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Introduction: The present study aimed to identify brain regions sensitive to emotion-specific 
acoustic parameters in healthy individuals.

Methods: Three pseudo-words in the form of one stimulus were consecutively spoken with 
neutral and angry prosody. Then, we changed the acoustic parameters (mean fundamental 
frequency [F0], intensity, and speech tempo) in angry prosody. The stimuli were presented in a 
functional magnetic resonance imaging experiment to detect anger or neutrality.

Results: Stronger activation in the left superior temporal gyrus (STG) and Heschl’s gyrus 
(HG) was observed when the mean F0 converted from 300 Hz to 250 Hz. Increased activity 
in the right posterior STG and posterior middle temporal gyrus (MTG) was revealed in more 
intensity anger prosody. Moreover, we found stronger activity in the right mid-STG, MTG, and 
the left STG in a faster speech tempo.

Conclusion: According to the increased activity in the STG and MTG of both hemispheres 
following the more intense anger (lower fundamental frequency, more intensity, and 
faster speech tempo), a more intense comprehension of anger may result from the sending 
different information from these regions to the inferior frontal gyrus (IFG) and orbital 
frontal cortex (OFC).
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1. Introduction

peech prosody refers to fluctuations in 
pitch (fundamental frequency), variations 
in loudness (intensity), durational features 
(e.g. phone, syllable, word, and phrase 
length; pausing, rhythm, and speech tem-

po), and voice quality (Aziz-Zadeh et al., 2010; Mitchell 
& Ross, 2008; Rood et al., 2009; Sidtis & Van Lancker 
Sidtis, 2003). Prosody can serve various linguistic, prag-
matic, and emotional functions (Lucarini et al., 2020). 
Affective states can influence these parameters and play 
an important role in emotion perception (Truong & Van 
Leeuwen, 2007). An incorrect interpretation of emo-
tional prosody can cause failure in social interactions 
and an increased risk of social isolation (Durfee et al., 
2021; Koch et al., 2018; Struchen et al., 2011). Finding 
the neural mechanism underlying the emotion-specific 
acoustic parameters can enrich our knowledge of pro-
sodic impairments (dysprosodia).

Many neurological studies have found that the right 
cerebral cortex is responsible for emotional prosody 
processing (Alba-Ferrara et al., 2012; Behrens, 1989; 
Blonder et al., 1991; Blonder et al., 1995; Brådvik et al., 
1991; Dara et al., 2014; Demenescu et al., 2015; Elizal-
de Acevedo et al., 2022; Geigenberger & Ziegler, 2001; 
Gibson et al., 2016; Grandjean, 2021; Grandjean et al., 
2008; Heilman et al., 1984; Hoekert et al., 2010; Jacob et 
al., 2014; Kucharska-Pietura et al., 2003; Pell, 1999; Pell 
& Baum, 1997; Ross & Monnot, 2008, Ross & Mon-

not, 2011; Ryalls et al., 1987; Schmidt, 2003; Seydell-
Greenwald et al., 2020; Shapiro & Danly, 1985; Sherratt, 
2007; Tompkins & Flowers, 1985; Witteman et al., 2011; 
Wright et al., 2018; Wright et al., 2016). Although most 
lesions and neurological studies have suggested the right 
hemisphere (RH) dominance for emotional prosody, 
others have found no difference between the left hemi-
sphere (LH) and RH lesion effects (House et al., 1987; 
Pell, 2006; Pell & Baum, 1997; Schlanger et al., 1976; 
Seydell-Greenwald et al., 2020; Twist et al., 1991). 

Functional magnetic resonance imaging (fMRI) studies 
have showed widespread brain networks decode emotion-
al prosody (Brück et al., 2011; Frühholz et al., 2015; Wit-
teman et al., 2012). In detail, auditory temporal regions 
such as the primary/secondary auditory cortex (AC), su-
perior temporal cortex (STC) (Alba-Ferrara et al., 2012; 
Beaucousin et al., 2007; Brück et al., 2011; Buchanan 
et al., 2000; Dietrich et al., 2008; Ethofer et al., 2006; 
Ethofer et al., 2012; Frühholz et al., 2012; Grandjean et 
al., 2005; Kotz et al., 2013; Kotz et al., 2003; Leitman et 
al., 2010; Mitchell et al., 2003; Mothes-Lasch et al., 2011; 
Sander et al., 2005; Schirmer & Kotz, 2006; Wiethoff et 
al., 2008; Witteman et al., 2012; Wittfoth et al., 2010), and 
other temporal areas such as supramarginal gyrus, right 
parahippocampal (BA 28) gyrus and subcallosal (BA 34) 
gyrus (Belyk & Brown, 2014), frontal regions such as 
the inferior frontal cortex (IFC) and orbital frontal cortex 
(OFC) (Brück et al., 2011; Ethofer et al., 2009; Frühholz 
et al., 2012; Kotz et al., 2013; Kotz et al., 2003; Leitman et 
al., 2010; Mitchell et al., 2003; Morris et al., 1999), insula 

Highlights 

● Lower fundamental frequency, more intensity, and faster speech tempo are the characteristics of more intense anger.

● A lower fundamental frequency leads to increased activity in the L-STG and HG.

● More intensity leads to stronger activity in the right p-STG and p-MTG.

● The activity of the right mid-STG, MTG and the left STG increases in a faster speech tempo.

Plain Language Summary 

In the present study, we aimed to investigate how the brain functions while perceiving the anger voice. The results 
showed that certain areas of the brain in both hemispheres play a more significant role in processing the features of 
the anger voice (pitch, intensity, rate of speech). After processing, the information goes to other areas of the brain in 
frontal cortex so that we can comprehend anger and its intensity. These findings give us hope that in the future we 
can provide therapeutic solutions for individuals who have difficulty understanding the emotions in others' voices, 
including stimulating the relevant brain areas with tools such as repetitive transcranial magnetic stimulation (rTMS) 
and transcranial direct current stimulation (tDCS).
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(Mothes-Lasch et al., 2011), cerebellum (Belyk & Brown, 
2014), and subcortical structures, such as thalamus, basal 
ganglia, and amygdala (Ethofer et al., 2009; Fecteau et al., 
2007; Kotz et al., 2003; Leitman et al., 2010; Morris et al., 
1999; Mothes-Lasch et al., 2011; Wiethoff et al., 2008) 
are involved in the perception of emotional prosody. 

Furthermore, according to a hierarchical model that 
has been proposed for emotional prosody processing 
(Bach et al., 2008; Brück et al., 2011; Ethofer et al., 
2006), voice-sensitive structures of the AC and mid-STC 
contribute to the extraction of acoustic parameters; the 
posterior part of the right STC contributes to the iden-
tification of emotional prosody, and eventually, the se-
mantic comprehension of affective prosody is concerned 
with the bilateral inferior frontal gyrus (IFG) and OFC 
(Schirmer & Kotz, 2006; Witteman et al., 2012).

As discussed above, most studies have focused on emo-
tional prosody processing, and there are few reports on 
how emotion-specific acoustic parameters are processed. 
We refer to studies on separately processing acoustic pa-
rameters, including pitch, intensity, and duration.

Pitch

The lesion studies addressed the role of the hemi-
spheres in pitch processing. It has been demonstrated 
that RH is related to pitch processing in speech (Robin 
et al., 1990). Patients with RH lesions use duration cues 
rather than F0-variability to assess affective prosody. In 
other words, right temporoparietal lesions could disrupt 
the discrimination of tones (Robin et al., 1990).

Several structural and functional neuroimaging studies 
have shown that inferior frontal regions in RH (Gandour, 
2000; Gandour et al., 1998), left superior temporal gyrus 
(STG), left Heschl’s gyrus (HG), and the right temporal 
pole (Wiethoff et al., 2008), pars triangularis of Broca’s 
area (Nan & Friederici, 2013), the right posterior STG 
and left STG subregions (Frühholz et al., 2015), HG, and 
adjacent cortical areas in STG (Warren et al., 2005) were 
the main structures for pitch processing. In addition, it 
has been suggested that the lateral HG functions as a 
general “pitch center” (Bendor & Wang, 2006), and the 
processing of pitch patterns, such as melodies, involves 
much more distributed processing in the superior tem-
poral lobes and frontal lobes (Griffiths, 2003). However, 
another study demonstrated that parts of the planum tem-
poral are more relevant for pitch processing than lateral 
HG (Hall & Plack, 2009). In addition, the anterior tem-
poral cortex is more sensitive to female voices with high 
F0 than male voices with low F0 (Sokhi et al., 2005).

Intensity and duration

Previous reports found widespread activation clusters 
in the bilateral AC to stimuli that are deviant in intensity 
or duration (Langers et al., 2007; Mathiak et al., 2002; 
Schall et al., 2003), in the STG and middle temporal gy-
rus (MTG) of both hemispheres to intensity and dura-
tion, in the right IFG and superior frontal gyrus (SFG) to 
duration (Wiethoff et al., 2008), and in the right posterior 
STG and the left STG to intensity variations in emotion-
al prosody (Frühholz et al., 2015; Warren et al., 2006).

In sum, different brain regions may be involved in 
processing emotion-specific acoustic parameters. Find-
ing the neural representation of each emotion-specific 
acoustic parameter may improve our knowledge about 
the neural mechanism of emotional prosody processing. 
Difficulties in emotional prosody comprehension, in-
cluding anger in neurological disorders such as Alzheim-
er, Parkinson, traumatic brain injury, or psychological 
disorders such as depression, autism, and alexithymia 
cause failure in social relationships and increase the 
risk of isolation (Durfee et al., 2021; Koch et al., 2018; 
Struchen et al., 2011). Recent studies have demonstrated 
improvement in some neurological, psychological, and 
motor disorders using non-invasive protocols such as 
tDCS (transcranial direct current stimulation) and rTMS 
(repetitive transcranial magnetic stimulation). Previous 
studies showed that the stimulation of a region such as 
the dorsal and lateral part of the prefrontal cortex leads 
to the strengthening of the functional connectivity of the 
brain networks (Clarke et al., 2020; Nitsche et al., 2012). 
Rare studies have been conducted in the treatment of 
emotional prosody disorders. Findings that the brain re-
gions and functional connectivity are sensitive to chang-
ing the acoustic parameters of the emotional prosody of 
anger can help provide therapeutic solutions.

The emotional prosody used in the present study was 
anger. It was demonstrated in the previous reports (Sobin 
& Alpert, 1999) that lower mean F0, louder voice, and 
faster speech tempo constitute acoustic parameters of 
anger. However, it was revealed in one study (Banse & 
Scherer, 1996) that “hot” anger seemed to be character-
ized by an increase in mean F0, and a decrease in mean 
F0 was probably due to “cold” anger. Thus, it is expect-
ed that with increasing intensity and speech tempo and 
changing the mean F0, the anger becomes more intense, 
and the brain regions sensitive to these parameters show 
different activity. In this study, we tried to use a novel 
experimental fMRI design in which a range of varying 
anger stimuli with differences in only one acoustic pa-
rameter were presented to participants every time.
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The goals of the present study were two-fold. In the 
first place, we aimed to identify brain regions sensitive to 
emotion-specific acoustic parameters. In the second place, 
we wanted to investigate the difference in brain activity 
related to emotion-specific acoustic parameter variations. 
We hypothesized that increasing anger intensity follow-
ing lower frequency, louder (more intensity), and faster 
speech tempo leads to stronger activity in the brain regions 
sensitive to emotion-specific acoustic parameters. To en-
sure the relevance of the results with the difference in only 
one emotion-specific acoustic parameter, we changed one 
of the acoustic parameters each time while keeping the 
other two constants, and the stimuli were spoken only by 
one speech and language pathologist.

2. Materials and Methods

Study participants

Twenty healthy young male adults participated in the 
study (ages 18 to 35, Mean±SD age: 23.51±5.08 years). 
All participants were native Persian speakers, right-
handed, and had normal or corrected-to-normal vision. 
No participant had a history of neurological or psychi-
atric problems, substance abuse, or impaired hearing. 
Furthermore, the Toronto alexithymia scale was used 
to identify individuals with trouble understanding emo-
tions. All participants provided informed and written 
consent for participation in the fMRI study. MRI data 
had to be excluded from four participants because of in-
correct responses. Thus, the results reported are based on 
an analysis of the remaining 16 participants. 

Stimuli

Three pseudo-words (“čârs,” “mâruk,” and “nirâpat”) 
were selected from a Persian language study (Kazemi & 

Saeednia, 2017) that was administered a Persian non-word 
repetition (NWR) test. A male speech and language pathol-
ogist spoke these pseudo-words in neutral or angry tones. 
After that, the three pseudo-words were used consecutively 
as one stimulus. Then, the acoustic parameters (mean F0, 
intensity, and speech tempo) of the anger stimulus were 
changed using Audacity software, version 2.1.0. Every 
time, one of the parameters was changed while keeping the 
other two constant. In detail, the mean F0 was changed be-
tween 200 and 400 Hz while keeping the other two param-
eters constant. Once again, keeping the mean F0 and tempo 
constant changed the mean intensity between 50 and 90 dB. 
Finally, the speech tempo was changed between 1 to 5 sec-
onds without changing the mean F0 and intensity. After ap-
plying the changes to judge whether they were angry, they 
were piloted on a group of healthy adults (n=10) before the 
fMRI study. These healthy individuals were selected among 
the Iran University of Medical Sciences students. Finally, 
two changes were chosen in each acoustic parameter’s 
highest and lowest range of anger. The highest and lowest 
mean F0 detectable as anger prosody was about 350 and 
250 Hz, respectively. The highest and lowest rate of change 
in speech tempo that could be recognized as anger prosody 
was about 4.2 and 2.1 seconds, respectively. The fMRI’s 
highest and lowest audible intensity were about 90 and 70 
dBs, respectively. Therefore, 6 new changes (two changes 
in each parameter) were administrated (Table 1). 

Experimental design

Auditory stimuli were presented binaurally during the 
fMRI scan using magnetic resonance imaging compat-
ible headphones. The participants were lying in the scan-
ner with their eyes open, staring at the screen. Auditory 
stimuli were preceded by a visual fixation cross (1×1°) for 
2 s. The participants were asked to pay attention to the 
emotion of the auditory stimuli in the fMRI experiment 

Table 1. Acoustic parameters description of all stimuli 

Acoustic Parameters MF0 (Hz) Intensity (dB) Speech Tempo (s)

Main stimulus (anger) ~ 300 ~ 80 ~ 3

Mean F0 variations
~ 250 ~ 80 ~ 3

~350 ~ 80 ~ 3

Intensity variations
~ 300 ~ 70 ~ 3

~ 300 ~ 90 ~ 3

Speech tempo variations
~300 ~ 80 ~ 2

~300 ~80 ~ 4
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to detect anger or neutral stimulus and distinguish the cor-
rect option by pressing the button (right index, left index) 
after displaying the options on the screen for 2 s. Auditory 
stimuli were presented during three blocks of prosody dis-
crimination on the stimuli (angry or neutral; right index 
and left index) in two runs. Each anger/neutral discrimi-
nation block contained 12 conditions with 3 parameters 
(anger_neutral, stimulus_time, jitter), including 2 silent 
events with no auditory stimulation, 3 neutral events, and 
7 anger events (Figure 1). Every block of prosody dis-
crimination on the stimuli lasted 132 seconds. 

Image acquisition

Structural and functional imaging data were obtained 
using a 3T PRISMA scanner in the National Brain Map-
ping Laboratory (NBML). A magnetization-prepared 
rapid acquisition gradient echo (MPRAGE) m3 se-
quence was employed to acquire high-resolution (1×1×1 
mm3) T1-weighted structural images (TR [prepetition 
time]=1600 ms, TE [echo time]=3.47 ms, TI [inversion 
time]=800 ms). Functional images were obtained using a 
multislice echo planar imaging (EPI) sequence (36 axial 
slices, slice thickness: 3.0 mm, TR=2000 ms, TE=30 ms, 
field of view (FOV)=195 mm, flip angle=90°). 

Image analysis

The fMRI data analysis used statistical parametric 
mapping (SPM; version 12; Welcome Department of 
Cognitive Neurology, London, UK). Preprocessing was 
performed using default settings in SPM 12. Functional 
images were realigned and coregistered to the anatomical 
image. A segmentation of the anatomical image revealed 
warping parameters that were used to normalize the 
functional images to the Montreal Neurological Institute 
(MNI) stereotactic template brain. Normalized images 
were spatially smoothed with a non-isotropic Gaussian 
kernel of full width at half-maximum 3×3×4 mm3. 

A general linear model (Friston et al., 1994) was used 
for the first-level statistical analysis, in which sepa-
rate regressors were defined for each trial using a stick 

function convolved with the hemodynamic response 
function. Events were time-locked to stimulus onset. 
Separate regressors were created for each experimental 
condition. Linear contrasts for the conditions for each 
participant were taken to a second-level random effects 
group analysis of variance.

Factorial subtraction analysis evaluated which brain re-
gions respond more strongly to changes in emotion-specific 
acoustic parameters of anger prosody. To examine whether 
hemodynamic responses in the temporal lobe, especially 
STG, are subject to repetition suppression effects, param-
eter estimates of the most significantly activated voxel in 
this area were submitted to a two-factorial analysis of vari-
ance (ANOVA) with emotion-specific acoustic parameters 
variations and repetition (first fMRI session, second fMRI 
session) as within-subject factors. Activations are reported 
at a height threshold of P<0.001 uncorrected and an ex-
tent threshold of 0 voxels. Significance was examined at 
the cluster level with an extent threshold of P<0.05 (corre-
sponding to a minimal cluster size of 50 voxels) corrected 
for multiple comparisons across the whole brain.

The instruction was displayed for 10 s before every 
block. A fixation cross was shown after a 5-7 s blank 
screen. After that, an audio stimulus was played to ad-
dress anger/neutral discrimination. The duration of each 
stimulus was between about 2 and 4 seconds. The time 
required to respond was 2 seconds.

Results

The hemodynamic responses of the various acoustic 
parameters of anger prosody will be described in detail. 

Mean F0

To examine brain activation in response to mean F0 varia-
tions in anger prosody, a 1-sample t-test was run for the 
contrasts: Anger (300 Hz) > anger (250 Hz) prosody, an-
ger (250 Hz) > anger (300 Hz) prosody, anger (350 Hz) > 
anger (300 Hz) prosody, and anger (300 Hz) > anger (350 
Hz) prosody. Comparison of these contrasts with each other 

Figure 1. Illustration of an example trial of the fMRI task

 

      Instruction                        Fixation cross              Stimulus_Time                 Response                 Blank screen 

Anger or neutral? 

 

 +              ♫           
     

          10 s                                   2 s                                   ~ 2-4 s                            2 s                           3-5 s       

Figure 1: Illustration of an Example Trial of the Functional Magnetic Resonance Imaging (fMRI) Task 
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showed increased activity in the left STG (MNI coordi-
nates: x=-60, y=-20, z=8; T=5.33; cluster size=17 voxels) 
and in HG (MNI coordinates: x=-55, y=-22, z=9; T=5.33; 
cluster size=17 voxels) in response to anger (250 Hz) proso-
dy compared with anger (300 Hz) at P<0.001 (uncorrected) 
(Figure 2; Table 2). No significant clusters were found in 
other contrast comparisons.

Mean intensity

When we compared brain activity among intensity varia-
tions (70, 80, and 90 dBs) while keeping the other two 
acoustic parameters constant, the STG and MTG in the 
RH showed greater activation to anger prosody with more 
intensity. This increased activation was greater for anger 
(90 dB) compared with anger (70 dB) [90 dB > 70 dB] 
than for anger (90 dB) compared with anger (80 dB) [90 
dB > 80 dB] (Figure 2). In detail, when we compared brain 
activation between anger (90 dB) and anger (70dB) (90 
dB >70 dB), our analysis revealed stronger activity in the 
right posterior STG (MNI coordinates: x=42, y=-38, z=6; 
T=7.4; cluster size=22 voxels) and a significant cluster 
in the right posterior MTG (MNI coordinates: x=49, y=-
38, z=4; T=7.4; cluster size=22 voxels) at the threshold 
of P<0.001 uncorrected. In addition, when we compared 
brain activation between anger (90 dB) and anger (80 
dB) (90 dB >80 dB), we found increased activity in the 
right posterior STG (MNI coordinates: x=38, y=-38, z=8; 
T=6.52; cluster size=21 voxels). Furthermore, the differ-
ence in activity extent in anger 90 dB compared with anger 
70 dB is greater than anger 90 dB compared with anger 80 
dB (Figure 2).

Duration (speech tempo)

Comparison of hemodynamic responses to anger (2 s) 
compared with anger (3 s) (anger, 2 s > anger, 3 s) revealed 
two significant clusters in the temporal lobe of both hemi-
spheres, which were located within the mid-STG in the 
RH (MNI coordinates: x=54; y=-20; z=0; BA:22; T=9.3; 
cluster size=27 voxels), and the posterior STG in the LH 
(MNI coordinates: x=-64; y=-36; z=16; BA:22; T=6.6; 
cluster size=27 voxels) at the threshold of P<0.001 (un-
corrected) with a minimum cluster extent of k=0 voxels. 
This activation was stronger in the RH (Figure 2). On the 
other hand, when we compared brain activity between an-
ger (4 s) and anger (3 s) (anger, 4s > anger, 3s), we found 
increased activity in the right MTG (MNI coordinates: 
x=50; y=-26; z=-8; T=8.2; cluster size=21 voxels), and in 
the posterior STG in LH (MNI coordinates: x=-66; y=-
40; z=6; T=7.8; cluster size=21 voxels) at the level of 
P<0.001 (uncorrected) with a minimum cluster extent of 
k=0 voxels. This activation was stronger in LH (Figure 2). 

Eventually, the comparison between anger (2 s) and anger 
(4 s) (anger, 2s > anger, 4s) revealed stronger activity in 
the right mid-STG (MNI coordinates: x=54; y=-18; z=0; 
T=11.8; cluster size=27 voxels) and in the left STG (MNI 
coordinates: x=-54; y=-2; z=0; T=5.9; cluster size=27 
voxels) at the level of P<0.001 (uncorrected) (Figure 2).

Discussion

The present study investigated the brain activity underly-
ing the decoding of emotion-specific acoustic parameters 
in anger prosody. We wanted to identify brain regions 
sensitive to changing acoustic parameters. According to 
our assumption, changing any emotion-specific acoustic 
parameters can result in different hemodynamic responses 
within the STG and MTG of both hemispheres. Our find-
ings show stronger activation in both hemispheres’ STG, 
HG, and MTG when the acoustic parameters of anger are 
changed. Our results confirm previous reports on regions 
showing increased responsiveness to acoustic parameters 
(Beaucousin et al., 2007; Sander et al., 2005; Wiethoff et 
al., 2008). In previous studies, it has been suggested that 
the decoding of acoustic parameters occurs in the temporal 
lobe, especially in STG subregions, and there is no study 
on how brain activity differs in the temporal lobe following 
changes in any of these acoustic parameters. Therefore, we 
tried to change any acoustic parameters separately, keep 
the other two parameters constant, and examine how the 
brain activity differs. 

When we changed the mean F0 from 300 Hz to 250 Hz 
and kept the intensity and duration constant, our analysis 
revealed stronger activity in HG and adjacent areas in STG 
in LH. The activity in the left STG in our findings is con-
sistent with the results of previous studies (Frühholz et al., 
2015; Wiethoff et al., 2008).

We also showed the role of HG in pitch processing, 
which agrees with the studies suggesting HG as a “pitch 
center” (Bendor & Wang, 2006). Previous studies (Banse 
& Scherer, 1996) demonstrated that one of the character-
istics of “hot” anger was increased in mean F0. Studies in 
which this feature was not found may have been measur-
ing “cold” anger. Our finding about mean F0 variations 
was probably due to the use of “cold” anger. In fact, ac-
cording to the previous study (Sobin & Alpert, 1999), 
low fundamental frequency is one of the characteristics 
of anger. Anger is perceived as more intense, with a fur-
ther decrease in the fundamental frequency. Therefore, 
we expected increased activity in the regions related to 
fundamental frequency decoding by reducing the mean 
F0. Thus, according to the use of “cold” anger in the pres-
ent study, the increase in the mean F0 did not increase in 
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A  250 Hz > 300 Hz  

           

                                                                                    Left STG / HG 

B1  90 dB > 70 dB  

        

                                                                                        Right pSTG / pMTG 

B2 90 dB > 80 dB  

       

                                                                                     Right pSTG 

C1 2 s > 3 s 

       

                                                                    Right mid-STG                Left pSTG 

C2 4 s > 3 s  

        

                                                                                     Left pSTG                         Right MTG 

C3 2 s > 4 s  

      

                                                                     Left STG                         Right mid-STG 

 

Figure 2. The anger acoustic parameters and their neural signatures 

A) Increased activity in the left STG and the left HG across all individuals for anger (250 Hz) compared with anger (300 Hz) 
prosody; B1) Increased activity in the posterior sTG and posterior MTG in the RH for anger at 90 dB compared to anger at 70 
dB; B2) Increased activity in the right posterior STG for anger at 90 dB compared with anger at 80 dB; C1) Stronger activity in 
the right mid-STG and the left posterior STG for anger (2 s) compared with anger (3 s); C2) Stronger activity in the right MTG 
and the left posterior STG for anger (4s) compared with anger (3 s); C3) Stronger activity in the mid-STG in the RH and the left 
STG for anger (2 s) compared with anger (4 s)

Abbreviations: STG: Superior temporal gyrus; HG: Heschl’s gyrus; MTG: Middle temporal gyrus; RH: Right hemisphere.

Note: All contrasts were thresholded at P<0.001 (uncorrected) with a minimum cluster extent of k=0 voxels. 
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the intensity of anger, and as expected, the brain regions 
related to mean F0 decoding should not show increased 
activity.

The present study observed no activity in the anterior 
temporal cortex. In fact, due to the use of male voices for 
the stimuli, we did not expect that the anterior temporal 
cortex would be active because, according to previous 
studies (Sokhi et al., 2005), the anterior temporal cortex is 
more sensitive to female voices with high F0 than to male 
voices with low F0. Thus, the inactivity of the anterior 
temporal cortex was predictable.

Our findings on the speech tempo revealed stronger ac-
tivity in different parts of the STG and MTG of both hemi-
spheres when we only changed the speech tempo. These 
findings align with previous studies’ results (Mathiak et 
al., 2002; Schall et al., 2003; Wiethoff et al., 2008), dem-
onstrating activation clusters in the bilateral auditory cor-
tex, including STG, to stimuli that are deviant in duration. 
Because the temporal lobe, especially STG, is mentioned 
in all studies on duration processing, we can address the 
importance of these regions in decoding duration. The 
slight difference in our results and those of previous stud-
ies probably goes back to the difference in the method and 
the type of acoustic parameter investigation. We examined 

the speech tempo as a durational feature, whereas others 
used duration-deviant tone in noise or stimuli duration in 
emotional prosody.

The results of our study about the effect of mean intensity 
variety on brain activity showed that increasing the mean 
intensity of anger prosody leads to increased activity in the 
posterior part of STG and MTG in the RH. The activity of 
the right posterior part of STG in our study agrees with 
previous findings (Frühholz et al., 2015; Warren et al., 
2006). Inspection of responses in the right posterior MTG 
revealed a reasonably linear relationship within the inves-
tigated intensity range. These findings converge with pre-
vious findings demonstrating a linear relationship between 
BOLD (blood oxygenation level dependent) response and 
sound intensity for a range of intensity (Langers et al., 
2007; Wiethoff et al., 2008). The type of stimulus used in 
our study and previous studies led to different results. In 
our study, only a kind of emotional prosody (anger) was 
used while keeping other parameters (mean F0, duration, 
voice gender) constant to investigate the effect of mean 
intensity variations on brain region activity. Other studies 
used frequency-modulated tones (Langers et al., 2007; or 
types of emotional prosody (Wiethoff et al., 2008). The 
latter study found widespread activity in different brain re-
gions, including STG and MTG of both hemispheres, due 

Table 2. Main effects of anger with different acoustic parameters, P<0.001 uncorr

Anatomical Definition
MNI Coordinates

X Y Z K T

Anger (250 Hz) > anger (300 Hz):
L-STG -60 -20 8 328 5.33

L-HG -55 -22 9 328 5.33

Anger (90 dB) > anger (70 dB):
R-posterior STG 42 -38 6 192 7.4

R-posterior MTG 49 -38 4 192 7.4

Anger (90 dB) > anger (80 dB): R-posterior STG 38 -38 8 32 6.52

Anger (2 s) > anger (3 s):
R-mid STG 54 -20 0 1771 9.33

L-posterior STG -64 -36 16 955 6.64

Anger (4 s) > anger (3 s):
R-MTG 50 -26 -8 271 8.21

L-posterior STG -66 -40 6 378 7.84

Anger (2 s) > anger (4 s):
R-mid STG 54 -18 0 1330 11.8

L-STG -54 -2 0 931 5.92

Abbreviations: STG: Superior temporal gyrus; HG: Heschl’s gyrus; MTG: Middle temporal gyrus; MNI: Montreal Neurological 
Institute.

Note: Peak coordinates from significant clusters. (FWE P<0.05, extent threshold=0 voxels). K=cluster size.�
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to different types of emotional prosody without consider-
ing stimuli’s fundamental frequency and duration. At the 
same time, our results were limited to the posterior part 
of STG and MTG in the RH, probably due to using only 
anger prosody and keeping other parameters constant.

The STG and MTG subregions significantly correlated 
with changes in mean intensity, fundamental frequency, 
and duration (speech tempo). This sensitivity to various 
acoustic parameters is probably due to the role of STG 
subregions in the detailed analysis of voice information 
(Warren et al., 2005; Warren et al., 2006).

Conclusion

As discussed in the introduction, AC and mid-STC (Bach 
et al., 2008; Brück et al., 2011; Ethofer et al., 2006) have a 
role in the extraction of acoustic parameters and different 
parts of STG and MTG of both hemispheres in our find-
ings in decoding the anger acoustic parameters. So, we can 
conclude that more intense anger following the lower fun-
damental frequency, increased intensity, and faster speech 
tempo leads to increased activity in the specific brain re-
gions related to decoding the anger acoustic parameters. 
Eventually, different information is sent to IFG and OFC 
(Schirmer & Kotz, 2006; Witteman et al., 2012) for more 
intense comprehension of anger.

Study limitation and strength

The current study aimed to investigate the automatic 
processing of anger acoustic parameters. Thus, the experi-
mental design did not include any behavioral tasks. There-
fore, our study limitation is the lack of behavioral control, 
indicating that subjects comprehended the auditory infor-
mation in the presence of scanner noise. However, none 
of the subjects reported difficulties in understanding the 
presented stimuli, and all subjects reported that all stimuli 
were spoken in an emotional tone of voice after scanning. 
On the other hand, to avoid the influence of various fac-
tors on the results of the study, including the use of various 
emotional prosody, different lengths of stimuli, present-
ing stimuli with the voices of different individuals, and 
the long duration of the task, we decided to use only one 
emotional prosody (anger) stimulus, change its acoustic 
parameters, and be spoken by only one male speech and 
language pathologist. Considering the different acoustic 
characteristics of emotional prosody and the distinct role 
of each acoustic parameter in the semantic comprehension 
of emotional prosody, we suggest that other emotional 
prosody should be investigated to improve our knowledge 
about decoding emotion-specific acoustic parameters.
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