sounds within individual 
early stage auditory areas, VA and AMY. Using 7T fMRI 
and 1.5 × 1.5 × 1.5 mm voxel size, without smoothing, 
rendered individual auditory areas accessible to investiga-
tion. Whereas emotional content modulates both vocaliza-
tions and other environmental sounds in early stage audi-
tory areas, it singles out vocalizations in VA. Both types of 
sounds are also modulated in AMY. The specificity profiles 
within these regions and the correlations in their activity 
suggest that VA shares emotional information both with 
early stage auditory areas and with AMY.

Selectivity for emotional vocalizations

Whereas emotional valence modulates neural activity elic-
ited by different sensory modalities in AMY or by different 
sound categories in lateral belt areas, its modulation appears 
to be limited to a single category, human vocalizations, in 
VA. This area was initially identified by its selectivity for 
human vocalizations, including speaker’s identity, over other 
environmental sounds or acoustically similar control stim-
uli such as scrambled voices or amplitude modulated noise 
(Belin et al. 2000, 2002; Warren et al. 2006; Latinus et al. 
2013; Zäske et al. 2017). VA is located within the superior 
temporal sulcus and there is inter-individual variability as to 
its precise location (Pernet et al. 2015). VA neural activity 
elicited by human vocalizations was shown to be modulated 
by emotional intensity of happy or angry intonation (Ethofer 
et al. 2006b), of laughter (Lavan et al. 2017) and of positive 
or negative valence of non-verbal vocalizations (Bestelmeyer 
et al. 2017). Our results confirm the selectivity of VA for 
human vocalizations over other environmental sounds and 
show that emotional modulation impacts the encoding of 
vocalizations but not of other environmental sounds. To our 
knowledge, none of the previous studies investigated this 
issue specifically, and none reported emotional modulation 
of environmental sounds other than vocalizations within 
VA. Further studies need to establish whether the neural 
populations, which encode emotional vocalizations do so in 
a categorical way (positive vs. neutral vs. negative) or on a 
continuous scale.
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Selectivity for emotions and for vocalizations 
within early stage auditory areas

Our results indicate that specific lateral belt areas are 
selective for vocalizations over other environmental 
sounds and/or modulated by emotional valence but that 

emotional modulation is not limited to a specific stimulus 
category. Within the left hemisphere areas, L1 and L2, 
which are located postero-laterally on the planum tem-
porale, are selective for vocalizations, whereas L2 and 
L3, which are located laterally on the planum temporale 
and Heschl’s gyrus, are selective for emotional valence. 

Fig. 3  BOLD time courses for significant ROIs: AMY, L1, L2, L3, 
and VA. BOLD time courses for the left and right hemispheres are 
in the left and right parts, respectively. For each hemisphere, the left 
panel depicts the human vocalization categories [HVP (solid line), 
HV0 (dashed line), and HVN (dotted line)] in warm colors and the 

right panel the non-vocalization categories [NVP (solid line), NV0 
(dashed line), NVN (dotted line)] in cold colors. RH right hemi-
sphere; LH left hemisphere. Refer to the manuscript for the ROIs and 
sound categories abbreviations
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Within the right hemisphere L2 and L3 are selective for 
vocalizations and L3 and L4 for emotional valence. Voice 
selectivity within the planum temporale has been docu-
mented in previous studies, showing stronger activation to 
vocal than to non-vocal sounds (Belin et al. 2000) and par-
ticipating in spectrotemporal analysis of vocalizations, a 
processing step which is believed to precede speaker iden-
tification in the superior temporal sulcus (Warren et al. 
2006). Modulation by emotional valence was reported in 
a region located postero-laterally to the PAC, where emo-
tional vocalizations yielded stronger activations than neu-
tral voices (Wildgruber et al. 2004a; Ethofer et al. 2006b, 
2012; Leitman et al. 2010; Bestelmeyer et al. 2017) or 
distinct spatial response patterns to different emotional 
categories (Ethofer et al. 2009b). This region on the poste-
rolateral supratemporal plane is very likely part of the belt 
or parabelt areas, as suggested by its connectivity pattern. 
Diffusion Spectrum MRI (DSI) and post-mortem tracing 
studies have shown that this part of the auditory cortex 
(1) is interconnected with the primary auditory cortex and 
with higher order areas on the superior temporal gyrus 

(Cammoun et al. 2015); (2) receives monosynaptic cal-
losal afferents from the fusiform gyrus (Di Virgilio and 
Clarke 1997); and (3) has intrinsic connections that tend 
to be longer than those within the primary auditory cortex, 
but shorter than those of Broca’s area (Tardif and Clarke 
2001; Tardif et al. 2007). This supratemporal region was 
included, together with a large part of VA, in the so-called 
“emotional voice area” (Ethofer et al. 2012) because of its 
responsiveness to emotionally modulated vocalizations; 
the specificity of the emotional effect for vocalizations 
vs. other sound categories has, however, not been inves-
tigated prior to our study. The high spatial resolution of 
the present study allowed us to show that the “emotional 
voice area” consists of two functionally distinct regions, 
the early stage auditory areas, where the emotional con-
tent modulates neural activity elicited by vocalizations and 
by other environmental sounds, and VA, where it modu-
lates responses to vocalizations only. The effect appears 
to be driven by a stronger response to neutral than positive 
or negative valence in early stage areas and by positive 
valence in VA.

Fig. 4  BOLD correlations. Correlations between the BOLD time 
courses of the ROIs L1, L2, L3, VA, and AMY, in the left and right 
hemispheres separately. The thickness of the lines represents the 
strength of the correlation. Correlations with an adjusted-R2 smaller 
than 0.6 are not represented. In the lower part of the figure, the cor-
relations are separated for the human vocalizations categories [HVP 

(solid red line), HV0 (dashed black line), HVN (dotted blue line)] 
and for the non-vocalizations categories [NVP (solid red line), NV0 
(dashed black line), NVN (dotted blue line)]. RH right hemisphere, 
LH left hemisphere. Refer to the manuscript for the ROIs definition 
and abbreviations
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Modulation by emotional valence in the amygdala

Emotional valence in AMY is encoded independently of 
stimulus category. Although several studies have shown 
that AMY plays an important role in processing emotions 
in non-verbal vocalizations (Phillips et al. 1998; Morris et al. 
1999; Sander et al. 2003, 2007; Fecteau et al. 2007; Früh-
holz et al. 2014), modulation by emotional valence concerns 
other auditory categories, demonstrated here and in a previ-
ous study (Frühholz et al. 2014) or other sensory modalities 
(Baas et al. 2004; Costafreda et al. 2008; Ball et al. 2009). 
Our finding that the emotional effect was driven by stronger 
responses to positive than neutral and negative stimuli is 
consistent with previous studies using human vocalizations 
(Fecteau et al. 2007; Wiethoff et al. 2009) or other stimuli 
(O’Doherty et al. 2001; Anderson et al. 2003; Winston et al. 
2005; Ball et al. 2007; Hurlemann et al. 2008; Sergerie et al. 
2008; Costa et al. 2010). However, our results contrast with 

a recent report that screams and alarms, a priori negative 
stimuli, activate strongly AMY; the authors attribute this 
selectivity to the acoustic feature of roughness, which is 
shared by both types of stimuli (Arnal et al. 2015). Sev-
eral other studies have highlighted the preference of AMY 
for negative emotional valence (Morris et al. 1998; Phillips 
et al. 1998, 2001; Wright et al. 2001). In our experimental 
paradigm modulation by emotional valence was stronger 
in AMY in the right hemisphere. Previous studies reported 
right (for laughing and crying sounds: (Sander et al. 2003) 
or left lateralization (for non-linguistic lateralizations: (Fec-
teau et al. 2007) or bilateral activation (Aubé et al. 2015). 
These divergent findings could be explained by the com-
plex structure of AMY, which is composed of several nuclei 
(Amunts et al. 2005; Roy et al. 2009; Solano-Castiella et al. 
2011). Imaging AMY remains difficult because of inho-
mogeneities in the local magnetic field (Labar et al. 2001), 
the proximity of large veins (Boubela et al. 2015) and the 

Table 2  Talairach coordinates 
of the peaks of the activation 
clusters of ‘Sounds vs. Silence’

Talairach coordinates, t values, number of voxels and corresponding regions for the peaks of all the activa-
tion clusters resulting from the contrast sounds vs. silence in the RFX GLM analysis (FDR q < 0.05, cluster 
threshold of 100 voxels). Clusters were sorted according to their size and corresponding region
HG Heschl’s Gyrus, IFG inferior frontal gyrus, PFC prefrontal gyrus, STG superior temporal gyrus, ITG 
inferior temporal gyrus, MGB medial geniculate body of the thalamus, AMY amygdala

Area X Y Z t value #voxels BA

Left hemisphere
 Transverse gyrus (HG) − 48 − 19 10 33.75 21,230 41
 Triangular part IFG − 45 16 16 10.05 1282 45

− 42 19 10 9.33 771
 Dorsolateral PFC − 47 42 7 9.73 392 46

− 51 29 13 7.41 247
 Parahippocampal gyrus − 18 − 11 − 13 9.23 386 54
 Orbital part IFG − 28 27 − 2 9.53 354 47
 Insula − 24 23 12 7.11 307 13
 STG − 52 − 51 12 7.74 164 22
 Cerebellum − 41 − 58 − 23 7.77 154 –

− 23 − 29 − 22 8.72 145 –
 ITG − 54 − 57 − 15 7.63 150 20
 MGB − 16 − 26 − 5 8.46 140 –
 Cuneus (V1) − 11 − 90 − 8 7.11 137 17

Right hemisphere
 Transverse gyrus (HG) 54 − 16 5 31.22 24,633 41
 Dorsolateral PFC 49 38 2 10.42 922 46
 AMY 16 − 5 − 20 11.30 715 53
 Opercular part IFG 45 16 21 11.87 615 44

54 16 30 8.51 184
36 30 0 6.76 159
31 29 0 5.78 121

 Dorsolateral PFC 50 34 19 8.18 213 9
 Inferior Colliculus 6 − 32 − 2 11.95 144 –
 Secondary visual cortex 7 − 88 − 15 9.12 135 18
 Thalamus 11 − 14 6 8.29 111 –
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lateralization of AMY activation due to the phase-encoding 
polarity (Mathiak et al. 2012). These limitations prevented 
us from parcellating AMY accurately and exploring emo-
tional encoding in specific sub-nuclei.

Processing pathway for emotional vocalizations

Our results speak in favour of a module dedicated to the 
processing of the emotional value of human vocalizations 
but not of other environmental sounds, which is part of or 
co-extensive with VA (Fig. 4b). This observation highlights 

three features of emotional processing. First, the neural 
mechanisms underlying this specificity involve most likely 
the combination of a category-specific input from the lat-
eral belt areas and of emotion-specific input from AMY, 
as suggested by evidence from activation and connectivity 
patterns. Our results indicate that emotional information, 
which is encoded in VA, shares a preference for positive 
stimuli with AMY and for neutral stimuli with lateral belt 
areas. As reported in the previous studies, the lateral part of 
the planum temporale processes temporo-spatial information 
pertaining to vocalizations and relays this information to 

Table 3  BOLD correlations for 
the left hemisphere Left hemisphere

L1 L2 L3 VA AMY

p value (R2) p value (R2) p value (R2) p value (R2) p value (R2)
HV0

L1 1.56E−09 (0.94)
8.36E−11 
(09.96) 2.08E−09 (0.94)

L2 1.56E−12 (0.98) 5.72E−12 (0.98)
L3 4.86E−11 (0.97)
VA
AMY
HVN
L1 2.38E−09 (0.94) 2.20E−09 (0.94) 3.73E−07 (0.87)
L2 6.73E−12 (0.98) 1.85E−08 (0.92)
L3 5.38E−09 (0.93)
VA
AMY
HVP
L1 5.65E−09 (0.93) 5.05E−11 (0.97) 5.42E−13 (0.98)
L2 1.14E−12 (0.98) 3.85E−10 (0.96)
L3 1.73E−11 (0.97)
VA
AMY
NV0
L1 6.99E−08 (0.89) 6.74E−08 (0.89)
L2 3.07E−13 (0.99)
L3
VA
AMY
NVN
L1 3.04E−09 (0.94) 4.24E−08 (0.91) 2.73E−05 (0.75)
L2 3.20E−10 (0.96)
L3
VA
AMY
NVP
L1 1.97E−10 (0.96) 9.74E−08 (0.89) 5.06E−05 (0.73)
L2 5.24E−08 (0.90) 2.30E−05 (0.76)
L3 9.46E−06 (0.79)
VA
AMY

p values and R2 for the BOLD correlations of the left ROIs (L1, L2, L3, VA, and AMY) for the different 
sound categories (HV0, HVP, HVN, NV0, NVP, and NVN). The results are only presented for correla-
tions with p values lower than 0.01 and R-square greater than 0.6. The correlations that do not meet this 
criterion are hatched. No result in the shaded part of the table, as this is a symmetrical matrix. Refer to 
the manuscript for the ROIs’ definition and abbreviations



2500 Brain Structure and Function (2019) 224:2487–2504

1 3

VA, where higher order analysis, including voice identifica-
tion, is conducted (Belin et al. 2000; Warren et al. 2006). 
The corresponding interconnection between lateral belt areas 
and the region of the superior temporal sulcus, where VA 
is located, was demonstrated using DSI tract tracing (Cam-
moun et al. 2015). Furthermore, functional connections were 
described between VA and the supratemporal region (Pernet 
et al. 2015). Functional connectivity between AMY and VA, 
reported in an early study (Roy et al. 2009), was not con-
firmed in a later study, which proposed that the AMY-VA 
link passes via the prefrontal cortex (Pernet et al. 2015). 
The model of dual input to VA, from the lateral belt areas 
and from AMY, is consistent with the multi-stage concept 
for the processing of vocalizations and valence (Schirmer 
and Gunter 2017); evidence from EEG studies suggests that 

vocalizations and valence are processed first independently, 
before being integrated in higher order auditory or frontal 
regions. At the neuronal level, we can only hypothesize as 
to the mechanisms that underlie the emotion–vocalization 
selectivity by postulating the existence of populations of 
“human-vocalization neurons”, which are driven by inputs 
from lateral belt areas and AMY. Second, VA is not the 
only category-specific area that is selectively modulated by 
emotional valence. The fusiform face area shares the same 
feature. Emotional expressions were shown to modulate 
neural activity within the fusiform face area (intracranial 
recordings: Pourtois et al. 2009); fMRI: (Jehna et al. 2011; 
Harry et al. 2013), albeit less than within the face area in the 
superior temporal sulcus (Zhang et al. 2016). As revealed 
by a meta-analysis of fMRI studies, the fusiform face area 

Table 4  BOLD correlations for 
the right hemisphere Right hemisphere

L1 L2 L3 VA AMY

p value (R2) p value (R2) p value (R2) p value (R2) p value (R2)
HV0
L1 1.60E−10 (0.96) 6.54E−10 (0.95) 4.82E−11 (0.97)
L2 1.08E−12 (0.98) 4.31E−15 (0.99)
L3 3.14E−13 (0.98)
VA
AMY
HVN
L1 1.43E−06 (0.84) 2.29E−06 (0.83) 1.34E−07 (0.89)
L2 3.48E−13 (0.98) 1.71E−10 (0.96)
L3 3.01E−09 (0.94)
VA
AMY
HVP
L1 2.08E−07 (0.88) 1.01E−07 (0.89) 3.45E−07 (0.87) 1.61E−04 (0.68)
L2 9.18E−12 (0.97) 4.48E−13 (0.98) 2.96E−05 (0.75)
L3 1.76E−10 (0.96) 1.48E−04 (0.68)
VA 3.69E−06 (0.79)
AMY
NV0
L1 5.88E−10 (0.95) 5.42E−10 (0.95) 4.65E−07 (0.87)
L2 1.79E−12 (0.98) 1.99E−06 (0.83)
L3 2.70E−07 (0.88)
VA
AMY
NVN
L1 1.12E−08 (0.92) 4.55E−07 (0.87) 2.43E−06 (0.83)
L2 3.82E−11 (0.97) 4.33E−07 (0.87)
L3 3.98E−08 (0.91)
VA
AMY
NVP
L1 2.26E−08 (0.92) 6.72E−08 (0.89) 2.87E−07 (0.88)
L2 8.02E−10 (0.95) 3.26E−05 (0.75)
L3 7.76E−06 (0.79)
VA
AMY

Same conventions as in Table 3
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appears to process emotional content for faces but not for 
other categories (i.e., visual scenes, Sabatinelli et al. 2011). 
Thus, predominantly auditory and predominantly visual 
cortices each comprise an area, where category-specific 
processing—voices and faces, respectively—is modulated 
by emotional valence. In both cases, this emotion-linked 
encoding concerns stimuli of high social relevance. Third, 
the emotion–vocalization specific module within VA is very 
likely a stepping stone towards a more global, hetero-modal 
representation of emotionally relevant information about 
people (Watson et al. 2014). The combined encoding of 
voices and faces, including emotional aspects, was shown 
to involve a small part of the superior temporal sulcus at the 
intersection of VA and the more posterior lying face area 
(Kreifelts et al. 2009; Ethofer et al. 2013).

Several aspects of the processing of emotional vocaliza-
tions, which remain to be explored, could be addressed in 
future studies with an event-related paradigm at 7T. This 
would allow to correlate the perceived valence by a given 
subject with the activation within a ROI and compare thus 
more precisely emotional modulation of vocalizations and 
non-vocalizations. This same design would be particularly 
adapted to investigate neural coupling between ROIs.

Conclusions

Our results highlighted different stages in the processing of 
emotional vocalizations. Within the supratemporal plane, 
several lateral early stage auditory areas responded strongly 
to non-verbal vocalizations and/or were modulated by emo-
tional valence. However, none of these areas appeared to be 
dedicated to emotional processing of vocalizations only. This 
role was assumed by VA, where emotional valence modu-
lated selectively responses to human vocalizations but not to 
other environmental sounds. In contrast, emotional valence 
modulated neural responses to both types of stimuli in right 
AMY. Correlation analysis revealed coupling between VA 
and early stage auditory areas during the presentation of any 
vocalization, and between VA and right AMY during posi-
tive vocalizations. Thus, emotional vocalizations are pro-
cessed in a dual pathway, whereby the emotion–vocalization 
module within VA integrates the input from the lateral early 
stage auditory areas and from AMY.
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