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Abstract

While language processing is often described as lateralized to the left hemisphere (LH), the 

processing of emotion carried by vocal intonation is typically attributed to the right hemisphere 

(RH) and more specifically, to areas mirroring the LH language areas. However, the evidence base 

for this hypothesis is inconsistent, with some studies supporting right-lateralization but others 

favoring bilateral involvement in emotional prosody processing.

Here we compared fMRI activations for an emotional prosody task with those for a sentence 

comprehension task in 20 neurologically healthy adults, quantifying lateralization using a 

lateralization index. We observed right-lateralized frontotemporal activations for emotional 

prosody that roughly mirrored the left-lateralized activations for sentence comprehension. In 

addition, emotional prosody also evoked bilateral activation in pars orbitalis (BA47), amygdala, 

and anterior insula.

These findings are consistent with the idea that analysis of the auditory speech signal is split 

between the hemispheres, possibly according to their preferred temporal resolution, with the left 

preferentially encoding phonetic and the right encoding prosodic information. Once processed, 

emotional prosody information is fed to domain-general emotion processing areas and integrated 

with semantic information, resulting in additional bilateral activations.

Graphical Abstract

Corresponding author: Anna Greenwald, Center for Brain Plasticity and Recovery, Georgetown University, Building D, Suite 145, 
4000 Reservoir Rd. NW, Washington, DC 20057, as2266@georgetown.edu, phone: 202-687-0764.
Author Contributions Statement
Anna Seydell-Greenwald: Conceptualization, Methodology, Software, Formal analysis, Investigation, Resources, Writing – Original 
Draft, Writing – Review & Editing, Visualization, Funding Acquisition
Catherine Chambers: Resources, Software, Investigation, Writing – Review & Editing
Katrina Ferrara: Methodology, Investigation, Writing – Review & Editing
Elissa Newport: Conceptualization, Methodology, Writing – Review & Editing, Funding acquisition

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuroimage. Author manuscript; available in PMC 2021 April 01.

Published in final edited form as:
Neuroimage. 2020 April 01; 209: 116509. doi:10.1016/j.neuroimage.2019.116509.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

affective prosody; functional MRI; language; lateralization; LI

1. Introduction

More than a century of evidence has demonstrated that the left hemisphere of the human 

brain is the “eloquent” or “language-dominant” one in the vast majority of humans (Broca, 

1861; Wernicke, 1874; Wada & Rasmussen, 1960; Geschwind & Levitsky, 1968; Pascual-

Leone et al., 1991; Binder et al., 1995; Just et al., 1996; Bookheimer et al., 1997). However, 

understanding of verbal communication involves not only the comprehension of words and 

sentences. Variations in pitch, stress, timbre, and tempo can distinguish between a statement 

and a question (linguistic prosody) or reveal information about the speaker’s emotional state 

and intent (emotional prosody). It has been suggested that the processing of emotional or 

affective prosody is lateralized to the right hemisphere (RH; Heilman et al., 1975; Tucker et 

al., 1977; Ross & Mesulam, 1979; Borod et al., 2002), and moreover that its functional-

anatomical organization mirrors that of the left-hemisphere (LH) language system, with 

comprehension deficits arising from posterior temporal lesions and production deficits 

arising from inferior frontal lesions (Ross & Mesulam, 1979; Ross, 1981; Gorelick & Ross, 

1987; Ross & Monnot, 2008). More recently, dual-stream models of speech processing 

(Hickok & Poeppel, 2007; Rauschecker & Scott, 2009; Fridriksson et al., 2016) have refined 

this frontal (production) and temporal (comprehension) distinction by proposing multiple 

substages of speech processing along a ventral (sound-to-meaning) and a dorsal (sound-to-

articulation) stream that involve the superior and middle portions of the temporal lobe and 

posterior frontal and temporo-parietal cortex, respectively. Importantly, there is evidence that 

a similar dual-stream architecture in the right hemisphere (RH) may underlie prosody 

processing (Sammler et al., 2015). However, compared to the overwhelming support for left-

lateralization of word- and sentence comprehension, the evidence for right-lateralization of 

emotional prosody processing and its analogous organization to the LH language system1 is 

relatively sparse and inconclusive.

1To be clear, we do not wish to imply that “language” as a whole is confined to the LH. There is ample evidence of RH activation 
during language tasks that evoke left-lateralized activation, and there are aspects of language (like prosody) that are thought to be 
predominantly supported by the RH. We use the expression “LH language system/network/activation/areas” merely to denote those 
LH areas typically and consistently shown in meta-analyses and literature reviews of language processing (e.g., Price, 2010; Friederici, 
2011; Hagoort, 2014).
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Some lesion studies have concluded that RH lesions impair patients’ ability to comprehend 

and/or produce emotional prosody more than LH lesions (Heilman et al., 1975; Tucker et al., 

1977; Bowers et al., 1987; Blonder et al., 1991; Schmitt et al., 1997; Borod et al., 1998; 

Kucharska-Pietura et al., 2003; Shamay-Tsoory et al., 2004), but others have found no 

difference between LH and RH lesion effects (Schlanger et al., 1976; House et al., 1987; 

Twist et al., 1991; Van Lancker & Sidtis, 1992; Pell & Baum, 1997; Pell, 2006). Similarly, 

studies mimicking lesions with transcranial magnetic stimulation (TMS) have only 

sometimes suggested RH dominance for emotional prosody (Alba-Ferrara et al., 2012; but 

see Hoekert et al., 2010; Jacob et al., 2014). A recent meta-analysis concluded that lesions to 

either hemisphere had detrimental effects on emotional prosody perception, with those from 

RH lesions being somewhat greater (Witteman et al., 2011).

Functional neuroimaging studies of emotional prosody also paint an unclear picture 

regarding lateralization and localization of the emotional prosody system. While some report 

activation predominantly in the RH (George et al., 1996; Buchanan et al., 2000; Mitchell et 

al., 2003; Wiethoff et al., 2008; Wildgruber et al., 2005), others report bilateral activations 

(Imaizumi et al., 1997; Kotz et al., 2003; Grandjean et al., 2005; Ethofer et al., 2006, 2012; 

Beaucousin et al., 2007; Mitchell & Ross, 2008; Alba-Ferrara et al., 2011; Hervé et al., 

2012). Moreover, activations are often quite localized, with some studies finding only 

temporal (Ethofer et al., 2006; Wiethoff et al., 2008; Mothes-Lasch et al., 2011) and others 

finding only frontal activations (George et al., 1996). Two quantitative meta-analyses 

(Witteman et al., 2012; Belyk & Brown, 2014) concluded that activations across studies 

suggest bilateral inferior frontal, but possibly right-lateralized superior temporal involvement 

in emotional prosody processing. Witteman et al. (2012) speculate that the right-

lateralization in temporal cortex may reflect the RH’s preference for prosody-relevant 

acoustic features rather than prosody processing per se. This notion is also reflected in recent 

multi-step models of emotional prosody processing (Schirmer & Kotz, 2006; Wildgruber et 

al., 2006; 2009). According to these models, extraction of prosody-relevant features happens 

predominantly in right temporal cortex, because its longer temporal receptive fields are 

better suited for processing dynamic pitch than its LH counterpart (Zatorre, 2001; Poeppel, 

2003; Boemio et al., 2005). However, following feature extraction, prosody information is 

then passed on to bilateral inferior frontal cortex.

Claims from functional neuroimaging studies regarding right-lateralization of emotional 

prosody processing are usually based on the observation that significant activation appears 

exclusively (or predominantly) in the RH. A more rigorous and direct test of lateralization 

would be the lateralization index (LI), which quantitatively compares LH and RH activation 

and is commonly used for establishing lateralization or language activation. However, this 

measure is not commonly used in emotional prosody research. Similarly, the notion that the 

emotional prosody system is a RH mirror image of the classic LH language system gains its 

support from independent observations of RH and LH lesion effects, specifically, from the 

fact that in both cases, frontal lesions result in production deficits whereas temporal lesions 

result in comprehension deficits. However, given that brain lesions often affect large areas, 

this is rather coarse evidence for concluding that the two systems are mirror images of one 

another. A side-by-side comparison of “language” and “emotional prosody” activation in the 

same participants would provide a more spatially specific look at this “mirror hypothesis”.
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To fill these gaps, we performed fMRI on twenty neurologically healthy, right-handed young 

adults, interleaving conditions with varying demands on the emotional prosody and sentence 

comprehension systems in a within-subject design and computing LIs to quantify 

lateralization. During the active emotional prosody condition (Emot), participants heard 

content-neutral sentences spoken in happy, sad, or angry tone and identified the speaker’s 

emotion. During the sentence comprehension condition (Neut), participants heard the same 

sentences spoken in neutral tone and identified their semantic content (food, gift, or trip). To 

control for low-level acoustic differences between emotional and neutral prosody stimuli, we 

included reversed speech conditions (EmotRev and NeutRev), during which the same stimuli 

were played in reverse. This rendered the sentences entirely incomprehensible but retained 

some of the key acoustic properties thought to carry the emotion signal, such as mean and 

variability of the fundamental frequency (Fairbanks & Pronovost, 1939; Fairbanks, 1940; 

Lieberman & Michaels, 1962; Williams & Stevens, 1972; Van Lancker & Sidtis, 1992; 

Banse & Scherer, 1996). A visual-motor control condition, in which no auditory stimuli 

were presented, served as the baseline.

This within-subject design allows us to test the lateralization hypothesis and the mirror 

hypothesis in a more direct and quantitative manner than has been done before. Our specific 

research questions and predictions were: (1) Is emotional prosody processing activation 

right-lateralized? If so, LIs for emotional prosody (contrasting conditions Emot and Neut) 

should be significantly below zero. (2) Is lateralization driven by the higher amplitude and 

pitch modulations characteristic of emotional compared to neutral speech? If so, LIs should 

be different when these differences are part of the contrast (Emot – Neut) than when they are 

removed by subtracting the difference between reverse speech conditions (EmotRev – 

NeutRev) from this contrast. (3) Is it as right-lateralized as sentence processing activation is 

left-lateralized? If so, absolute LIs should not differ between sentence comprehension 

(contrasting conditions Neut and NeutRev) and emotional prosody. (4) Are the two mirror 

images of each other? If so, the same areas that show positive LIs for sentence 

comprehension should show negative LIs for emotional prosody.

2. Materials and methods

2.1. Participants

Twenty neurologically healthy young adults (12 women, ages ranging from 18 to 31, M = 

21.75, SD = 3.5 years) from the Georgetown University community volunteered to 

participate in the study for moderate financial compensation and gave informed consent to 

study procedures approved by the Georgetown University Institutional Review Board. All 

were native speakers of American English; none grew up with significant non-English 

language influences or was fluent in a second language prior to the age of 12.

2.2. Stimuli and design

2.2.1. Conditions and stimuli—Five experimental conditions (Figure 1A) were 

presented in counterbalanced order across three five-minute functional MRI runs. In the 

visuomotor control condition (VisMot), participants were instructed to fixate a dot at screen 

center and push a button held in their right hand whenever a “thumbs up” symbol appeared, 
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but to withhold button pushes if the “thumbs up” symbol was crossed out. This condition, 

which matched the other conditions with respect to the timing of visual stimulation and 

button pushes, served as the baseline.

In the emotional forward speech condition (Emot), participants heard an emotional female 

voice utter content-neutral sentences with happy, sad, or angry intonation and then pushed a 

button if the line drawing shown after the utterance matched the speaker’s emotion. (A full 

list of sentences, along with the results of a validation study which confirmed that the 

intended emotion was indeed conveyed by each emotional rendering, can be found in 

supplementary materials S1.) The mapping of line drawing to emotion (a sun for “happy”, 

tear drops for “sad”, and a boxing glove for “angry”) was trained prior to scanning and was 

understood without difficulty by all participants. We chose object symbols rather than 

emotional faces or words to avoid evoking brain activation associated with facial emotion 

recognition or with reading. Sentence content was chosen such that it could plausibly be 

spoken with any of the emotions (e.g., “Grandpa took me to the library”). During task 

training, participants heard an example sentence in all four versions (neutral, happy, sad, 

angry) to illustrate the need for basing their emotion judgments on prosody rather than 

sentence content.

In the neutral forward speech condition (Neut), participants heard the same female voice 

utter the same sentences in a neutral tone and pushed a button if the line drawing matched 

the content of the sentence. Again, participants were familiarized with the meaning of the 

line drawings (a plate and utensils for “food”, a wrapped gift box for “gift”, and a minivan 

with suitcases on the roof for “trip”) prior to the scan.

In the emotional reversed speech (EmotRev) and neutral reversed speech (NeutRev) 

conditions, participants heard the same utterances as in the Emot and Neut conditions, 

respectively, but made unintelligible by playing the sound file in reverse. These served as 

acoustic controls for the forward conditions. Following each utterance, a line drawing of a 

loudspeaker appeared with a question mark superimposed, prompting participants to push a 

button if they had heard a beep at the end of the utterance. Beeps were played on 50% of 

trials, just as there were 50% “matches” in the Emot and Neut conditions and 50% “thumbs-

up” in the visuomotor control condition.

2.2.2. Stimulus generation and presentation—Auditory stimuli were recorded in 

stereo by a native speaker of American English and edited in Audacity ® (Version 2.1.1.) to 

remove background noise, normalize peak volume, and equate duration. Prior to editing, the 

sound clips differed moderately in duration. If they were between 2600 and 2800 ms, the 

duration was not changed; files with durations outside this window were adjusted to within 

this window using Audacity’s “Change Tempo” option, which alters the speed of the file 

without affecting the pitch. None of the original recordings were more than 500 ms longer or 

shorter than the desired duration, resulting in only moderate “speeding up” and “slowing 

down” of stimuli during editing. The resulting sound files were screened by two independent 

listeners to ensure that they were easy to comprehend and subjectively sounded like 

“normal” speech (rather than unnaturally fast or slow). Reversed versions of the sound files 

were created using Audacity’s “Reverse” effect. The “beep” played at the end of 50% of 
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reversed speech trials was generated with Audacity’s “Tone” function as a 440 Hz sine wave 

of 100 ms, of which the initial and final 20 ms were edited with the “Fade In” and “Fade 

Out” effects, respectively, to avoid sudden onsets. The maximum amplitude of the beep was 

set to 80% of the maximum amplitude of the speech stimuli.

During scanning, auditory stimuli were presented over Sensimetrics insert earphones. To 

ensure the best possible listening conditions despite the scanner noise, participants wore 

Bilsom ear defenders over the ear phones, and the sound level was adjusted to the maximum 

level comfortable for the participant, using an Echo AudioFire sound card and SLA1 

amplifier.

Visual stimuli were simple line drawings presented in black on a gray background to 

minimize eye strain. An Epson PowerLite 5000 projector was used to cast the images onto a 

screen mounted at the back of the scanner bore, which the participants could see via a 

slanted mirror mounted on the head coil.

2.2.3. Trial timing—Conditions were presented in blocks of 24 seconds, each block 

comprising 6 trials. Each trial began with presentation of the fixation spot at screen center 

(Figure 1B), which coincided with the onset of the auditory stimulus in all except the 

visuomotor baseline condition. The decision screen was presented 3000 ms after trial onset 

and stayed on the screen for 1000 ms, resulting in a total trial duration of 4000 ms. For 

conditions EmotRev and NeutRev, the beep to which participants were to respond by 

pushing a button appeared simultaneously with the decision screen, ensuring that in all 

conditions, participants had to wait for the decision screen to determine the correct response. 

Participants were familiarized with task and trial timing prior to scanning, and reaction times 

during task training showed that the response window of 1000 ms was sufficiently long not 

to cause “time out” errors (which would be indistinguishable from intentional withholding 

of a button push).

2.2.4. Block timing—Conditions were presented in a block design, with block order 

counterbalanced across three 5-minute functional runs. Each run comprised eleven 24-

second blocks, each block was preceded by an instruction screen shown for 3 seconds, and 

the final block was followed by a “Thank you” screen. All runs had a visuomotor control 

block at the beginning, in the middle, and at the end, and one block of each of the 4 other 

conditions in the first and in the second half. The order of the conditions was 

counterbalanced across runs and participants. The time course for an example run is 

illustrated in Figure 1C.

2.3. Imaging procedures

2.3.1. MRI setup—Functional MRI data were acquired on a research-dedicated 3 Tesla 

Siemens Trio Tim scanner using a 12-channel birdcage head coil. Participants lay on their 

backs holding a Cedrus fiber optic button box in their right hand, with their legs supported 

by a wedge pillow and a blanket provided for warmth if requested. Foam cushions were used 

to stabilize the position of the head inside the headcoil and to minimize motion. Stimulus 

presentation and response collection were coordinated using E-Prime software (version 2.0).
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2.3.1. Imaging sequences—Following a 1-minute “scout” scan (a low-resolution used 

to align slices for subsequent scans to be parallel to the AC-PC plane), we acquired three 

functional MRI runs (T2*-weighted) using echo-planar imaging with the following 

parameters: whole-brain coverage in 50 horizontal slices of 2.8 mm thickness, acquired in 

descending order with a distance factor of 7% between slices, matrix 64×64, effective voxel 

size 3×3×3 mm3, repetition time (TR) of 3 seconds, echo time (TE) 30 ms, flip angle 90 

degrees. Each run consisted of 100 volumes (of which the first 2 were discarded during 

preprocessing to allow for T1 saturation) and lasted 5 minutes.

At the end of the imaging session, we acquired a high-resolution anatomical scan (T1-

weighted) while participants either rested or watched part of a nature documentary. The 

parameters for the MPRAGE were: whole-brain coverage in 176 sagittal slices, matrix 

256×256, voxel size 1×1×1 mm3, TR = 2530 ms, TE = 3.5 ms, inversion time = 1100 ms, 

flip angle = 7 degrees. This scan took 8 minutes to complete.

2.4. Imaging Analysis

Neuroimaging data were analyzed using BrainVoyager 20.6 (BVQX 3.6) and Matlab 

(R2017a) in combination with the BVQX toolbox.

2.4.1. Preprocessing—Preprocessing for anatomical data was performed using 

BrainVoyager’s built-in functions for automatic inhomogeneity correction and brain 

extraction, followed by manual identification of landmarks and transformation into Talairach 

space using 9-parameter affine transformation.

Functional data from each run were separately co-registered with the participant’s 

anatomical data in native space using 9-parameter gradient-based alignment and underwent 

slice-time correction, linear trend removal, and 3D motion correction to the first volume of 

the run using rigid-body transformation. We then transformed the functional data into 

Talairach space using the 9-parameter affine transformation determined for the anatomical 

data. Finally, the data were smoothed in 3D with a Gaussian kernel of 8 mm full width at 

half maximum.

2.4.2. GLM fitting—All functional runs from all participants were combined and fitted 

with a mixed-effects general linear model (fixed effects at the single-participant level and 

random effects at the group level). In addition to nuisance predictors capturing run- and 

participant-specific effects as well as motion-related effects (derived from the z-transformed 

6-parameter output of the 3D motion estimation), the model had 5 stimulation-related 

predictors: one for each of the auditory conditions described above (Emot, Neut, EmotRev, 

NeutRev), and one to capture signal changes common to instruction periods. (The latter is 

not of interest for our analyses but serves to capture variance that would otherwise add 

noise.) These boxcar predictors were convolved with a standard hemodynamic response 

function (two gamma, peak at 5 seconds, undershoot peak at 15 seconds) prior to inclusion 

in the model. The visuomotor control condition periods were used as the model’s baseline 

and not explicitly modeled. As part of the GLM estimation process, voxel time courses were 

normalized using percent signal change transformation and corrected for serial 

autocorrelations (AR2).
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2.4.3. Whole-brain analyses and thresholding of contrast maps—From the 

GLM results, we generated contrast maps comparing the beta values for the different 

conditions to each other for each voxel. The resulting t-maps were thresholded at p < 0.001 

(single-voxel threshold). For each map, we then used the Cluster-Level Statistical Threshold 

Estimator plugin, which employs Monte-Carlo simulations to determine what cluster sizes 

would be expected in a random dataset of comparable size and smoothness. Following 1000 

simulations, we set the cluster size threshold to retain only clusters whose size was unlikely 

to occur by chance (k < 0.05).

2.4.4. Contrasts of interest—Our primary contrast of interest was [Emot – Neut], 

which identifies those voxels with a significant preference for emotional over neutral 

forward speech. We will refer to these voxels collectively as the “emotional prosody 

network.” Based on the literature, activations associated with emotional prosody were 

expected predominantly in the right frontal and temporal cortex. Importantly, [Emot – Neut] 

activation could be driven by a number of factors. (1) Acoustic differences: auditory 

stimulation is more salient and variable in Emot. (2) Emotion content, which is present only 

in Emot2. (3) Attention direction: the task specifically directs the listener’s attention to the 

speaker’s emotion in Emot, but to sentence content in Neut. (4) Integration of prosodic with 

semantic information, and potential interactions between the two2. One might argue that it is 

unsatisfying not to know which of these factors contribute to any given voxel’s activation. 

However, the advantage of this “big” contrasts is that it should capture the whole emotional 

prosody network, including stimulus- as well as task-driven effects.

To remove effects of acoustic differences (such as mean and variability of pitch) between 

Emot and Neut, we can estimate the effect of those differences on activation using contrast 

[EmotRev – NeutRev] and subtract the result from contrast [Emot – Neut]. Thus, we used 

contrast [(Emot – Neut) – (EmotRev – NeutRev)] to identify voxels that show an effect of 

emotional prosody processing [Emot – Neut] that is not explained by differences in these 

low-level acoustic features. Note that this is a very strict control, because the reversed 

emotional speech stimuli preserved some acoustic features relevant to emotional prosody 

and thus carried a recognizable, if subjectively degraded, emotion signal. (See 

supplementary materials S1 for the results of a validation study demonstrating above-chance 

performance for identifying emotion in the reverse speech stimuli.) While the experimental 

task in the reversed speech conditions did not require participants to judge emotion, 

emotional prosody processing might still have taken place in these conditions to the extent 

that it is automatic and can be supported by the somewhat degraded prosody signal in the 

reversed speech stimuli. Because of this, subtracting the difference between the emotional 

and neutral reversed speech conditions removes not only the effects of differences in pitch 

and amplitude modulations, but likely also some of the activation associated with automatic 

emotion processing. At the same time, it is important to note that [EmotRev – NeutRev] 

2While our sentences were intended to be content-neutral, some participants may have perceived some sentences as having emotional 
semantic content. This would mean that condition Neut was not entirely free of emotion content, and that on some trials, participant 
might have perceived a conflict between semantic and prosodic emotion (e.g., if “Dad always gives me books for my birthday” is 
interpreted as sad in semantic content, but presented with happy prosody.) However, this likely happened only on few trials. Moreover, 
participants were aware that each sentence could be presented with any (happy, sad, angry, or neutral) prosody and thus knew not to 
interpret semantic content with regard to emotion.
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does not fully capture stimulus-driven emotional prosody processing, because the natural 

features of prosodic speech (e.g., certain pitch contours) are distorted in the reverse speech 

stimuli and thus not present to the same degree as in EmotRev as in Emot. Thus, while 

[(Emot – Neut) – (EmotRev – NeutRev)] controls for basic acoustic differences (such as 

mean and variability of pitch) between emotional and neutral speech, it does not control for 

the presence of intact and recognizable prosodic features. In summary, contrast [(Emot – 

Neut) – (EmotRev – NeutRev)] captures predominantly task-driven effects (e.g., the fact that 

attention is on emotional prosody), but also activations associated with the extraction, 

identification, and interpretation of fully intact emotional prosody.

Lastly, contrast [Neut – NeutRev] identifies voxels with a significant preference for neutral 

forward over reversed speech. Like [Emot – Neut], [Neut – NeutRev] is a big contrast, as 

Neut exceeds NeutRev in several aspects, including the presence of semantic content, 

syntactic structure, lexical and morpheme recognition, etc. We thus refer to it as capturing 

the “sentence comprehension network” and, based on the literature, expect to find it 

lateralized to the left hemisphere, particularly superior temporal and inferior frontal cortex. 

This network has been studied extensively and was primarily of interest for comparison with 

the emotional prosody network.

2.4.5. Region-of-interest (ROI) creation—To generate ROIs for comparing left- and 

right-hemisphere activations and computing lateralization indices, we binarized the whole-

brain activation maps for all contrasts, flipped them across the midline, and took the union of 

the original and flipped maps, thus combining LH and RH activations into a bilaterally 

symmetric map for each contrast. We then took the union of these symmetrized contrast 

maps for all contrasts of interest ([Neut – NeutRev], [Emot – Neut], or [Emot – Neut]-

[EmotRev-NeutRev]). The resulting bilaterally symmetric “union ROI” constrains the 

analysis to voxels of interest (i.e., voxels that show a significant effect for any of the 

contrasts of interest, and their homotopic counterparts) but is not biased towards either 

hemisphere or to any particular contrast.

To allow for a more detailed, regional look at activation and lateralization, we manually 

placed spherical ROIs (volume 257 mm3) inside the union ROI. Sphere center locations 

were chosen so as to cover different anatomical regions of interest (e.g., amygdala, relevant 

Brodmann areas) within the larger ROI, without regard to peak activations.

2.4.6. Lateralization indices—To quantify lateralization of activations for the contrasts 

of interest, we used the lateralization index (LI), which contrasts left and right activation and 

divides the result by the total activation:

LI = left activation − right activation / left activation+right activation .

Lateralization indices near −1 indicate right-lateralization, LIs near 1 indicate left-

lateralization, and LIs around 0 indicate roughly equal activation in the two hemispheres. 

Importantly, what counts as “active” on either side is determined by the statistical threshold 

applied to the activation map. If the threshold is extremely lenient, most voxels on both sides 

(including noise) count as “active”, whereas at strict thresholds, only a few voxels with 
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extreme activation values (potentially outliers) will figure into the computation and pull the 

LI into the direction of their hemisphere. To obtain a robust, threshold-independent estimate 

of the LI, we followed an approach introduced by Wilke & Schmithorst (2006). Each 

activation map of interest was evaluated at 20 different single-voxel thresholds, covering the 

range from t = 0.1 (very lenient) to the maximum t-value in the map in equal steps. At each 

threshold, the LI was determined using a bootstrapping procedure, which involved 

resampling the map voxels inside the ROI 100 times for each side, creating 100×100 LI 

estimates by comparing the sum of t-values of all suprathreshold voxels in a sample using 

the equation above for all left-right sample pairings, and then computing a trimmed mean 

(using only the central 50%) of the resulting 10,000 LI estimates for that threshold. In a final 

step, we computed a weighted average of the LIs across thresholds, using the t-threshold 

value as the weight such that LI estimates obtained at lower thresholds were allowed to 

influence the result at lower weights than LI estimates obtained at higher thresholds. To 

ensure that outliers did not drive the results, LIs were only computed if there was at least one 

cluster of at least 5 suprathreshold voxels on each side.

3. Results

3.1. Behavioral

Performance in the in-scanner tasks was overall high, and no participant scored lower than 

89% correct in any condition. Average accuracy and reaction times for the different 

conditions are shown in Table 1.

Statistical comparisons (using paired t-tests on average accuracy and reaction times for each 

participant in each condition) revealed no significant differences between the conditions 

directly compared in our fMRI contrasts. The emotion and content identification tasks 

compared in fMRI contrast [Emot – Neut] did not differ from each other regarding accuracy 

(t(19) = 1.45, p = 0.164) or reaction time (t(19) = 1.90, p = 0.073), nor did reverse speech 

conditions EmotRev and NeutRev (t(19) = 1.03, p = 0.316 for accuracy and t(19) = 1.75, p = 

0.096 for reaction time). There was also no significant difference between conditions Neut 

and NeutRev, on which the sentence comprehension contrast is built (t(19) = 1.50, p = 0.150 

for accuracy and t(19) = 1.26, p = 0.223 for reaction time). However, accuracy was 

significantly higher in condition EmotRev than in condition Emot (t(19) = 4.20, p = 0.0005), 

although reaction times again did not differ significantly (t(19) = 1.50, p = 0.150).

3.2. Imaging

3.2.1. Whole-brain analyses—Figure 2 illustrates group-level activations for the three 

contrasts of interest. Detailed information about activation clusters’ size and location are 

provided in Table 2. As expected, the sentence comprehension contrast [Neut – NeutRev] 

(Figure 2A) was associated with activations in left superior and middle temporal and inferior 

frontal cortex, angular gyrus (BA 39), and fusiform gyrus including the visual word form 

area (Cohen et al., 2000; Dehaene et al., 2002; McCandliss et al., 2003), which can be 

modulated by attention to speech stimuli even in the absence of visual stimulation 

(Yoncheva et al., 2010). This pattern of activation corresponds well with the classic left 
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hemisphere language network as identified similarly in many other functional neuroimaging 

studies (for reviews, see Vigneau et al., 2006; Price, 2012).

The Emotion recognition contrast [Emot – Neut] (Figure 2B) revealed fronto-temporal 

activations in the right hemisphere, including but not limited to areas roughly mirroring 

those activated by sentence comprehension. Like the sentence comprehension contrast, it 

activated superior and middle temporal, as well as inferior frontal cortex. In addition, it also 

evoked activations along the left superior temporal gyrus, as well as in the inferiormost 

portion of left inferior frontal cortex (pars orbitalis, Brodmann area 47), and extended 

bilaterally into the anterior insula and the amygdala. Interestingly, as best seen on the surface 

maps, the temporal cortex activations for [Emot – Neut] were more superior than those for 

[Neut – NeutRev]. The closer proximity to primary auditory cortex suggests that these 

activations may have partly been driven by the fact that the stimuli in condition Emot 

contain stronger pitch and amplitude modulations and are thus better at driving auditory 

cortex. Indeed, activation differences between the emotional and neutral reversed speech 

conditions (contrast [EmotRev – NeutRev]) were found predominantly in right, but also left 

superior temporal cortex (see Supplementary Materials S2).

Not surprisingly, then, subtracting the influence of these low-level acoustic differences from 

the emotional prosody contrast (see [Emot – Neut] – [EmotRev – NeutRev], Figure 2C) 

removed activations near primary auditory cortex bilaterally as well as left lateral temporal 

activations. However, activations in right auditory association areas (BA 22, 21) and inferior 

frontal cortex (BA 47 bilaterally, BA 45 and 46 on the right) remained. This suggests that 

their involvement in emotional prosody was not driven solely by low-level acoustic 

differences between emotional and neutral stimuli. Rather, we interpret these activations as 

showing task-related effects associated with attending to, identifying and interpreting 

emotional prosody cues. For example, the activation along right STS is in line with prior 

research demonstrating that auditory areas experience an attentional boost when attention is 

directed to their preferred features (e.g., Seydell-Greenwald et al., 2014). Similarly, left 

inferior frontal areas associated with sentence comprehension are activated more strongly 

during an active task requiring a comprehension-based decision compared to passive 

listening (e.g., Vannest et al., 2009). An analogous effect may be driving the right inferior 

frontal activations observed here. Overall, the areas of activation for emotional prosody 

observed here are in good agreement with the literature (e.g., Witteman et al., 2012).

To visually explore whether activation maps for sentence comprehension and emotional 

prosody were mirror images of each other, we flipped the sentence comprehension map 

across the midline and overlaid the right-hemisphere views of all maps (supplementary 

Figure S4). Common areas of activation were found along the length of the middle temporal 

gyrus (BAs 22, 21, and 38) and the inferior frontal gyrus (BAs 44, 45, and 6). However, 

there were considerable areas of non-overlap, with only emotional prosody significantly 

activating pars orbitalis, anterior insula, and amygdala, and only sentence comprehension 

activating fusiform gyrus and angular gyrus. However, the fact that activation is significant 

for one contrast (or one hemisphere) but not the other does not indicate a significant 

difference between the contrasts (or hemispheres; de Hollander et al., 2014). Thus, we next 
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took a more rigorous quantitative look at lateralization by comparing LH and RH activation 

for the different contrasts using an ROI-based approach.

3.2.2. Lateralization indices—Lateralization indices (Figure 3) were computed for a 

bilaterally symmetric “union ROI” (see section 2.4.5) comprising all voxels that showed a 

significant effect for any of the contrasts of interest in either hemisphere along with their 

homotopic counterparts. Even though this ROI includes all voxels (regardless of 

hemisphere) that showed activation for any contrast and was not biased towards any 

particular contrast, the expected lateralization pattern emerged. The sentence comprehension 

contrast ([Neut – NeutRev]) showed significant left-lateralization at group level (LI = 0.76, 

test against zero: t(19) = 22.68, p < 0.001). In contrast, both emotional prosody contrasts 

showed significant right-lateralization ([Emot – Neut], LI = −0.49, test against zero: t(19) = 

−6.62, p < 0.001; [Emot – Neut] – [EmotRev – NeutRev], LI = −0.38, test against zero: t(19) 

= −5.29, p < 0.001).

To directly compare strength of lateralization between the contrasts, we performed paired t-

tests on the absolute LIs for all contrast pairs. Sentence comprehension was significantly 

more left-lateralized than either emotional prosody contrast was right-lateralized ([Neut – 

NeutRev] vs. [Emot – Neut], t(19) = 4.02, p < 0.001; [Neut – NeutRev] vs. [Emot – Neut] – 

[EmotRev – NeutRev], t(19) = 5.31, p < 0.001). Emotional prosody was somewhat more 

right-lateralized when acoustic feature differences were allowed to contribute to the effect 

than when they were not ([Emot – Neut] vs. [Emot – Neut] – [EmotRev – NeutRev], t(19) = 

1.88, p = 0.038). However, this difference did not survive correction for multiple 

comparisons (the Bonferroni-corrected error level for the above 6 tests is p < 0.008).

We also repeated the lateralization analyses for an ROI encompassing the whole 

hemispheres (see supplementary Figure S5). While the LIs were overall less extreme due to 

the inclusion of voxels not involved in either sentence comprehension or emotional prosody 

processing, the overall pattern remained the same. There was significant group-level 

lateralization to the left for sentence processing ([Neut – NeutRev], LI = 0.64, test against 

zero: t(19) = 11.58, p < 0.001) and to the right for both emotional prosody contrasts ([Emot 

– Neut], LI = −0.45, test against zero: t(19) = −6.51, p < 0.001; [Emot – Neut] – [EmotRev – 

NeutRev], LI = −0.31, test against zero: t(19) = −4.29, p < 0.001). Sentence comprehension 

again was more left-lateralized than either emotional prosody contrast was right-lateralized 

([Neut – NeutRev] vs. [Emot – Neut], t(19) = 2.18, p = 0.042; [Neut – NeutRev] vs. [Emot – 

Neut] – [EmotRev – NeutRev], t(19) = 3.69, p =0.002), and emotional prosody was 

somewhat more right-lateralized when acoustic feature differences were allowed to 

contribute to the effect than when they were not ([Emot – Neut] vs. [Emot – Neut] – 

[EmotRev – NeutRev], t(19) = 2.48, p = 0.011), although in both cases, the p-values 

exceeded the Bonferroni-corrected error level of p < 0.008.

3.2.3. Region of interest analyses—The analysis across such large ROIs could mask 

local differences in lateralization. For example, right-lateralization of emotional prosody 

could be limited to the superior temporal lobe, as suggested by Witteman et al. (2012). Thus, 

we placed spherical ROIs at different anatomical locations of interest inside the union ROI 
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(see section 2.4.5. and Figure 4A) to capture local differences in areas of interest for either 

contrast.

Sphere ROIs in regions activated by both sentence comprehension and emotional prosody 

(BAs 22, 21, 45, 44, and 6, labeled in black in Figure 4B) coincided with the “classic” 

fronto-temporal network thought to support language function. In excellent agreement with 

the mirror hypothesis, they all showed significant left-lateralization for sentence 

comprehension and significant right-lateralization for emotional prosody. None showed a 

significant difference in right-lateralization between the two emotional prosody contrasts, 

indicating that right-lateralization for emotional prosody was not driven by acoustic 

differences between emotional and neutral stimuli. Left-lateralization for sentence 

comprehension tended to be stronger than right-lateralization for emotional prosody in all 

sphere ROIs, although the difference was not significant at Bonferroni-corrected error levels.

Sphere ROIs in regions that showed significant whole-brain activation only for sentence 

comprehension (FG and BA 39, labeled in blue in Figure 4B) also showed significant left-

lateralization for sentence comprehension, which significantly exceeded right-lateralization 

for emotional prosody (not surprisingly, given that these areas did not respond to emotional 

prosody). In contrast, sphere ROIs in regions that showed significant whole-brain activation 

only for emotional prosody (amygdala, anterior insula, and BA 47, labeled in orange in 

Figure 4B) showed roughly equal activation in both hemispheres, with the exception of 

primary auditory cortex (BA 41), which was not significantly activated by the sentence 

comprehension contrast on either side, but showed weakly right-lateralized activation for 

emotional prosody, regardless of whether acoustic feature differences were included or 

removed from the contrast.

4. Summary and Discussion

4.1. Summary

Overall, our results answer the four questions raised at the end of the Introduction. As 

expected, sentence processing was associated with strongly left-lateralized frontotemporal 

activations. In support of the lateralization hypothesis, emotional prosody processing was 

associated with right-lateralized frontotemporal activations (1), even when the effect of 

stronger pitch- and amplitude modulation was controlled for (2). However, right-

lateralization for emotional prosody processing was weaker than left-lateralization for 

sentence processing (3), and there was significant LH activation for emotional prosody. In 

support of the mirror hypothesis, the RH emotional prosody activation encompassed many 

of the same frontotemporal brain areas as the LH sentence processing activation (4). 

However, there was also considerable non-overlap. Bilateral pars orbitalis (BA 47), 

amygdala, and anterior insula were activated only for emotional prosody, and the sentence-

comprehension activations in right cerebellum, left fusiform gyrus, and left inferior parietal 

cortex did not have a contralateral counterpart for emotional prosody processing. We next 

discuss our key findings with respect to previous research and models/hypotheses.
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4.2. Emotional prosody activation was right-lateralized and not solely driven by the larger 
amplitude and pitch modulations of the emotional stimuli

As reviewed in the Introduction, the literature is divided regarding lateralization of 

emotional prosody processing. While early models based on lesion studies favored the idea 

of a right-lateralized frontotemporal emotional prosody network mirroring the LH language 

network, meta-analyses of functional neuroimaging studies have found little evidence of 

right-lateralization in inferior frontal cortex, and right-lateralization in temporal cortex is 

sometimes attributed to the acoustic features of the emotional prosody stimuli (e.g., Wiethoff 

et al., 2008).

The present data confirm a preference of right temporal cortex for emotional compared to 

neutral prosody. Contrasting reverse versions of emotional and neutral stimuli led to right-

lateralized auditory activation (see supplementary Figure S2), which suggests some 

preference of right auditory cortex for those characteristics of the emotional prosody stimuli 

that are preserved in the reverse emotional speech stimuli but not present to the same degree 

in the reverse neutral stimuli (e.g., higher pitch- and amplitude modulations at the 

suprasegmental level). This observation is consistent with hypotheses suggesting that the 

auditory cortices of the two hemispheres preferentially process different aspects of the 

speech signal (acoustic lateralization hypothesis, Wildgruber et al., 2006), with the RH 

dominant for analyzing pitch (Van Lancker & Sidtis, 1992; Zatorre, 2001) or aspects of the 

speech signal that require integration over larger temporal windows (Poeppel, 2003; Boemio 

et al., 2005).

Interestingly, stronger amplitude and pitch modulations were by no means the sole driver of 

right-lateralization for emotional prosody processing, as right-lateralization remained when 

their effect was subtracted from the forward speech emotional prosody contrast (see right-

lateralization for both emotional prosody contrasts in BAs 41, 22, and 21 in Figure 4). This 

suggests that right-lateralization is also driven by differences between conditions (Emot – 

Neut) that were not captured by contrast (EmotRev – NeutRev). These are, in no particular 

order: the presence of fully intact prosodic features associated with specific emotional 

interpretations (e.g., certain pitch contours that are degraded when playing the emotional 

stimuli in reverse), task-driven effects (e.g., the fact that attention was directed to emotional 

prosody in condition Emot, but not EmotRev), and potential interactions between emotional 

prosody and semantic content (e.g., if a participant interpreted the sentence “Dad cooked 

potroast for dinner last night” as something to be angry about, but the sentence was 

presented with happy prosody).

Importantly, right-lateralization was not equally strong across all areas activated by the 

emotional prosody contrasts. We next turn to discussing these interesting local variations, 

which have not been investigated before at this level of detail.

4.3. Lateralization of prosody activation showed strong local variations, with strong right-
lateralization limited to areas mirroring the LH sentence processing activation

As can be seen in Figure 4B, of the ROIs with significant emotional prosody activation, only 

those that were homotopic to LH sentence comprehension areas (BAs 22, 21, 44, 45, and 6) 
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showed strong right-lateralization. This complementary lateralization, which is predicted by 

the mirror hypothesis, may have been driven in part by the non-independence of the 

contrasts used to identify activations for sentence comprehension and emotional prosody: the 

contrasts of interest, [Neut – NeutRev] and [Emot – Neut], each contain [Neut], but with 

with opposite signs. Thus, strong LH activation for neutral forward speech would drive LIs 

for sentence comprehension towards left-lateralization and those for emotional prosody 

processing towards right-lateralization. However, the fact that we observed strong RH 

activation for [Emot – Neut] demonstrates that right-lateralization for emotional prosody 

was not driven solely by LH activation for [Neut], but to a significant degree by RH 

activation for [Emot].

In contrast, the emotional prosody ROIs that were not homotopic to LH sentence 

comprehension areas (BA 47, amygdala, and anterior insula) were activated bilaterally, and 

there were no contralateral emotional prosody activations mirroring LH sentence 

comprehension activations in right cerebellum, left fusiform gyrus, and left inferior parietal 

cortex. This, along with the observation that right-lateralization for emotional prosody was 

lower than left-lateralization for sentence comprehension in almost all ROIs, shows that a 

strong version of the mirror hypothesis cannot be maintained. However, our data are 

compatible with a qualified version of the mirror hypothesis that is also in line with more 

recent models of emotional prosody processing.

Multi-step models of prosody processing (Schirmer & Kotz, 2006; Wildgruber et al., 2009; 

Brück et al., 2011; Frühholz et al., 2016) have moved away from regarding emotional 

prosody processing as purely RH-based. Rather, they posit several sub-stages of emotional 

prosody processing that differ with respect to hemispheric lateralization. Specifically, after 

the speech signal reaches bilateral auditory cortex, its processing is divided between the 

hemispheres according to acoustic features, with the RH preferentially decoding the 

suprasegmental speech parameters carrying prosodic information (step 1). The results of this 

analysis are passed on to auditory association areas in right anterior and posterior temporal 

cortex (step 2) for identification (i.e., comparison with familiar auditory objects, such as 

pitch contours associated with specific emotions) and integration with other (e.g., visual) 

cues. Following identification, prosody-derived emotion information is then passed on to 

bilateral inferior frontal cortex for evaluation and integration with semantic information 

(step 3).

Reminiscent of the mirror hypothesis and in line with the ROI analysis reported here, these 

models propose right-lateralization for emotional prosody in superior temporal cortex as 

well as inferior frontal cortex (more specifically, BAs 44 and 45). However, Wildgruber et 

al. also predict bilateral frontal activations in BA 47 (Wildgruber et al., 2006), which is 

exactly what we observed here. In addition, both models recognize that emotional prosody 

processing does not occur in isolation, but happens in the larger context of general emotional 

appraisal, which also involves areas not expected to mirror the sentence comprehension 

system. For example, the amygdala, which was activated here by emotional prosody 

processing, is also responsive to emotional faces (Adolphs et al., 1994; Calder, 1996) and 

non-verbal emotional vocalizations (Morris et al., 1999; Fecteau et al., 2007). In this context 

it is important to note that vocal emotion processing in general is not right-lateralized (e.g., 
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Warren et al., 2006; Scott et al., 2009; Bestelmeyer et al., 2014; see Frühholz et al., 2016, for 

a review). Rather, right-lateralization seems to be most pronounced when parameters 

carrying emotional prosody information have to be disentangled from parameters that could 

potentially carry semantic information (even if the stimulus material is not comprehensible). 

In other words, it seems that the mirror hypothesis holds to the extent that there is a division 

of labor between the hemispheres regarding “core decoding”, i.e., which parameters of the 

speech signal they preferentially process. However, it does not capture the full complexity of 

the sentence comprehension and emotional prosody networks.

4.5. Caveats

As with any functional neuroimaging study, an important caveat is that activation of a brain 

area during a certain task should not be taken as an indication that this brain area is 

necessary for performing the task. However, the results of the few artificial lesion studies 

published to date are consistent with our neuroimaging results: Alba-Ferrara et al. (2012) 

found that only TMS to the right, but not to the left posterior superior temporal cortex 

prolonged reaction times in a prosody judgment task, in agreement with the right-lateralized 

activation observed here. Hoekert et al. (2010) found that rTMS over both the right and the 

left inferior frontal gyrus slowed emotion judgments, with no differences between the two 

sides, which is consistent with our data if the stimulation affected Brodmann area 47, where 

prosody activation was strongly bilateral.

Another caveat is that lateralization for emotion may be modulated by valence, with a RH 

advantage for negative and a LH advantage for positive emotions (Davidson, 1984; Sackeim 

et al., 1982; Ahern & Schwartz, 1985; Canli et al., 1998). Because two thirds of our stimuli 

were of negative valence (angry and sad vs. happy utterances), valence effects might have 

contributed to stronger RH activation. However, there is little evidence for a valence effect in 

emotional prosody processing, with several studies failing to find one (e.g., Borod et al., 

1998; Wildgruber et al., 2002, 2005; Kotz et al., 2003; Kucharska-Pietura et al., 2003; 

Wildgruber et al., 2005; see also Murphy et al., 2003, for a meta-analysis) and others 

producing weak and inconsistent effects (Buchanan et al., 2000; Kotz et al., 2006; Wittfoth 

et al., 2010). It is thus highly unlikely that the strong right-lateralization observed here was 

driven solely by a valence effect.

Lastly, our experimental conditions were not perfectly equivalent with regards to task 

demands. While performance was overall high and did not differ significantly between the 

conditions compared in our key fMRI contrasts (Emot vs. Neut, and Neut vs. NeutRev), this 

could partly reflect a ceiling effect or inadequate power/violations of assumptions of the 

statistical tests used and does not exclude the possibility that differences in task difficulty 

contributed to the observed activations. In addition, the forward speech conditions were 

associated with a matching task (does the visual symbol match the auditory information) 

whereas the reverse speech control conditions were associated with a simple detection task 

(was there a beep). This difference in task type (matching vs. detection) could potentially 

have contributed to activations observed for the sentence comprehension contrast (Neut – 

NeutRev), but not to activations for the emotional prosody contrasts (Emot – Neut) and 
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(EmotRev – NeutRev) because the conditions put in direct contrast have equivalent task 

demands.

5. Conclusion

This study used a within-subject design to directly juxtapose fMRI activation and quantify 

its lateralization for sentence comprehension and emotional prosody processing. Our results 

show that emotional prosody processing and sentence comprehension activate homotopic 

portions of superior temporal and inferior frontal cortex, suggesting a division of labor 

between the hemispheres when analyzing a speech signal that carries both semantic and 

prosodic information. However, right-lateralization of emotional prosody processing was not 

as strongly lateralized as left-lateralization of sentence comprehension in these areas, and 

each function also activated unique areas not activated by the other. We conclude that the 

classic “mirror hypothesis” has merit as a short-hand for describing hemispheric 

preferences, although it does not capture the full complexity of linguistic and paralinguistic 

processing, which involves additional, non-homotopic areas.
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Highlights

• Within-subject comparison of emotional prosody and sentence 

comprehension fMRI

• Emotional prosody judgments evoke right-lateralized frontotemporal fMRI 

activations

• Right-lateralization is not driven exclusively by acoustic feature differences

• Sentence comprehension evokes left-lateralized frontotemporal fMRI 

activations

• Emotional prosody and sentence processing activations partly mirror one 

another
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Figure 1. 
Stimuli and Design. (A) Experimental conditions and associated instruction screens. (B) 

Example trials. (C) Example time course of a 5-minute functional MRI run. Instruction 

periods are shown in black, all other colors as labelled in (A). Three runs were presented in 

counterbalanced order across participants.
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Figure 2. 
Whole-brain activation maps for sentence comprehension (A) and for emotional prosody 

processing including (B) and excluding (C) the influence of acoustic differences between 

emotional and neutral stimuli. Group-level activations are projected onto the surface and 

superimposed on horizontal slices of the Colin 25 template brain in Talairach space. Slices 

were chosen to best show activations and are shown in neurological convention (left 

hemisphere on the left). Numbers indicate the z-Talairach coordinate of the depicted slices. 

Detailed information about activation clusters’ locations are provided in Table 2. (D) 

Overlap of the binarized activation maps from A (blue), B (yellow), and C (red).
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Figure 3. 
Lateralization indices for the three contrasts of interest. (A) A bilaterally symmetric ROI not 

biased towards either hemisphere or contrast was generated from the union of all contrasts’ 

activations and their left-right reversed mirror images (see Section 2.4.5. for details on ROI 

generation). Blue, yellow, and red dots represent individual participants’ LIs for contrasts 

[Neut – NeutRev], [Emot – Neut], and ([Emot – Neut] – [EmotRev – NeutRev]), 

respectively; horizontal bars represent the group means, with error bars representing the 

standard error of the mean. As expected, sentence comprehension was significantly left-

lateralized for all individual participants and at group level, whereas emotional prosody 

processing was right-lateralized at group level and for most individual participants. Left-

lateralization for sentence comprehension was significantly stronger than right-lateralization 

for emotional prosody processing, and emotional prosody processing was somewhat more 

right-lateralized when acoustic differences were allowed to contribute (see Section 3.2.1. for 

statistical details.) Supplementary Figure S5 shows LIs in an anatomical, whole-hemisphere 

ROI.
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Figure 4. 
Sphere ROI analyses comparing lateralization strength for sentence comprehension (blue) 

and emotional prosody processing including (yellow) and excluding (red) the influence of 

acoustic differences between emotional and neutral stimuli. (A) Spherical ROIs along with 

their name labels (BA = Brodmann area; p = posterior, m = mid, a = anterior, s = superior; 

FG = fusiform gyrus; amyg = amygdala, ant ins = anterior insula) superimposed on brain 

slices selected to best show the ROIs. Numbers superimposed on the slice indicate the 

relevant Talairach coordinate (x for the sagittal slices, y for the coronal, z for the horizontal 

slice.) ROIs activated only by sentence comprehension are labeled in blue; ROIs activated 

only by emotional prosody are labeled in orange; all other ROIs were activated by both 

sentence comprehension and emotional prosody (albeit in different hemispheres). (B) 

Strength of lateralization, as quantified by subtracting percent signal change in the 

homotopic sphere ROI from percent signal change in the ROI of the hemisphere thought to 

be dominant for the contrasts of interest. Positive values indicate stronger activation on the 

side thought to be dominant for the contrast, i.e. on the left for sentence comprehension 

contrast [Neut – NeutRev] (blue), and on the right for emotional prosody contrasts [Emot – 

Neut] (yellow) and [(Emot – Neut) – (EmotRev – NeutRev)] (red). Error bars indicate 

standard error of the mean across participants. Significance indicators at the base of bars 

indicate significant lateralization; significance indicators underneath brackets indicate 

differences in lateralization strength between sentence comprehension and emotional 

prosody. Stars indicate significance at Bonferroni-corrected error levels (p < 0.0006, 

correcting for 80 tests), circles indicate significance at uncorrected p < 0.05.
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Table 1.

In-scanner performance

Mean (SD) percent correct Mean (SD) reaction time (ms)

Vis 98.80 (1.88) 519 (83)

Emot 96.53 (2.76) 489 (72)

Neut 97.29 (2.86) 501 (82)

EmotRev 98.89 (2.04) 501 (88)

NeutRev 98.06 (3.18) 493 (79)
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Table 2.

Activation peaks in the whole-brain analysis

Contrast of interest Cluster location Peak Talairach coordinates x,y,z 
*

Peak t-
value

Neut – NeutRev Left superior and middle temporal cortex, BAs 22, 
21, 37

−48, −28, 1 7.63

Left fusiform gyrus, BAs 37, 36 −33, −37, −17 7.77

Left anterior temporal cortex, BA 38 −48, 11, −14 6.32

Left inferior frontal cortex, BAs 6, 9, 44 (extending 
into 46 and 45)

−45, 5, 34 11.92

Left inferior parietal cortex, BAs 39, 7 −27, −61, 37 6.22

Right cerebellum 6, −76, −29 6.09

Emot – Neut Left superior/middle temporal cortex, BAs 41, 42, 
22, 21, 38

−57, −37, 11 9.28

Left anterior insula −33, 5, −11 9.90

Left amygdala −20, −6, −10 8.19

Left inferior frontal cortex, BAs 47, 45, 44 −42, 17, −5 7.28

Midline frontal cortex, BA 9 3, 47, 37 8.22

Right thalamus 6, −27, 1 8.92

Right amygdala 21, −7, −8 10.09

Right anterior insula (no separate peak, but bridging activation between other peaks)

Right superior/middle temporal cortex, BAs 41, 42, 
22, 21, 37, 38

63, −16, 7 12.53

Right inferior/middle frontal cortex, BAs 47, 45, 44, 
46, 6

48, 35, 10 10.83

(Emot – Neut) – (EmotRev – 
NeutRev)

Left anterior insula, extending into anterior temporal 
BA 38

−35, 2, −11 5.38

Left inferior frontal cortex, BA 47 −42, 15, −3 4.75

Right amygdala 24, 2, −14 5.47

Right anterior insula (no separate peak, but bridging activation between other peaks)

Right superior/middle temporal cortex, BAs 22, 21, 
38

45, −43, 7 6.23

Right inferior frontal cortex, BAs 47, 45, 46 33, 23, −11 6.50

*
When activations merged into one big cluster at p < 0.001, we determined these peaks by increasing the threshold until the clusters separated, 

allowing identification of local maxima.
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