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A B S T R A C T

Along with semantic content, prosody, which includes intonation, stress, and rhythm, plays an important role in 
speech comprehension by conveying paralinguistic information. While functional neuroimaging data yields 
valuable insights into the involvement of language-related grey matter structures in semantic and prosodic 
processing, the dynamic organization of large-scale functional networks supporting ecologically valid, contin
uous speech perception remains poorly understood. By selectively disrupting the semantic and/or prosodic 
structure of complex, continuous speech narratives, we investigated how semantic coherence and intonation 
modulate interactions between language network and domain-general systems. Our factorial fMRI design 
revealed involvement of classical left-lateralized language network in the processing of semantic content and 
bilateral superior temporal areas in the processing of intonation. Scrambled speech engaged the salience network 
and executive control regions, reflecting effortful meaning extraction. Psychophysiological interaction (PPI) 
analysis revealed a functional dissociation within the inferior frontal gyrus (IFG). Semantic coherence 
strengthened connectivity within left-hemispheric language network, including both IFG subregions, pars 
opercularis (IFGop) and pars triangularis (IFGtri), posterior temporal cortex, and inferior parietal lobule (IPL), 
and between right IFG and left IPL. Intonation enhanced right IFGop coupling with left temporal cortex, while 
reducing left IFGop connectivity with the right IPL. Thus, bilateral IFGop demonstrated context-dependent 
flexibility across semantic and prosodic networks, whereas bilateral IFGtri was specifically engaged in seman
tic processing. These findings illustrate a dynamic trade-off, where the engagement of core language networks for 
structured speech is complemented by the recruitment of domain-general evolutionary older systems when 
processing demands increase due to degraded input.

1. Introduction

Due to the social nature of human beings, verbal communication 
plays an essential role in daily life. Successful speech comprehension 
requires accurate interpretation of both semantic and prosodic cues. 
During this process, our brain integrates various sound features into a 
holistic auditory image and converts it into a meaningful message.

Prosody plays a dual role in communication. On the one hand, it 
provides information about emotional connotations of uttered words 
and the affective state of the interlocutor. On the other hand, it enables 
discrimination between different speech acts, such as questions or 

declarative statements. In addition, certain prosodic cues, e.g., varia
tions of the voice fundamental frequency, loudness, speech rate, and 
rhythm, aid in judging whether the utterance is completed or expected 
to be continued (Xu, 2019), and in distinguishing between potentially 
ambiguous sentences (Meyer et al., 2002).

Prosody and semantics are processed in partially segregated brain 
networks (Baum and Pell, 1999; Binder et al., 2009; Fedorenko et al., 
2015; 2011; Pasquinelli et al., 2023; Price, 2000; Turker et al., 2023; 
Wildgruber et al., 2004; Zhang et al., 2010), and are further integrated 
to ensure successful speech comprehension.

Semantic processing is conventionally linked to the language 
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functional network, encompassing regions activated by linguistic inputs 
across various modalities. This network comprises association temporal, 
parietal, and inferior prefrontal areas (Binder et al., 2009; Fedorenko 
et al., 2015; Hagoort and Indefrey, 2014; Hodgson et al., 2021; Price, 
2000; Turker et al., 2023). Dorsolateral prefrontal cortex (DLPFC) has 
been suggested to be an additional substrate for semantic processing 
(Bottini et al., 1994; Fedorenko et al., 2011), in a subregion partially 
distinct from the one serving general executive functions (Fedorenko 
et al., 2011). Multiple neuroimaging and lesion studies suggest that se
mantic processing is lateralized to the left hemisphere, although may 
recruit right-hemispheric sites, especially for the interpretation of figu
rative aspects of language (e.g., Binder et al., 2009; Bottini et al., 1994; 
Hodgson et al., 2021; Turker et al., 2023; Vigneau et al., 2011).

Prosodic processing shows more bilateral organization, although 
with some right-hemispheric bias, along the perisylvian (Baum and Pell, 
1999; Fedorenko et al., 2015; Kandylaki et al., 2017; Sankaran et al., 
2024; Tang et al., 2017; Themistocleous, 2025; Wildgruber et al., 2004; 
Witteman et al., 2011; Zhang et al., 2010) and in the inferior frontal 
cortex (Sihvonen et al., 2022; Van Lancker Sidtis et al., 2006; Wild
gruber, 2009; Wildgruber et al., 2004).

Hemispheric specialization aligns with acoustic processing prefer
ences. The cue-dependent hypothesis posits that temporal and spectral 
prosodic cues may be independently lateralized to the left and right 
hemispheres, respectively (Van Lancker and Sidtis, 1992). Although 
initially proposed for the prosodic processing, this hypothesis may be 
applied to other aspects of speech processing. It is consistent with more 
general models of auditory processing emerging from multiple neuro
imaging and lesion studies. Zatorre and colleagues (Flinker et al., 2019; 
Zatorre and Belin, 2001; Zatorre and Gandour, 2008) associate left 
auditory cortex with higher temporal resolution, and hence fine tem
poral processing, whereas right one with better spectral resolution and 
analysis of pitch changes (see also Obleser et al., 2008). The asymmetric 
sampling in time (AST) model (Poeppel, 2003) suggests asymmetry of 
auditory processing in the time domain. It posits that non-primary 
auditory regions in the left hemisphere are specialized for extracting 
information over shorter temporal integration windows, corresponding 
to acoustic-phonetic speech cues, while homologous regions in the right 
hemisphere show preference for longer windows, corresponding to 
prosodic cues (Hesling et al., 2005a, 2005b; Liem et al., 2014). A recent 
meta-analytic review strongly supports this right-hemispheric prefer
ence for longer timescales and extends the evidence to include primary 
auditory areas, while also confirming, with partial support, the 
left-hemispheric preference for shorter windows (Oderbolz et al., 2025). 
Thus the left hemisphere may be more specialized for processing of 
segmental information at the level of phonemes and syllables, whereas 
the right hemisphere is tuned to sentence level suprasegmental infor
mation processing, which includes formation of intonation phrases, 
syntactic segmentation via boundary marking, and distinguishing 
declarative sentences from interrogatives and imperatives (Baum and 
Pell, 1999; Friederici, 2011). These functional interhemispheric asym
metries are embedded within a broader, structurally asymmetric con
nectome (i.e., the comprehensive map of neural connections), as 
revealed by an anatomical connectivity study (Mǐsic et al., 2018). Taken 
together, the models suggest a dynamic interaction between both 
hemispheres at different levels of speech processing, supporting the 
extraction of both semantic and prosodic cues.

Several ’dual-stream’ models further dissociate different aspects of 
speech processing along dorso-ventral anatomical axis (Friederici, 2020; 
Hickok and Poeppel, 2007, 2004; Rauschecker and Scott, 2009; Saur 
et al., 2008). A common anatomical framework describes a ventral 
stream, projecting ventro-laterally to middle/inferior temporal cortices, 
and a dorsal stream, projecting dorso-posteriorly via parietal cortex to 
frontal areas (Friederici, 2020; Hickok and Poeppel, 2007, 2004). While 
differing in specifics, these models generally agree that the left ventral 
stream primarily supports semantic processing (DeWitt and Rau
schecker, 2012; Pylkkänen, 2019; Rauschecker and Scott, 2009) and 

building of local syntactic structures (Friederici et al., 2006), whereas 
the dorsal stream is implicated in speech production (Hickok and 
Poeppel, 2007; Rauschecker and Scott, 2009) and complex syntactic 
integration (Bornkessel-Schlesewsky and Schlesewsky, 2013; Friederici, 
2020, 2009; Giglio et al., 2024; Wilson et al., 2011). Some evidence also 
suggests dorsal stream involvement in lexico-semantic processing (e.g. 
Glasser and Rilling, 2008). In the right hemisphere, both streams 
contribute to prosodic processing (Frühholz et al., 2015; Sammler et al., 
2018, 2015).

Both dorsal and ventral pathways converge on the inferior frontal 
gyrus (IFG), which is suggested to act as an integrative hub for higher- 
order speech and language processes (Bornkessel-Schlesewsky and 
Schlesewsky, 2013; Friederici, 2011; Hagoort, 2013). Within the IFG, a 
functional dissociation has been proposed between its posterior (pars 
opercularis) and anterior (pars triangularis) subregions. The IFGop is 
primarily implicated in phonological and syntactic processing, including 
hierarchical structure-building and parsing (Friederici, 2020; Hagoort 
and Indefrey, 2014; Zaccarella et al., 2017), while the IFGtri supports 
semantic processing (Binder et al., 2009; Friederici, 2020; Hagoort and 
Indefrey, 2014; van der Burght et al., 2023). Both subregions have also 
been implicated in prosodic processing (Belyk and Brown, 2014). 
However, the lateralization of intonation processing may depend on its 
role in syntactic processing: left-lateralized activity dominates when 
intonation is critical for syntactic resolution, while right IFG involve
ment is enhanced when intonation does not contribute to sentence 
comprehension (van der Burght et al., 2019).

The current study focuses on the effect of semantic content and 
intonation on neural networks engaged in speech perception. While 
numerous studies have examined these features in isolation, the present 
experiment advances the field by testing both at the same time. We 
employed carefully controlled speech stimuli. Specifically, the design 
manipulates both semantic content (connected vs. scrambled speech) 
and prosodic structure (intoned vs. monotonous speech). This approach 
supports both conventional fMRI analyses of semantic and prosodic 
processing within a 2 × 2 factorial design, and investigation of func
tional connectivity through psychophysiological interaction (PPI) 
analysis.

Given the proposed dissociation between IFGop and IFGtri in 
phonological/syntactic versus semantic processing, we aimed to 
examine whether these subregions exhibit differential functional con
nectivity profiles during processing of intonation and sentence seman
tics. By using seed-based PPI analysis centered on left and right IFGop 
and IFGtri, we tested whether functional specialization of IFG sub
regions extends beyond local activation patterns to their connectivity 
dynamics, depending on the type of linguistic information being pro
cessed. We use the term ’brain activation’ throughout this manuscript as 
a convention to refer to task-related BOLD signal changes, acknowl
edging that BOLD reflects hemodynamic responses that are indirect 
markers of underlying neuronal activity. We predicted that left IFGtri 
would exhibit stronger connectivity with temporal and inferior parietal 
semantic hubs during semantic processing, consistent with its role in 
lexico-semantic integration, whereas right IFGop may be involved in 
suprasegmental prosodic processing, particularly when intonation is not 
structurally informative, consistent with van der Burght et al. (2019). 
Behaviorally, we expected superior performance for connected (vs. 
scrambled) and intoned (vs. monotonous) speech consistent with pro
sody’s facilitatory role (Cutler et al., 1997).

Beyond these predictions, we aimed to provide a network-level 
perspective on how classical language areas (including IFG) dynami
cally engage with other cortical regions, particularly those implicated in 
the salience and/or default mode networks, in response to variations in 
linguistic structure and meaning.
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2. Materials and methods

2.1. Participants

Functional neuroimaging data were acquired in 21 volunteers (8 
males, 19 right-handed and 2 left-handed, mean age ± S.D.: 29 ± 8.8 
years). All participants were healthy, with no history of neurological or 
psychiatric disorders. Six participants were native English speakers, 
while 15 were non-native, although proficient English speakers (their 
mean duration of active use of English ± S.D. was 20 ± 9.1 years). The 
non-native English speakers represented 3 different native languages: 
Hebrew (11), Russian (3), and German (1). The study was performed 
according to the 2013 Declaration of Helsinki and approved by the 
Sheba Medical Centre Research Authority. Written informed consent 
was obtained from all participants prior to the experiment.

2.2. Experimental conditions

In the present study, we manipulated semantic content and intona
tion contours of the auditorily presented fragments of continuous 
speech, which resulted in four experimental conditions: 

1. Connected intoned speech
2. Connected monotonous speech
3. Scrambled intoned speech
4. Scrambled monotonous speech

2.3. Speech stimuli

The speech stimuli were created on the basis of the Michigan Corpus 
of Academic Spoken English (MICASE) which contains authentic speech 
recorded in university environments.

Connected speech stimuli were comprised of semantically coherent 
and grammatically well-formed extracts from monologic speech events 
typical of academic communication, such as lectures, seminars, and 
conference presentations (Example 1). All the stimuli were meaningful 
on their own outside the larger context of a speech event. The stimuli 

were reproduced by a trained speaker, who mimicked the original 
intonation patterns with high precision. Recordings took place in an 
acoustically shielded room.

Example 1. The stimulus comprises three excerpts (each shown in 
brackets) of the same monologic event.

[When we’re looking at animal population cycles, we need long-term 
kinds of studies.] [If you look at how predation might change as the 
population grows, we might see cycles occurring.] [We have a high prey 
population, and the predators then eat a lot, and they are doing really 
well, so they reach a very high level. But then, as they eat up the prey, the 
prey start declining, and then the predators can’t get as much food, and 
they start declining either through lower birth rates or higher death rates. 
And then, when the predators get rare, the prey can start increasing 
again.]

Scrambled speech stimuli represented meaningless, ungrammatical 
strings of words reproduced by the same speaker who was instructed to 
mimic intonations from the corresponding meaningful narratives 
(Example 2, Fig. 1). The word strings were created by shuffling the 
words from the corresponding meaningful narrative in such a way, that 
the number of syllables and positions of stressed syllables matched the 
number of syllables and positions of stressed syllables in prosodic 
phrases in the meaningful stimulus (Example 2). Therefore, lexical 
content of the stimuli remained constant across the experimental con
ditions, which ensured similar lexical retrieval and phonological 
processing.

Example 2. A. A full version of a scrambled stimulus corresponding to 
the stimulus given in Example 1. B. A fragment of the scrambled speech 
stimulus (in bold) versus a corresponding connected speech stimulus. 

A. Up we’re through of animal get predation cycles, as eat long-term very 
studies. If and they the start population when prey as and they are prey the 
grows, we when at might as occurring. We either prey at population, and 
they predators reach get a lot, and rates an looking how well, so declining 
then the can’t level. But need, you the start much the prey, then have 
might declining, and can the predators high look doing food, see the high 

Fig. 1. Examples of the speech stimuli used in four experimental conditions. Upper panel shows the oscillogram of the stimulus, the lower panel shows the stimulus 
spectrogram and variation of the voice fundamental frequency (f0) (blue line). The left frequency scale (0–5 kHz) corresponds to the spectrogram, while the right 
frequency scale (0–500 Hz) corresponds to the superimposed pitch (f₀) contour.
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increasing really they higher start then or cycles eat rates. A change, lower 
predators death rare, then birth we kinds population again.

B.
we have a high prey population /
we either prey at population /
and the predators then eat a lot /
and they predators reach get a lot /
and they’re doing really well /
and rates an looking how well /
so they reach a very high level //
so declining then the can’t level //

In order to create monotonous connected or scrambled stimuli, we 
instructed the speaker to utter the same narratives as monotonously as 
possible, and then the residual variations of the fundamental frequency 
were removed using Praat 6.039 software (Boersma and van Heuven, 
2001). This procedure prevented the occurrence of sound artifacts 
which would have been otherwise present if the fundamental frequency 
was removed from the original, intoned narratives.

All four types of the stimuli were synchronized to ensure similar 
speech rate and duration of phonological phrases and gaps. This was 
achieved by slightly adjusting the tempo of individual words or phrases 
and/or modifying the duration of pauses between them. Subsequently, 
the stimuli were intensity-normalized using the RMS (root mean square) 
function with Adobe Audition CC 2015 (match to total RMS, loudness – 
26 dB).

2.4. Experimental design

During the MRI scanning session, subjects listened to the speech 
stimuli and answered comprehension questions after each stimulus. In a 
forced-choice paradigm, subjects categorized the “suggested topics” 
(Example 3) corresponding to each speech stimulus as either plausible or 
not, by pressing one of two buttons (“yes” or “no”) on a response pad.

Example 3. Comprehension questions (“suggested topics”) to the 
speech stimuli presented as Examples 1 and 2.

Scrambled intoned: The lecture was about hormonal changes throughout 
the menstrual cycle (No)

Scrambled monotonous: The speaker talked about population cycles in a 
prey-predator system (Yes)

Connected intoned: The speaker described the relationship between 
animal population cycles and annual temperature fluctuations (No)

Connected monotonous: The lecture was about a dynamics of large- 
scale animal population cycles (Yes)

During the experiment, the scrambled speech stimuli were always 
presented before the corresponding connected speech stimuli to prevent 
any semantic priming or familiarity effects that might arise from hearing 
the meaningful version first. Furthermore, the order of intoned and 
monotonous speech conditions was counterbalanced.

Presentation of the stimuli and collection of behavioral data were 
controlled by Presentation software (release 23.1, Neurobehavioral 
Systems, Inc., San Francisco, USA). The speech stimuli and the 
comprehension questions were presented binaurally through electro
static MRI-compatible headphones (HP PI US; https://www.crsltd. 
com/). The onset of each condition (scrambled or connected speech) 
and the instruction to figure out the topic of the narrative were also 
announced through the headphones. The subjects were blindfolded 
throughout the whole MRI scanning session by wearing a sleep mask.

Acquisition of functional data was performed using a block-design 
paradigm. Each block included a single speech stimulus (duration 
46–60 s), which was followed by a comprehension question and a motor 
response. Blocks were separated by instructions. There were four fMRI 
runs, each built of 10 blocks. Specifically, one run (12.3 min) included 
two scrambled intoned, two scrambled monotonous, two connected 

intoned, and two connected monotonous speech stimuli, and two resting 
periods of a comparable duration (46–56 s). Thus, each condition, 
including rest, was repeated 8 times during the experimental session.

Before the scanning session, the subjects completed a 7–10-minute 
practice session, during which the four versions of one stimulus (not 
included in the main experimental set) and the corresponding compre
hension questions were presented.

2.5. Statistical evaluation of behavioral data

Analysis of behavioral data (percentage of correct responses during 
the scanning session) was performed using the Aligned Rank Transform 
(ART) method, which is a non-parametric approach to factorial ANOVA 
that enables analyzing the main effects and interaction. For the pairwise 
comparison across the experimental conditions we applied the Durbin- 
Conover test with Bonferroni correction for multiple comparisons.

2.6. Neuroimaging data acquisition

All neuroimaging data were acquired at the Ruth & Meir Rosental 
Imaging Center, Reichman University, Herzliya, Israel, using a 3-Tesla 
Siemens Prisma scanner equipped with a 64-channel head coil.

A high-resolution 3D T1-weighted MPRAGE image (resolution 1 × 1 
× 1 mm) was acquired for each subject (TR = 2000 ms, TE = 1.9 ms, TI 
= 920 ms, flip angle = 9◦). The volume consisted of 176 sagittal slices 
(FOV = 256 × 256 mm, 256 × 256 matrix size).

The fMRI data were acquired using an echo-planar imaging sequence 
(TR = 2000 ms, TE = 30 ms, flip angle = 80◦). The FOV was 248 × 248 
mm with a 124 × 124 matrix size; slice thickness 2 mm, spacing between 
slices = 2.0 mm, resulting in an effective voxel resolution of 2 × 2 × 2 
mm. For each run, 370 vol of 72 slices were acquired in a continuous 
sampling paradigm.

Field-map images were acquired to correct for distortions due to 
magnetic field inhomogeneities (TR = 648 ms, TE1 = 4.8 ms, TE2 = 7.3 
ms, flip angle = 45◦, slice thickness = 2 mm, spacing between slices = 2 
mm, FOV = 128 × 128 mm, 64 × 64 matrix size).

2.7. Neuroimaging data pre-processing and analysis

The neuroimaging data were analyzed using the FMRIB’s software 
library (FSL, version 6.0.6, Oxford Centre for Functional MRI of the 
Brain (FMRIB), UK: http://www.fmrib.ox.ac.uk/fsl/) (Jenkinson et al., 
2012; Smith et al., 2004).

Prior to the fMRI data analysis, the original T1-weighted MRIs were 
extracted using BET. Then, field-maps for distortion correction of fMRI 
data were created using the following steps: brains were extracted from 
subjects’ magnitude field-maps with BET, then the images were eroded 
to remove noisy edges, and then the field-maps were prepared using the 
fsl_prepare_fieldmap tool.

Analysis of the functional data was conducted using the FSL FEAT 
(FMRI Expert Analysis Tool) (Woolrich et al., 2004, 2001). The pre
processing of the functional data included motion correction using 
MCFLIRT (Jenkinson et al., 2002), temporal high-pass filtering (filter 
cutoff 120 s), spatial smoothing using a 5-mm Gaussian filter, and 
denoising the data using MELODIC Independent Component Analysis 
(ICA).

Registration to the individual’s structural MRI and to the standard 
MNI template was carried out using FLIRT (Greve and Fischl, 2009; 
Jenkinson et al., 2002; Jenkinson and Smith, 2001).

A general linear model (GLM) was used to analyze the blood oxygen 
level–dependent (BOLD) responses of each subject as a function of the 
experimental condition. Regressors of interest consisted of boxcar 
functions convolved with Gamma function (lag 6 s).

The general linear model included 5 explanatory variables: con
nected intoned speech (CIS), connected monotonous speech (CMS), 
scrambled intoned speech (SIS), scrambled monotonous speech (SMS), 
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and rest baseline. Volumes corresponding to the instructions, compre
hension questions, and motor responses were excluded from the anal
ysis. The effects of semantic content and intonation presence were tested 
using the following contrasts: (CIS+CMS) – (SIS+SMS) and (CIS+SIS) – 
(CMS+SMS), respectively. Similarly, the effects of semantic content and 
intonation absence were tested using the opposite contrasts: (SIS+SMS) 
– (CIS+CMS) and (CMS+SMS) – (CIS+SIS). The interactions were tested 
using the contrasts: (CIS − SIS) − (CMS − SMS) and (SIS − CIS) − (SMS 
− CMS), which evaluate whether the effect of semantic content differs 
depending on the presence or absence of intonation.

For the group-level statistical analysis we used mixed effects 
modeling in order to account for intersubject variability. Z statistic im
ages were thresholded using clusters determined at Z > 2.3 at the cluster 
p threshold of 0.05. This threshold was applied to define functional re
gions of interest (ROIs). ROIs were labeled using Harward-Oxford 
Cortical Structural Atlas, Juelich Histological Atlas, and Talairach 
Daemon Labels.

2.8. Generalized psychophysiological interactions (gPPI)

Psychophysiological interaction analysis (PPI) was used to study 
changes in functional connectivity across connected and scrambled, 
intoned and monotonous conditions. It was implemented within the 
CONN toolbox (version 22a), which performs the first-level analyses in 
SPM and the second-level random-effects analyses in MATLAB. All 
participants were included in the gPPI analysis. For each participant, the 
mean BOLD time series were extracted from the defined ROIs (McLaren 
et al., 2012). Additionally, we confirmed that all participants exhibited 
stable BOLD time series in the seed regions and that the extracted signal 
was not hampered by motion or outliers. Based on prior hypothesis, seed 
regions included bilateral inferior frontal gyrus pars opercularis and 
bilateral pars triangularis. The seed regions were defined using the 
multi-label atlas.nii file from the CONN toolbox’s default 
Harvard-Oxford parcellation. Separately for each pair of seed and 
revealed target areas, a generalized psychophysiological interaction 
model was defined with seed BOLD signals as physiological factors, 
boxcar signals characterizing each individual task condition, convolved 
with an SPM canonical hemodynamic response function as psychologi
cal factors, and the product of the two as psychophysiological interac
tion terms. Functional connectivity changes across conditions were 
characterized by the Fisher-transformed semi-partial correlation coef
ficient of the psychophysiological interaction terms in each model. 
Group-level analyses were performed using a GLM. For each individual 
voxel a separate GLM was estimated, with first-level connectivity mea
sures at this voxel as dependent variables. Voxel-level hypotheses were 
evaluated using multivariate parametric statistics with random-effects 
across subjects and sample covariance estimation across multiple mea
surements. Cluster-level inferences were based on parametric statistics 
from the Gaussian Random Field theory. Results were thresholded using 
a cluster-forming threshold of p < 0.001 (uncorrected) at the voxel level, 
and a false discovery rate (FDR) corrected threshold of p < 0.05 at the 
cluster level. The applied contrasts were: a) (CIS+CMS) – (SIS+SMS) to 
evaluate the effect of semantic content, and b) (CIS+SIS) – (CMS+SMS) 
to evaluate the effect of intonation presence.

3. Results

3.1. Behavioral results

The accuracy of task performance was affected significantly by both 
main effects, semantic content and intonation presence (F(1, 60) = 20.7, 
p < 0.001, and F(1, 60) = 16.2, p < 0.001 respectively). No significant 
interaction was found (F(1, 60) = 0.4, p > 0.5).

Durbin-Conover test showed that task performance accuracy did not 
differ significantly between the connected intoned and connected 
monotonous conditions. However, the difference was significant 

between the intoned and monotonous scrambled conditions (Z = 3.2, p 
< 0.01, Bonferroni corrected). The difference was also significant be
tween connected and corresponding scrambled conditions (connected 
intoned and scrambled intoned: Z = 2.6, p < 0.05; connected monoto
nous and scrambled monotonous: Z = 3.8, p < 0.01, Bonferroni cor
rected) (Fig. 2).

3.2. fMRI results

Processing of connected intoned speech (compared to rest) produced 
activation in the primary and non-primary auditory cortex in temporal 
lobes, bilateral inferior frontal cortex (pars opercularis and pars trian
gularis), and bilateral cerebellum (Fig. 3). Deactivations were observed 
within the areas attributed to the default mode network: anterior and 
posterior cingulate cortex, and bilateral occipito-temporal regions 
(angular gyrus (AG)/superior occipital cortex).

Connected speech conditions compared to scrambled speech elicited 
left-lateralized activation within speech-related areas: anterior superior 
and middle temporal gyri (aSTG/MTG) (left > right), left posterior STG 
(pSTG)/AG, and left inferior frontal gyrus (IFG, pars triangularis) 
(Fig. 4A and Table 1). The opposite contrast (scrambled > connected 
speech) revealed significantly higher amplitude of BOLD response in 
bilateral dorsolateral prefrontal cortices (DLPFC), right posterior pari
etal cortex (PPC), bilateral anterior insula (aIns), and anterior cingulate 
cortex (ACC) (both dorsal and ventral segments) (Fig. 5A).

Processing of intoned compared to monotonous narratives produced 
bilateral activation within the anterior and posterior temporal regions 
(Fig. 4B and Table 1). The contrast monotonous > intoned speech 
showed significant difference in the amplitude of BOLD response within 
the anterior and posterior cingulate cortex (Fig. 5B).

Furthermore, there was a significant interaction between the main 
effects of semantic content and intonation. This interaction was confined 
to a single significant cluster within the right temporo-parietal junction 
(TPJ), specifically in the supramarginal/angular gyrus region (SMG/ 
AG), a part of the inferior parietal lobule (IPL) (Fig. 4C). This area was 
consistently deactivated in all conditions except one: scrambled 
monotonous speech. In the presence of intonation, scrambled speech led 
to stronger deactivation of the right IPL compared to connected speech, 
whereas in the monotonous condition, the opposite pattern emerged – 
the IPL was deactivated by connected, but not by scrambled speech.

3.3. gPPI results

Psychophysiological interaction analyses (gPPI) revealed significant 
condition-dependent changes in functional connectivity from bilateral 
inferior frontal gyrus pars opercularis and pars triangularis (IFGop, 

Fig. 2. A. Behavioral results. Accuracy of task performance across the experi
mental conditions. Color bars represent the mean percentage of correct re
sponses (y-axes), vertical lines represent standard error of the mean (SEM). CIS 
= connected intoned speech, CMS = connected monotonous speech, SIS =
scrambled intoned speech, SMS = scrambled monotonous speech. *P < 0.05, 
**P < 0.01.
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IFGtri) seed regions. The contrast comparing connected and scrambled 
conditions identified significant clusters showing increased connectivity 
with these seed regions. Specifically, bilateral IFGop, and right IFGtri 
showed increased connectivity with left-hemispheric clusters. For the 
left IFGop the target clusters were centered at MNI (x y z): –58 –58 18 
and –46 –66 48, for the right IFGop the target cluster was centered at 
MNI: –42 –72 42, and for the right IFGtri the target cluster was centered 
at MNI: –42 –60 40. Furthermore, both left IFGop and left IFGtri showed 
increased FC with left posterior temporal cortex (pSTG). For the left 
IFGop the target cluster was centered at MNI: –54 –32 6, and for the left 
IFGtri at –46 –36 4 (Table 2).

The contrast comparing intoned versus non-intoned conditions 
revealed significant target clusters showing increased and decreased 
connectivity for IFGop. Specifically, the right IFGop showed increased 
FC with a cluster in left posterior temporal cortex (pMTG) (–70 –34 4), 
while the left IFGop showed decreased FC with right IPL/LOC (52 –68 
18) (Fig. 6).

4. Discussion

In the present study we combined activation and functional con
nectivity analyses to provide a systems-level account of natural speech 
comprehension, revealing how large-scale brain networks dynamically 
reconfigure in response to variations in semantic coherence and proso
dic structure. We employed a 2 × 2 factorial fMRI design to investigate 
the neural substrates underlying the processing of semantic content and 
intonation in continuous speech. This design enabled identification of 
distinct patterns of brain activation and functional connectivity associ
ated with these linguistic features. Whole-brain fMRI analyses revealed: 
(1) engagement of left-hemispheric language networks during semantic 
processing, (2) bilateral activation in temporal lobes for intonation 
processing, and (3) recruitment of domain-general control networks 
(salience and executive networks) during degraded speech comprehen
sion. Psychophysiological interaction (PPI) analyses demonstrated 
condition-dependent coupling between IFG subregions and posterior 
temporal/parietal areas. Specifically, bilateral IFGtri and IFGop showed 
enhanced connectivity with left temporal and inferior parietal regions 
during semantic processing, while right IFGop exhibited preferential 
connectivity with left temporal regions during intonation processing. 
Conversely, left IFGop displayed reduced connectivity with the right IPL 
during intoned speech processing. These findings reveal adaptive mod
ulation of both localized activity and large-scale network interactions 
during speech perception.

4.1. Behavioral data

Analysis of the behavioral data revealed that task performance 

accuracy was affected by both the presence of semantic content and 
intonation (Fig. 1A). As expected, subjects answered comprehension 
questions more accurately for meaningful than for scrambled speech 
stimuli. Notably, participants performed above chance in the scrambled 
condition, even though the syntactic and semantic structure of the 
speech was disrupted. This suggests that listeners were able to extract 
informative cues from the auditory stream despite the lack of coherent 
narrative. A likely explanation is that participants relied on isolated 
content words, such as nouns and verbs, which remained intact during 
the scrambling process. These lexical cues, even when presented without 
proper grammatical structure, can convey partial semantic information 
that supports topic inference. Although performance in the scrambled 
conditions was significantly lower than in the corresponding connected 
conditions, the above-chance accuracy highlights the robustness of 
lexical-semantic processing and supports the notion that listeners can 
engage in meaningful interpretation based on sparse or degraded lin
guistic input.

Furthermore, participants performed significantly better in the 
scrambled intoned condition compared to the scrambled monotonous 
one. This suggests that prosodic cues may facilitate comprehension or 
topic inference even in the absence of the semantic and syntactic context 
that typically constrains prosody interpretation (Cole, 2015). One 
possible explanation is that natural intonation enhances the perceptual 
salience of key content words, making them more accessible and 
memorable. Prosody may also help listeners impose a pseudo-structure 
or grouping on an otherwise unstructured sequence, thereby support
ing lexical retrieval, encoding in working memory, and hypothesis for
mation. The right hemisphere’s specialization for slower temporal 
modulations, essential for extracting prosodic information (Oderbolz 
et al., 2024), can provide a structural scaffold to guide meaning infer
ence from degraded speech. Additionally, natural prosodic contours 
may enhance general attentional engagement with the stimulus (Fernald 
and Kuhl, 1987; Liu et al., 2022; Sullivan and Horowitz, 1983), leading 
to improved task performance. In contrast, the absence of a significant 
prosodic benefit in the connected speech conditions may reflect reduced 
reliance on prosody when rich semantic and syntactic information is 
already available.

4.2. Functional MRI data

Activation data revealed the classical left-lateralized language 
network in the processing of semantic content, and bilateral superior 
temporal areas in the processing of intonation.

Specifically, compared to rest, connected intoned speech engaged 
both auditory and language networks, which included primary and non- 
primary auditory cortex, bilateral inferior frontal cortex, and bilateral 
cerebellum, and induced deactivation of the default mode network 

Fig. 3. Activation maps resulting from the contrast connected intoned speech > rest superimposed onto the MNI152 standard brain template. Brain regions activated 
during speech processing are shown in red-yellow, while deactivated in blue-green; p < 0.05, corrected with threshold-free cluster enhancement.
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(DMN) (Fig. 3).
Further comparisons between connected and scrambled speech, as 

well as between intoned and monotonous speech, allowed us to isolate 
semantic and intonation effects, while controlling for low-level auditory 
and lexical features. It has earlier been shown that amplitude of acti
vation in language-related areas is higher during listening to sentences 
with greater intelligibility (Kyong et al., 2014), and with natural 
compared to flattened intonation contour (Zhao et al., 2008). In line 
with these studies, we found higher activation in language-related areas 
in both contrasts.

As expected from previous observations (Binder et al., 2009; 
Fedorenko et al., 2015; Price, 2000), the resulting activation pattern 
specific to semantic processing included bilateral anterior temporal as
sociation areas (STG/MTG) with left-hemispheric dominance, left pos
terior temporal cortex, left IPL, and the left inferior frontal gyrus 
(Fig. 4A).

At the same time, intoned compared to monotonous narratives 
involved bilateral anterior and posterior temporal regions (Fig. 4B). This 
finding is consistent with the results of another fMRI study specifically 
focused on sentence level prosody, where a functional localization 
approach was applied (Fedorenko et al., 2015). The opposite contrast 
(monotonous > intoned) (Fig. 5B) revealed weaker deactivation of the 
anterior and posterior cingulate cortex, a core part of the DMN, as may 
be expected for a less sensory-rich input (Smallwood et al., 2021), since 
the DMN is known to be deactivated by externally-oriented, i.e. 
stimulus-driven perceptual and cognitive tasks and activated by 
internally-oriented mental processes (see Menon, 2015 for review; Ses
tieri et al., 2011; Sormaz et al., 2018).

A more revealing pattern emerged when we contrasted activation 
elicited by connected speech with its scrambled counterpart. This 
contrast revealed an extensive set of cortical structures: bilateral DLPFC, 
right PPC, bilateral aIns, and both dorsal and ventral segments of the 

Fig. 4. The effects of semantic content and intonation presence (A, B) and semantics and intonation interaction (C). A. Activation maps resulting from the contrast 
connected > scrambled speech. B. Activation maps resulting from the contrast intoned > monotonous speech. C. Semantics and intonation interaction. The maps are 
superimposed onto the MNI152 standard brain template. Bar charts represent distributions of the BOLD percent signal change within the regions of interest across the 
experimental conditions (compared to Rest). The color codes are as in Fig. 2, vertical lines represent standard error of the mean (SEM). P < 0.05, corrected with 
threshold-free cluster enhancement.
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ACC (Fig. 5A). Besides the DMN, represented by its anterior node 
(ACCv), components of two other large-scale networks were distin
guished: the salience network (SN) (bilateral aIns and dorsal ACC), and 
the central executive (fronto-parietal) network (CEN). Similarly, stron
ger activation of prefrontal cortex, aIns, and the deep frontal operculum 
were shown in response of different kinds of degraded compared to 
normal speech inputs (Meyer et al., 2004, 2002).

The salience network has been suggested to detect biologically and 
cognitively relevant events to guide flexible behavior (Menon, 2015; 
2011; Menon and Uddin, 2010; Sridharan et al., 2008). Specifically, it 
aids in prioritizing and allocating attention to potentially important or 
unexpected stimuli to regulate behavioral adaptation to environmental 
changes by recruiting relevant networks for further processing. Scram
bled speech used in our experiment represents a form of unexpected or 
incongruent stimulus, as it lacks the usual syntactic structure and se
mantic content present in normal speech. This incongruity makes it 
stand out against the background of typical linguistic inputs. Fig. 5(A) 
shows that bilateral aIns and the dorsal ACC are selectively activated by 
scrambled speech conditions, with stronger activation associated with 
the most distant from normal speech stimulus, the monotonous scram
bled one, since in addition to syntactic and semantic structure, it is 
lacking intonation contour.

In previous studies involvement of the SN was shown to occur along 
with deactivation of the DMN and activation of the CEN. Furthermore, 
shorter peak latency of activation of the aIns and ACC allowed sug
gesting that the SN plays a critical and causal role in switching between 
the DMN and the CEN (Menon, 2015; Sridharan et al., 2008).

In the present study, deactivation of the DMN was observed in all 
experimental conditions (when compared to the baseline condition). 
Specifically, the anterior cluster (ACCv) was deactivated more strongly 
by connected compared to scrambled speech. Although in most neuro
imaging studies the DMN is described as a homogenous network, some 
authors point out functional differentiation within the DMN (Sestieri 
et al., 2011; Uddin et al., 2009). Results of resting-state functional 
connectivity analysis indicated that the anterior and posterior nodes of 
the DMN exhibited different relationships with other networks (Uddin 
et al., 2009).

An important addition to the revealed pattern of activations comes 
from the interaction effect between semantics and prosody, which was 
confined to a single significant cluster in the right TPJ/IPL. This finding 
reflects how prosodic cues influence the processing of semantic content 
in speech, and/or vice versa. This region was consistently deactivated 
across all experimental conditions except one: scrambled monotonous 
speech, in which it remained at baseline. This pattern suggests the re
gion’s specific sensitivity to the combination of degraded syntax and 
lack of prosodic structure. Unlike the left IPL, which is often implicated 
in semantic and language integration (Kuhnke et al., 2023), the right IPL 
is considered a core hub of the DMN and has been linked to social 
cognition, perspective-taking, and internally guided information pro
cessing (Buckner et al., 2008; Mars et al., 2012). The lack of deactivation 
during scrambled monotonous speech may reflect the right IPL 
engagement in internally oriented processes in response to highly 
impoverished input.

Activation of the SN due to recognition of scrambled speech as un
usual and potentially significant stimuli likely reflects the brain’s effort 
to make sense of the scrambled input or to monitor and resolve the 
conflict created by the lack of coherence. This effort may be supported 
by the CEN through the activation of attention and working memory 
mechanisms, both necessary for detecting, reordering, and retaining 
content words from meaningless word streams to facilitate making a 
judgment regarding possible meaning. Indeed, right DLPFC and right 
PPC were found to be selectively activated by scrambled speech stimuli 
(Fig. 5A). Furthermore, trying to comprehend scrambled speech may 
involve an internally-oriented component, such as building and evalu
ating hypotheses on the basis of general knowledge retrieved from long- 
term memory, rejecting inappropriate ones, creating new, and finally 
making a decision regarding the meaning. The ACC is known to play a 
significant role in decision-making (Rangel et al., 2008), therefore, 
deactivation in the anterior node of the DMN was weaker during 
meaningless speech processing. At the same time, switching between 
these two information processing streams conducted by the CEN and 
DMN may be accomplished by the salience network.

4.3. Psychophysiological interaction (PPI) results

To investigate context-dependent functional connectivity of regions 
implicated in speech comprehension, we conducted a psychophysio
logical interaction (PPI) analysis using IFG subcomponents (pars trian
gularis and pars opercularis) as the seed regions. The seeds were selected 
based on their established role in semantic and prosodic processing, and 
integrative speech functions (Friederici and Alter, 2004; Kristensen 
et al., 2013; Sammler et al., 2015). We hypothesized that IFG connec
tivity would dynamically reconfigure depending on the availability of 
semantic and prosodic cues in speech stimuli, reflecting the neural 
adaptability underlying speech comprehension.

The PPI analysis revealed condition-dependent changes in functional 
connectivity between bilateral IFG subregions and other key cortical 
regions, further elucidating the neural dynamics underlying semantic 
and prosodic processing.

Compared to scrambled speech, connected speech (regardless of 
intonation) elicited stronger connectivity between bilateral IFG 
(including both IFGop and IFGtri) and left-hemispheric regions critical 
for semantic processing: the angular gyrus – a possible hub for semantic 

Table 1 
Brain regions showing significant effects of semantic content presence or 
absence, intonation presence or absence, and their interaction.

Contrast Brain area
MNI coordinates 

(mm)
Z- 
value

x y z

Connected > Scrambled aSTG/MTG, 
LH

− 51 16 − 25 5.1

aSTG/MTG, 
RH

48 8 − 24 4.5

​ pSTG, LH − 52 − 40 4 4.3
​ AG, LH − 54 − 60 20 3.9
​ IFG, LH − 53 26 2 3.7
Intoned > Monotonous aSTG, LH − 56 10 − 16 3.9

aSTG, RH 63 0 − 4 4.3
​ pSTG, LH − 60 − 40 4 2.9
​ pSTG, RH 54 − 28 2 3.8
Scrambled > Connected DLPFC, LH − 40 39 26 4.3

DLPFC, RH 30 40 27 4.0
​ aIns, LH − 38 14 − 4 4.6
​ aIns, RH 44 18 − 3 4.3
​ PPC, RH 54 − 42 44 3.7
​ ACC, dorsal, 

LH
− 7 30 29 4.1

​ ACC, dorsal, 
RH

4 22 35 4.3

​ ACC, ventral, 
LH

− 9 38 0 4.1

​ ACC, ventral, 
RH

8 38 4 4.4

Monotonous > Intoned ACC, ventral, 
LH

− 2 34 7 3.4

ACC, ventral, 
RH

4 40 0 3.7

​ PCC, LH − 8 − 56 22 3.6
​ PCC, RH 6 − 50 20 3.8
Semantics x Intonation 

Interaction
AG, RH 50 − 42 26 3.9

aSTG and pSTG = anterior and posterior temporal gyrus respectively, MTG =
middle temporal gyrus, AG = angular gyrus, IFG = inferior frontal gyrus, DLPFC 
= dorsolateral prefrontal cortex, aIns = anterior insula, ACCd and ACCv = dorsal 
and ventral anterior cingulate cortex respectively, PCC = posterior cingulate 
cortex, LH and RH = left and right hemisphere.
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integration (Binder et al., 2009) – and the posterior temporal cortex. 
This finding aligns with the neurocognitive model proposed by Jackson 
and colleagues (2019), who identified two distinct semantic sub
networks: a temporal component for representation, and a 
fronto-temporal "semantic control network" (including IFG and pMTG), 

which, together with the IPL, supports controlled retrieval and manip
ulation of semantic knowledge (Hodgson et al., 2021; Jackson et al., 
2019; Noonan et al., 2013).

Our results indicate that coherent semantic content primarily en
hances connectivity within this fronto-temporo-parietal control 

Fig. 5. The effects of semantic content and intonation absence. A. Activation maps resulting from the contrast scrambled > connected speech. B. Activation maps 
resulting from the contrast monotonous > intoned speech. All other designations are as in Fig. 4.

Table 2 
Brain regions showing significant changes in functional connectivity with the seed regions during semantic content presence or absence, and intonation presence or 
absence.

Contrast Seed Brain area
MNI coordinates (mm)

Cluster size p-FDR Direction of change
x y z

Connected >
Scrambled

IFGop, LH IPL, LH − 58 − 58 18 66 0.0063 Increase
​ pSTG, LH − 54 − 32 6 39 0.044 Increase
​ IPL, LH − 46 − 66 48 37 0.044 Increase
IFGop, RH IPL, LH − 42 − 72 42 72 0.0025 Increase
IFGtri, LH pSTG/MTG, LH − 46 − 36 4 59 0.0109 Increase
IFGtri, RH IPL, LH − 42 − 60 40 76 0.0019 Increase

Intoned >
Monoton

IFGop, LH IPL/LOC, RH 52 − 68 18 45 0.0453 Decrease
IFGop, RH pMTG, LH − 70 − 34 − 4 74 0.0016 Increase

IFGop = inferior frontal gyrus, pars opercularis, IFGtri = inferior frontal gyrus, pars triangularis, IPL = Inferior Parietal Lobule, LOC = Lateral Occipital Cortex. All 
other designations are as in Table 1.
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subnetwork. While the temporal cortex serves as a principal site for 
storing conceptual knowledge (Binder et al., 2009; Jackson et al., 2019) 
and supports predictive coding (Service et al., 2007), lexico-semantic 
mapping, and concept retrieval, the observed IFG coupling likely re
flects top-down modulation of left-hemispheric semantic hubs by con
trol regions. This facilitation enables processes such as controlled 
retrieval, ambiguity resolution, and semantic unification (Hagoort, 
2013; Noonan et al., 2013) – all of which are disrupted in scrambled 
speech. The finding that coherent semantic content enhances left IFGop 
(BA 44) connectivity with temporal and parietal regions is also in line 
with the view of this region as a hub for hierarchical structure-building 
(Friederici, 2020), suggesting this function is critical for integrating 
meaning during the comprehension of continuous narratives.

Notably, the bilateral involvement of the IFG aligns with growing 
evidence that language processing is not strictly left-lateralized. Neu
roimaging studies increasingly report robust activation of right- 
hemispheric homologs of classical language structures during complex 
linguistic tasks, including metaphor interpretation, humor appreciation, 
and inference generation (Jung-Beeman, 2005; Noonan et al., 2013). 
Our connectivity results further emphasize the specific role of IFGtri in 
semantic (rather than prosodic) processing. Thus, connectivity changes 
induced by semantic content presence suggest that synchronized activity 
between bilateral IFG regions and left-hemispheric temporo-parietal 
cortex forms a core mechanism for comprehending semantically rich 
speech.

Intoned compared to monotonous speech (regardless of semantic 
coherence) enhanced functional connectivity between the right IFGop 
and left posterior temporal cortex, reflecting cross-hemispheric inte
gration of prosodic and linguistic information, particularly in the pres
ence of rich intonation contours that signal syntactic and pragmatic 
boundaries. This finding converges with a prior PPI study demonstrating 
that processing of linguistic intonation strengthens bilateral IFG- 
temporal connectivity, linking auditory perception to higher-order 
phonological processes, such as phonological labeling and categoriza
tion of intonation contours (Chien et al., 2021). Moreover, it further 

corroborates meta-analytic evidence highlighting specialized role of the 
pars opercularis in processing of linguistic intonation (Belyk and Brown, 
2014).

In contrast, the left IFGop exhibited reduced connectivity with the 
right IPL in the presence of intonation contour (or, equivalently, 
increased connectivity in its absence). The right IPL was consistently 
deactivated across experimental conditions, suggesting its association 
with the default mode network. The observed advantage for intoned 
speech at the behavioral level, reflected in higher comprehension ac
curacy, suggests that prosodic cues facilitate comprehension by reducing 
inferential demands. When natural intonation is present, its acoustic 
markers support semantic integration by signaling syntactic boundaries 
and emphasizing salient content. The reduction in left IFGop–right IPL 
connectivity during naturally intoned speech, coupled with the right 
IPL’s DMN-like deactivation profile, may reflect a context-dependent 
decoupling of language control regions from the DMN. This decou
pling could potentially free cognitive resources by minimizing processes 
like mind-wandering, thereby facilitating the cross-hemispheric inte
gration of prosody observed in the concurrent right IFGop–temporal 
connectivity increase. Conversely, in the absence of prosody, increased 
coupling between the right IPL and left IFGop may compensate for this 
deficit by recruiting internally-oriented resources when confronted with 
degraded input.

While three experimental conditions used in the present study are 
perceptually atypical, they are highly informative for delineating the 
neural architecture of speech comprehension. Studying the brain 
response to degraded input reveals the boundaries and compensatory 
mechanisms of the system. Specifically, it helps to dissociate a core 
language network that is sufficient for processing coherent speech from 
domain-general control systems that are recruited as compensatory re
sources when processing demands exceed the capacity of the core sys
tem. Therefore, these conditions reveal the full set of neural resources 
that support successful comprehension in suboptimal, real-world 
listening situations.

Taken together, our fMRI and PPI results reveal a dual-process 

Fig. 6. Condition-dependent changes in functional connectivity from bilateral IFG seeds (pars triangularis and pars opercularis) as revealed by gPPI analysis. 
Connectivity changes associated with semantic content (A) and intonation presence (B) are shown with arrows (red – increased, blue – decreased connectivity). The 
right hemisphere is shown on the right.
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mechanism for adaptive speech comprehension. The activation data 
demonstrate that a canonical language network supports the processing 
of coherent speech, while domain-general systems like the salience and 
executive networks may be additionally recruited to handle degraded, 
unpredictable input. The connectivity profiles extend this view by 
showing that the inferior frontal gyrus may support this adaptation 
through a functional division of labor: while bilateral IFGtri is associated 
with semantic network, the IFGop demonstrated functional flexibility, 
shifting its connectivity between a cross-hemispheric prosodic-integra
tion state and a fronto-parietal configuration that is engaged during 
higher demanding processing of monotonous input. This network-level 
perspective elucidates how the brain dynamically reconfigures its re
sources to manage the varying cognitive challenges of varying speech 
conditions.

The dual-process mechanism is consistent with an evolutionary 
perspective. The functional dissociation we observed between a 
specialized language network for structured input and domain-general 
systems for degraded speech likely reflects a layered cognitive archi
tecture. The robust recruitment of the salience and executive networks 
for scrambled speech suggests the re-engagement of phylogenetically 
older systems. These systems, which subserve fundamental functions 
like threat detection and conflict resolution, may be leveraged in 
humans to handle the cognitive challenge of degraded input. This ca
pacity is supported by evolutionary precursors, including a conserved 
supramodal internal model for auditory-motor sequencing (Archakov 
et al., 2020). In humans, this general circuit may have been refined for 
vocal communication through rhythmic auditory-motor synchroniza
tion (Morillon et al., 2019; Poeppel and Assaneo, 2020), a process 
consistent with genetic and anatomical changes supporting increased 
brain complexity (Benítez-Burraco and Elvira-García, 2023; Friederici, 
2017).

It is important, however, to note that while PPI reveals condition- 
dependent changes in functional coupling, it does not infer directional 
influence. Therefore, our conclusions about network reconfiguration 
should be considered correlational, highlighting the need for future 
research using causal modeling approaches to determine the directed 
interactions that underlie this adaptive flexibility.

5. Conclusion

The present results reveal task-dependent reorganization of large- 
scale neural networks during speech processing, modulated by the 
integrity of semantic content and prosodic structure. The fMRI data 
demonstrated a canonical left-lateralized language network for semantic 
processing and bilateral temporal involvement for intonation, with DMN 
suppression during externally focused speech comprehension. Crucially, 
scrambled speech engaged the salience network and executive control 
regions, possibly reflecting effortful meaning extraction. Notably, the 
right IPL’s selective re-engagement during scrambled monotonous 
speech suggests a shift toward internally-guided processing when 
external input lacks both semantic and prosodic structure.

The PPI analysis extended these findings by showing that bilateral 
IFG flexibly modulates its connectivity based on linguistic context: 
stronger coupling with left posterior temporal cortex and IPL during 
connected speech reflects top-down semantic integration, while cross- 
hemispheric right IFG-left temporal connectivity supports prosodic 
processing. Together, these results highlight a functional dissociation in 
which specialized language networks and domain-general control sys
tems are differentially engaged depending on the availability of se
mantic and prosodic structure. The IFG may play a context-dependent 
regulatory role by adapting its functional connections to optimize 
comprehension – engaging left posterior semantic regions for coherent 
speech while recruiting internally-oriented resources when confronted 
with degraded input. This network-based perspective offers a more 
thorough understanding of how the brain adapts to varying degrees of 
linguistic coherence and prosodic richness – a dimension still relatively 

underexplored in speech research.
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Mǐsic, B., Betzel, R.F., Griffa, A., de Reus, M.A., He, Y., Zuo, X.-N., van den Heuvel, M.P., 
Hagmann, P., Sporns, O., Zatorre, R.J., 2018. Network-Based Asymmetry of the 
Human Auditory System. Cereb. Cortex. 28, 2655–2664. https://doi.org/10.1093/ 
cercor/bhy101.

Morillon, B., Arnal, L.H., Schroeder, C.E., Keitel, A., 2019. Prominence of delta 
oscillatory rhythms in the motor cortex and their relevance for auditory and speech 
perception. Neurosci. Biobehav. Rev. 107, 136–142. https://doi.org/10.1016/j. 
neubiorev.2019.09.012.

Noonan, K.A., Jefferies, E., Visser, M., Lambon Ralph, M.A., 2013. Going beyond inferior 
prefrontal involvement in semantic control: evidence for the additional contribution 
of dorsal angular gyrus and posterior middle temporal cortex. J. Cogn. Neurosci. 25, 
1824–1850. https://doi.org/10.1162/jocn_a_00442.

Obleser, J., Eisner, F., Kotz, S.A., 2008. Bilateral speech comprehension reflects 
differential sensitivity to spectral and temporal features. J. Neurosci. 28, 8116–8123. 
https://doi.org/10.1523/JNEUROSCI.1290-08.2008.

Oderbolz, C., Poeppel, D., Meyer, M., 2025. Asymmetric Sampling in Time: evidence and 
perspectives. Neurosci. Biobehav. Rev. 171, 106082. https://doi.org/10.1016/j. 
neubiorev.2025.106082.

Oderbolz, C., Stark, E., Sauppe, S., Meyer, M., 2024. Concurrent processing of the 
prosodic hierarchy is supported by cortical entrainment and phase-amplitude 
coupling. Cereb. Cortex. 34, bhae479. https://doi.org/10.1093/cercor/bhae479.

Poeppel, D., 2003. The analysis of speech in different temporal integration windows: 
cerebral lateralization as ‘asymmetric sampling in time.’ Speech Communication. 
The Nature of Speech Perception 41, 245–255. https://doi.org/10.1016/S0167-6393 
(02)00107-3.

Poeppel, D., Assaneo, M.F., 2020. Speech rhythms and their neural foundations. Nat. 
Rev. Neurosci. 21, 322–334. https://doi.org/10.1038/s41583-020-0304-4.

Pasquinelli, R., Tessier, A.M., Karas, Z., Hu, X., Kovelman, I., 2023. The Development of 
Left Hemisphere Lateralization for Sentence-Level Prosodic Processing. J. Speech. 
Lang. Hear. Res. 66, 1365–1377. https://doi.org/10.1044/2022_JSLHR-22-00103.

Price, C.J., 2000. The anatomy of language: contributions from functional neuroimaging. 
J. Anat. 197, 335–359. https://doi.org/10.1046/j.1469-7580.2000.19730335.x.

Pylkkänen, L., 2019. The neural basis of combinatory syntax and semantics. Science 
(1979) 366, 62–66. https://doi.org/10.1126/science.aax0050.

Rangel, A., Camerer, C., Montague, P.R., 2008. A framework for studying the 
neurobiology of value-based decision making. Nat. Rev. Neurosci. 9, 545–556. 
https://doi.org/10.1038/nrn2357.

Rauschecker, J.P., Scott, S.K., 2009. Maps and streams in the auditory cortex: nonhuman 
primates illuminate human speech processing. Nat. Neurosci. 12, 718–724. https:// 
doi.org/10.1038/nn.2331.

Sammler, D., Cunitz, K., Gierhan, S.M.E., Anwander, A., Adermann, J., Meixensberger, J., 
Friederici, A.D., 2018. White matter pathways for prosodic structure building: a case 
study. Brain Lang. 183, 1–10. https://doi.org/10.1016/j.bandl.2018.05.001.

Sammler, D., Grosbras, M.-H., Anwander, A., Bestelmeyer, P.E.G., Belin, P., 2015. Dorsal 
and Ventral Pathways for Prosody. Curr. Biol. 25, 3079–3085. https://doi.org/ 
10.1016/j.cub.2015.10.009.

I. Anurova et al.                                                                                                                                                                                                                                 NeuroImage 325 (2026) 121638 

12 

https://doi.org/10.1177/002383099704000203
https://doi.org/10.1177/002383099704000203
https://doi.org/10.1073/pnas.1113427109
https://doi.org/10.1073/pnas.1113427109
https://doi.org/10.1073/pnas.1112937108
https://doi.org/10.1080/01690965.2013.861917
https://doi.org/10.1016/0163-6383(87)90017-8
https://doi.org/10.1016/0163-6383(87)90017-8
https://doi.org/10.1038/s41562-019-0548-z
https://doi.org/10.1098/rstb.2018.0391
https://doi.org/10.1098/rstb.2018.0391
https://doi.org/10.3758/s13423-016-1090-x
https://doi.org/10.1152/physrev.00006.2011
https://doi.org/10.1016/j.tics.2009.01.001
https://doi.org/10.1016/S0093-934X(03)00351-1
https://doi.org/10.1016/S0093-934X(03)00351-1
https://doi.org/10.1073/pnas.0509389103
https://doi.org/10.1073/pnas.0509389103
https://doi.org/10.1016/j.neuroimage.2015.01.016
https://doi.org/10.1016/j.neuroimage.2015.01.016
https://doi.org/10.1162/nol_a_00154
https://doi.org/10.1093/cercor/bhn011
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.3389/fpsyg.2013.00416
https://doi.org/10.1146/annurev-neuro-071013-013847
https://doi.org/10.1146/annurev-neuro-071013-013847
https://doi.org/10.1016/j.neuroimage.2004.11.003
https://doi.org/10.1002/hbm.20147
https://doi.org/10.1038/nrn2113
https://doi.org/10.1016/j.cognition.2003.10.011
https://doi.org/10.1016/j.neuroimage.2021.118444
https://doi.org/10.1016/j.cortex.2018.12.019
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1016/j.tics.2005.09.009
https://doi.org/10.1162/jocn_a_01122
https://doi.org/10.1162/jocn_a_01122
https://doi.org/10.1093/cercor/bhs164
https://doi.org/10.1093/cercor/bhs164
https://doi.org/10.1007/s00429-022-02493-y
https://doi.org/10.1162/jocn_a_00583
https://doi.org/10.1162/jocn_a_00583
https://doi.org/10.1002/hbm.22291
https://doi.org/10.3389/fpsyg.2022.906848
https://doi.org/10.3389/fnhum.2012.00189
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/B978-0-12-397025-1.00052-X
https://doi.org/10.1016/B978-0-12-397025-1.00052-X
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1002/hbm.10042
https://doi.org/10.1016/S0093-934X(03)00350-X
https://doi.org/10.1093/cercor/bhy101
https://doi.org/10.1093/cercor/bhy101
https://doi.org/10.1016/j.neubiorev.2019.09.012
https://doi.org/10.1016/j.neubiorev.2019.09.012
https://doi.org/10.1162/jocn_a_00442
https://doi.org/10.1523/JNEUROSCI.1290-08.2008
https://doi.org/10.1016/j.neubiorev.2025.106082
https://doi.org/10.1016/j.neubiorev.2025.106082
https://doi.org/10.1093/cercor/bhae479
https://doi.org/10.1016/S0167-6393(02)00107-3
https://doi.org/10.1016/S0167-6393(02)00107-3
https://doi.org/10.1038/s41583-020-0304-4
https://doi.org/10.1044/2022_JSLHR-22-00103
https://doi.org/10.1046/j.1469-7580.2000.19730335.x
https://doi.org/10.1126/science.aax0050
https://doi.org/10.1038/nrn2357
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1016/j.bandl.2018.05.001
https://doi.org/10.1016/j.cub.2015.10.009
https://doi.org/10.1016/j.cub.2015.10.009


Sankaran, N., Leonard, M.K., Theunissen, F., Chang, E.F., 2024. Encoding of melody in 
the human auditory cortex. Sci. Adv. 10, eadk0010. https://doi.org/10.1126/sciadv. 
adk0010.

Saur, D., Kreher, B., Schnell, S., 2008. Ventral and dorsal pathways for language | PNAS. 
Proc. Natl. Acad. Sci. U.S.A. 105, 18035–18040. https://doi.org/10.1073/ 
pnas.0805234105.

Service, E., Helenius, P., Maury, S., Salmelin, R., 2007. Localization of syntactic and 
semantic brain responses using magnetoencephalography. J. Cogn. Neurosci. 19, 
1193–1205. https://doi.org/10.1162/jocn.2007.19.7.1193.

Sestieri, C., Corbetta, M., Romani, G.L., Shulman, G.L., 2011. Episodic memory retrieval, 
parietal cortex, and the default mode network: functional and topographic analyses. 
J. Neurosci. 31, 4407–4420. https://doi.org/10.1523/JNEUROSCI.3335-10.2011.

Sihvonen, A.J., Sammler, D., Ripollés, P., Leo, V., Rodríguez-Fornells, A., Soinila, S., 
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