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Fig. 2. Results of the permutation-based spatial clustering of source power localised with DICS. Note. The spatial
distribution of significant F-values from the F-test clusters for the main effect of emotional speech is shown in Panel

(A) for alpha-band power, (B) for beta-band power, and (C) for gamma-band power. The spatial distribution of significant
F-values for the main effect of visuo-spatial workload is displayed in Panel (E) for beta-band power and (F) for gamma-
band power. Results and contrasts of the post-hoc Wilcoxon signed-rank tests are shown in Panels (G) to (). Band power
was averaged across vertices within significant F-test clusters for each frequency band and effect. The shaded area
indicates the estimated probability density of the data. Significance levels from the Wilcoxon signed-rank test, corrected
using false discovery rate: *** for p <.001, ** for p <.01, * for p <.05. rh: right hemisphere, Ih: left hemisphere. LV: low
valence; NV: neutral valence; HV: high valence; LW: low visuo-spatial workload; HW: high visuo-spatial workload.

perceived effort and distraction, as well as speech
arousal, were highly correlated within participants
(effort — distraction: r,=.459, p<.001; effort — speech
arousal: r_ =.316, p <.001; distraction - speech arousal:
r, =.518, p <.001; df = 46).

3.1.1.3. Gaze behaviour. Regarding gaze behaviour,
we did not observe a significant effect of emotional
speech on the number of discontinuities in pupil size
changes (IPA; contrary to H.1). Conversely, emotional
speech did affect blink frequency (F(2'180_12)24.53,
p =.012; excluded outlier observations: 11.50%) and

pupil dilation (F(2,179.35) =3.95, p=.021; excluded outlier
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observations: 11.50%). However, post-hoc tests did not
reveal significant pairwise differences (Fig. 4B).

3.1.1.4. Interim summary of the top-down guided pro-
cessing mode. Taken together, we observed increased
fronto-parietal beta-band power, alongside decreased
fronto-parietal gamma-band and temporo-parietal alpha-
band power, as distinct neural markers of socio-emotional
compared with neutral speech processing. Specifically,
the oscillatory modulation of beta-band power in parietal
regions (i.e., the precuneus, TPJ, and inferior parietal
lobe) has previously been linked to top-down guided
processing, including predictive listening, as well as
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Fig. 3. Post-hoc comparisons of main effects of emotional speech and visuo-spatial workload in the subjective ratings
of perceived (A) effort and (B) distraction, as well as (C) driving quality. Note. Coloured dots and error bars represent the
bootstrapped grand averages and their Bonferroni-corrected 2.5" and 97.5" confidence interval (Cl) across participants.
The shaded area indicates the estimated probability density of the data. LV: low valence; NV: neutral valence; HV: high
valence; LW: low visuo-spatial workload; HW: high visuo-spatial workload. Significance level from the Wilcoxon signed-
rank test corrected with false discovery rate: *** for p <.001, ** for p <.01, * for p <.05.
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Fig. 4. Post-hoc comparisons of main effects of emotional speech and visuo-spatial workload in the gaze behaviour
measures (A) gaze dispersion, (B) blink activity, and (C) pupil dilation. Note. Coloured dots and error bars represent the
bootstrapped grand averages and their Bonferroni-corrected 2.5" and 97.5" confidence interval (Cl) across participants.
The shaded area indicates the estimated probability density of the data. LV: low valence; NV: neutral valence; HV: high
valence; LW: low visuo-spatial workload; HW: high visuo-spatial workload. Significance level from the Wilcoxon signed-
rank test corrected with false discovery rate: *** for p <.001, ** for p <.01, * for p <.05.

inferential and evaluative socio-emotional processes 3.1.2. Signatures of a bottom-up stimulus-driven

(e.g., Grandjean, 2021; Mossad et al., 2022). processing mode for high visuo-spatial workload
At the subjective level, socio-emotional speech was (H.2)

perceived as more distracting than neutral speech. Neg-

ative speech was rated as the most distracting, while

positive speech showed only a trend towards increased

3.1.2.1. Modulated oscillatory power with dynamic
imaging of coherent sources. In the cluster analysis, sig-
nificant clusters were identified in the beta (Ih: p =.001; rh:
distraction relative to neutral speech. Moreover, positive p =.002; Fig. 2E) and gamma bands (h and rh: p <.001;
speech was experienced as more pleasant and less Fig. 2F) for the main effect of visuo-spatial workload.

frustrating than neutral speech, and as less effortful than The beta-band cluster encompassed frontal regions
both neutral and negative speech. Explorative correla-  such as the pars opercularis of the IFG, inferior dIPFC,
tional analyses suggest a link between speech arousal frontal operculum, and anterior insula, as well as areas
and the degree of perceived distraction and effort. above the Sylvian fissure, including the inferior precentral
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gyrus and TPJ (Fig. 2E). Gamma-band clusters covered
the motor and parietal cortices, including the posterior
cingulate cortex and precuneus, as well as the left frontal
eye field, and mPFC and OFC (Fig. 2F).

Post-hoc tests showed that gamma-band power
increased in high compared with low visuo-spatial load
drives (HW - LW: M=0.01, 95% CI [0.00, 0.01];
Z(47)=—4.11, p <.001; Fig. 2I), while beta-band power
decreased (HW - LW: M =-0.02, 95% CI [-0.02, —0.01];
Z 7 =—4.14, p<.001; Fig. 2H).

3.1.2.2. Subjective experience during increased visuo-
spatial workload. A significant main effect of workload
on perceived effort (l-'(1y207_24) =18.42, p<.001; 11.63%
outliers excluded) indicated that participants rated high
visuo-spatial workload as more effortful than low work-
load (HW - LW: M =0.11, 95% CI/ [0.07, 0.15]; post-hoc
test: Z(47) =-4.48, p <.001).

3.1.2.3. Driving performance. In line with the subjec-
tive ratings, results of the linear mixed-effects model for
driving quality confirmed that it was more difficult to
navigate through driving scenarios with high compared
with low visuo-spatial workload (manipulation check).
This was reflected in a significant main effect of visuo-
spatial workload (F(1!215_53)=263.22, p <.001; excluded
outlier observations: 11.63%), and significantly lower
driving quality under high compared with low workload (HW
- LW: M=-0.17, 95% CI [-0.22, -0.13]; Z ;) =-6.03,
p <.001; Fig. 3C). We observed significant main effects
of visuo-spatial workload in all subvariables of the driv-
ing quality score (i.e., acceleration RMSSD, steering
wheel angle RMSSD, mean brake actuation, mean devi-
ation from lane centre, and number of traffic rule viola-
tions), supporting our decision to aggregate them into
one score (see Supplementary Table S4 and its note for
details). There were no differences between the emo-
tional speech conditions, nor was there a significant
interaction effect.

3.1.2.4. Gaze behaviour. Next, we investigated whether
high visuo-spatial workload increases pupil dilation and
reduces blink frequency and gaze dispersion using linear
mixed-effects models (H.2).

In line with H.2, we observed a significant main effect
of visuo-spatial workload on pupil dilation (F(1,182.88)
37.53, p <.001; excluded outlier observations: 11.50%),
with larger pupil size during high workload (HW — LW:
M=0.14, 95% CI [0.07, 0.10]; Z(42):—4.67, p <.001;
Fig. 4C). In addition, gaze dispersion reduced (F g, 5y =
9.95, p=.002; excluded outlier observations: 11.50%),
indicating visual tunnelling (HW — LW: M =-2.74, 95% CI
[-31.833, -17.57]; Z(42)=—2.82, p=.004; Fig. 4A). Con-
trary to our hypothesis, blink frequency was not signifi-
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cantly affected by increasing visuo-spatial workload in
the driving task.

3.1.2,5. Interim summary of the bottom-up stimulus-
driven processing mode. To summarise, high visuo-
spatial workload increased task demands, as reflected
by increased subjective effort and pupil dilation, as well
as reduced driving quality and gaze dispersion (in line
with H.2). This heightened task demand appeared to
elicit a predominantly bottom-up stimulus-driven pro-
cessing mode, characterised by increased gamma-band
power in parietal, motor, frontal, and fronto-temporal cor-
tices, as well as decreased beta-band power in regions
dorsal to the Sylvian fissure. The complementary modu-
lation of gamma- and beta-band activity aligns with prior
findings on enhanced motor control, sensorimotor inte-
gration, and visuo-spatial processing during driving
(Navarro et al., 2018; Sasai et al., 2016; Spiers & Maguire,
2007), thereby supporting H.2.

3.1.3. Relationship between spatial oscillatory
modulations

To investigate the antagonistic relationship between
information processing modes and significant neural
markers, we computed correlations between averaged
cluster band power across conditions within participants.

During emotional speech, alpha- and beta-band clus-
ter power were positively correlated (r,=.42, p<.00%;
df = 39). Moreover, we observed negative correlations
between gamma-band cluster power and alpha-band
cluster power (r, =-.36, p<.001; df=39), as well as
gamma- and beta-band cluster power (r, = -.28, p <.005;
af = 39).

In the workload conditions, gamma-band cluster
power was significantly negatively correlated with beta-
band cluster power (r, = -.51, p <.002; df = 39). No other
correlations reached significance for the main effect of
visuo-spatial workload.

A control correlation analysis using the 3-minute
resting-state MEG recording showed that the oppositely
directed gamma- to alpha- and beta-band modulations
were specific to the experimental manipulation. In con-
trast, during the resting state, we observed positive cor-
relations between alpha-, beta-, and gamma-band power
within the cluster vertices of the main effects (see Sup-
plementary Material Section 10 for details).

To conclude, our correlation results suggest that infor-
mation processing during socio-emotional speech and
visuo-spatial workload is supported by antagonistic
oscillatory activity, with alpha- and beta-band modula-
tions linked to oppositely directed gamma-band modula-
tions (Engel et al., 2001; Fries, 2005).
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3.2. Co-modulation of valence and workload on
information processing (R.2)

To address our second research question on the joint
modulation of valence and workload on neural informa-
tion processing (R.2; interaction effects), we applied
MVPA using CSP combined with LDA to discriminate
drives with combinations of low and high visuo-spatial
workload and negative and positive socio-emotional
speech in a four-class decoding task.

We assumed that the valence of speech and visuo-
spatial workload co-modulate emotion appraisal and reg-
ulation. Under high workload, we expected that emotional
appraisal would be inhibited and regulated (H.3). Moti-
vated by findings from Kang et al. (2014) and Popov et al.
(2012), which implicate prefrontal gamma as a key mech-
anism of regulatory control, we investigated whether
modulations in frontal gamma-band activity are linked to
the regulation of emotional interference and can distin-
guish the four conditions.

3.2.1. Interaction effects revealing a third
regulatory mode (H.3)

3.2.1.1. Multivariate pattern analysis of the interaction
between valence and visuo-spatial workload. Our results
revealed clear discrimination among the four conditions in
the test set, with performance well above the theoretical
chance level (F1 score: 0.25), as indicated by an average
F1 score of M=0.669 (95% CI: [0.619, 0.718]), and a
median of 0.655 (range: 0.30 to 0.95). Supplementary Fig-
ure S11 displays the test decoding performance for each
participant. The averaged confusion matrix from the clas-
sifications revealed a cross-over interaction, with the most
frequent misclassification occurring along the diagonal
(see Supplementary Fig. S12B). This observation already
hints at an underlying cross-over interaction between
valence and visuo-spatial workload.

As a follow-up exploratory analysis, we examined
whether inter-individual factors influence decoding per-
formance using a median-split approach. The findings
revealed that a larger proportion of female participants
exhibited below-median decoding performance, which
may point to gender-related differences during the inte-
gration of emotional and cognitive processes (Derntl
et al., 2010; see Supplementary Material Section 11.1 for
details).

We further explored whether decoding performance
(low vs. high) affected the co-modulation of valence and
workload on subjective measures and the IPA (H.3). While
no effects emerged for subjective ratings, a significant
three-way interaction for the IPA yielded evidence that
only participants in the high decoding group displayed a
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valence-by-workload interaction, whereas the low decod-
ing group did not. This pattern could reflect a connection
between pupillary discontinuities (i.e., the IPA) and the
ability to engage fronto-temporal mechanisms involved in
emotional interference control (Supplementary Material
Section 11.2 and Supplementary Figure S13).

3.2.1.2. Localisation of informative neural dynamics
from CSP components. To localise informative neural
dynamics in the gamma band, the four CSP components
were transformed into source space (Fig. 5A-D). This
analysis identified the IFG, OFC, anterior temporal lobe,
and mPFC as key regions underlying the joint modulation
and interaction between emotional speech processing
and attentional control during visuo-spatial workload.
The decoding patterns were more pronounced in the left
hemisphere, and the components exhibited highly similar
spatial distributions in source space (Fig. 5A-D). Supple-
mentary Figure S14 provides single-subject decoding
patterns of the four components from four exemplary
subjects, including two with high, one with average, and
one with low decoding performance.

To examine the relationship between the decoding
patterns and experimental conditions, we averaged
source-level gamma-band power per condition across
vertices exceeding the 90" percentile of the component
values (Fig. 5E-H). Wilcoxon sign-rank tests revealed
cross-over interactions, indicating a co-modulation
between speech valence and visuo-spatial workload:
During low visuo-spatial workload, source gamma-band
power was significantly higher for drives with concurrent
negative compared with positive speech (LV — HV LW -
Component 1: Z(40) =-2.94, p=.005; Component 2:
Z(40) =-3.01, p=.004; Component 3: Z(40) =-2.97,
p =.005; Component 4: Z(40) =-3.03, p=.004). However,
during high visuo-spatial workload, source gamma-band
power significantly decreased for negative compared
with positive speech (LV - HV HW - Component 1:
Z(40) =-2.51, p=.015; Component 2: Z(40) =-2.40,
p =.021; Component 3: 2(40) =-2.43, p=.019; Compo-
nent4: Z ,, =-2.46, p=.018).

While decoding increases sensitivity to effects affected
by inter-individual neural variability, mass-univariate,
permutation-based clustering is a commonly used com-
plementary approach that identifies correlates in a data-
driven manner at the group level (Maris & Oostenveld,
2007). To examine whether both approaches converge in
their evidence, we performed a supplementary analysis
with permutation-based clustering. This analysis revealed
significant clusters of a cross-interaction in the gamma
band (Supplementary Fig. S16). The identified gamma-
band clusters comprised the OFC, ACC, and mPFC (lh:
p =.03; rh: p=.012; Supplementary Fig. S16A). We per-
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Fig. 5. Decoding patterns of the four common spatial pattern components. Note. Components are used in the linear
discriminant analysis (LDA). Panels (A) to (D) visualise the normalised values (range: 0 to 1) in the lateral (upper row) and
medial view (lower row). Panels (E) to (H) display the source gamma-band power per condition for vertices exceeding the
90" percentile of the decoding pattern values. Significance levels from the Wilcoxon signed-rank test, corrected using
false discovery rate: *** for p <.001, ** for p <.01, * for p <.05. LV: low valence; HV: high valence; LW: low visuo-spatial

workload; HW: high visuo-spatial workload.

formed post-hoc tests on gamma-band activity averaged
across vertices within the significant cluster to compare
the four conditions.

In line with our previous decoding results, the post-hoc
tests revealed a significant cross-over interaction: During
low workload, gamma power was significantly higher for
negative speech than for positive speech (LV — HV LW:
Z(40) =-3.18, p=.001). Across workload levels, gamma
power decreased for negative speech (LV HW - LW:
Z( 0) = -3.82, p <.001) and increased for positive speech
HY HW - Lw: Z (40) =-2.59, p=.009). Consequently,
during high workload, gamma power was significantly
lower for negative than for positive speech (LV — HV HW:
Z(40) =-3.53, p <.001; Supplementary Fig. S16B).

Further supplementary analyses showed similar cross-
interactions for the aperiodic broadband within the
decoding patterns, and when not subtracting the aperi-
odic component from the gamma-band source power

(Supplementary Figs. S15, S17, and S18).

3.2.1.3. Subjective ratings. At the subjective level, we
expected that interaction effects on regulatory control
and information processing would also be reflected in a
co-modulation of socio-emotional speech and visuo-
spatial workload on perceived overall valence, arousal,
effort, frustration, and distraction (H.3).

In line with this hypothesis, linear mixed-effects mod-
els revealed that perceived valence, arousal, and frus-
tration were jointly modulated by the combination of
emotional speech and visuo-spatial workload (interac-

tion effect; valence: F(2’206_49) =4.40, p=.013; excluded
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outlier observations: 11.63%; arousal: F(2,222.00)=3.57,
p =.030; excluded outlier observations: 5.11%; frustra-
tion: F(2’220_85) =7.150, p <.001; excluded outlier observa-
tions: 5.49%). Contrary to our hypothesis, we did not
observe a significant interaction effect on perceived
effort and distraction.

Next, we investigated the nature of the significant
interactions using post-hoc tests. These showed that
valence ratings were significantly lower in the negative
than in the positive speech condition under low work-
load (LV — HV LW: Z(47) =-4.39, p<.001; Fig. 6A). The
difference was absent under high visuo-spatial work-
load (n.s.), due to a significant decrease in perceived
valence for drives with positive speech (HV HW - LW:
Z(47) =-3.55, p=.001). For drives with neutral speech,
workload significantly reduced perceived valence (NV
HW - LW: Z(47) =-3.39, p=.002). Arousal and frustration
ratings were significantly higher for drives with negative
than with positive speech under low workload (arousal
LV — HV LW: Z(47) =-3.23, p =.006; frustration LV — HV
LW: Z(47) =-3.83, p <.001; Fig. 6B, C). Furthermore, low
workload drives with positive speech were significantly
lower rated in arousal than those with neutral speech
(HV = NV Lw: Z(47) =-2.58, p=.029). From low to high
workload, perceived arousal (Z(47) =-3.77, p=.002) and
frustration (Z(47) =-4.00, p<.001) increased for drives
with positive speech, eliminating any differences
between the positive and negative speech conditions
under high workload. Finally, perceived frustration
during neutral speech increased with workload (NV
HW - LW: Z .. =-4.26, p <.001), leading to significantly

(47)



K. Lingelbach, C.S. Herrmann and J.W. Rieger

Imaging Neuroscience, Volume 4, 2026

A) B) C)
Valence Arousal Frustration
— Interact. F=4.4, p=0.013 0.61 Interact. F=3.57, p=0.03 0.7 q Interact. F=7.15, p=0.001
o 0:97 o *k Eid X ok Tk ok k.
‘; i 0.5+ 0.6 1 koK *
TS 0.8 0.5 {
b, —— |+ B i . e
5074 - e U B I R } . T
Q Y { el S e 0.49 | P e Sor. s
= l, “““““ K 1 ‘ PPtle ‘ ----- PP T
© 0.69m——-deo T 0.3 PPtaas 1 Pt
g 1 ‘\-_}i_\{ - 0.3 1 _-- [ LY,
S i I Hv
= 0.5 i 0.2
0.2 £ NV
LW HW LW HW LW HW

Fig. 6. Post-hoc comparisons of interaction effects between emotional speech and visuo-spatial workload in ratings of
perceived (A) valence, (B) arousal, and (C) frustration. Note. Coloured symbols and error bars represent the bootstrapped
grand averages and their Bonferroni-corrected 2.5" and 97.5" confidence interval (Cl) across participants. LV: low valence;
NV: neutral valence; HV: high valence; LW: low visuo-spatial workload; HW: high visuo-spatial workload. Significance level
from the Wilcoxon signed-rank test corrected with false discovery rate: *** for p <.001 ** for p<.01, * for p<.05

higher frustration for high workload drives with neutral
compared with negative speech (LV - NV HW:
Z 7 =—2.47, p=.021).

3.2.2. Interim summary of the regulatory mode

In conclusion, the subjective findings and MEG MVPA
revealed a joint modulation of socio-emotional speech
valence and visuo-spatial workload on subjective emo-
tional appraisal and neural regulatory mechanisms.

As hypothesised, participants attended and subjec-
tively appraised positive speech but only during low
visuo-spatial workload (H.3; Fig. 6). Increased workload
diminished the perceived positivity of positive speech,
which rendered responses to positive speech more simi-
lar to those elicited by negative speech. Interestingly, the
experienced effort was affected by the driving-related
workload and emotional speech separately, but not by
their combination. At the neural level, oscillatory gamma
activity in the OFC, temporal pole, and mPFC increased
for positive speech under high workload, indicating
greater engagement of inhibitory control mechanisms
(H.3; Fig. 5).

Subijective ratings showed that experiences of nega-
tive speech were unaffected by workload, implying that
negative speech was down-regulated regardless of work-
load level (Fig. 6). However, the decrease in fronto-
temporal gamma activity indicates that top-down
regulation of negative speech weakened under high
visuo-spatial workload (Fig. 5).

4. DISCUSSION

The MEG-eye-tracking study addressed two research
questions: (1) What are the distinct neural signatures of
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socio-emotional speech processing and visuo-spatial
cognition during the dual task of driving and listening
(R.1) and (2) do the valence of socio-emotional speech
and level of visuo-spatial workload jointly modulate infor-
mation processing (R.2)?

To investigate these questions in a near-realistic sce-
nario, we employed MEG, eye tracking, a driving simula-
tor, and naturalistic emotional speech stimuli from the
validated GAUDIE database (Lingelbach et al., 2024).
Using a dual-task paradigm involving driving under vary-
ing visuo-spatial workload and concurrent emotional
speech listening, we hypothesised three distinct pro-
cessing mechanisms. Socio-emotional speech process-
ing was expected to decrease gamma-band power in
parietal regions and increase beta-band power associ-
ated with predictive listening (R.1). In contrast, increased
visuo-spatial workload was hypothesised to result in
decreased beta-band and increased gamma-band
power, along with increased pupil dilation (R.1). A third,
regulatory processing mode was postulated to reflect
emotion regulation through frontal gamma-band activity.
Specifically, we hypothesised that positive emotional
speech would be attended to and appraised under low,
but not high, visuo-spatial workload. Under high work-
load, gamma-band-based regulatory activity was
expected to suppress emotional interference to support
goal-directed processing associated with the driving task
(R.2).

Our findings revealed distinct neural, gaze-related, and
behavioural signatures distinguishing antagonistic infor-
mation processing modes for socio-emotional speech
processing and visuo-spatial cognition (R.1). In addition,
subjective ratings indicated that speech valence and
visuo-spatial workload co-modulated both inhibitory con-
trol and emotional appraisal of positive speech (R.2). Spe-



K. Lingelbach, C.S. Herrmann and J.W. Rieger

Imaging Neuroscience, Volume 4, 2026

cifically, emotional appraisal of positive speech occurred
only under low, but not high, visuo-spatial workload. At
the neural level, the multivariate pattern analysis revealed
a co-modulatory effect of speech valence and visuo-
spatial workload on fronto-temporal gamma-band activity
(R.2). Gamma oscillations in the OFC, temporal pole, and
mPFC indicated reduced inhibitory control for positive
compared with negative speech under low workload, and
increased inhibitory control for positive compared with
negative speech under high workload. Negative speech
triggered the regulatory mode even during low workload;
however, the effectiveness of top-down control appeared
to diminish as workload increased.

The study offers converging evidence for distinct pro-
cessing modes underlying socio-emotional speech pro-
cessing, visuo-spatial cognition, and regulatory control
mechanisms that inhibit emotional interference as a func-
tion of available cognitive resources in complex, naturalis-
tic environments. The findings also revealed circumstances
under which socio-emotional speech valence and visuo-
spatial workload jointly influence cognitive resource allo-
cation and regulatory mechanisms.

4.1. Oscillatory dynamics guiding information
processing in multisensory environments

4.1.1. Emotional speech processing is linked to
predictive listening and socio-emotional cognition

Consistent with our hypothesis on the role of beta- and
gamma-band oscillations during socio-emotional speech
listening, we found that increased parietal beta- and
decreased gamma-band power served as distinct mark-
ers of socio-emotional compared with neutral speech
processing. Additionally, we observed modulations in
alpha-band power in temporo-parietal regions.

The spatial distribution of the beta-band cluster
(Fig. 2B) is in concordance with the previously described
dorsal stream of deliberate emotion processing (Phillips
et al., 20083; Tucker et al., 1995). We did not observe sig-
nificant clusters in ventral stream areas associated with
sensory processing and automatic emotion processing
(Phillips et al., 2003; Schirmer & Kotz, 2006; Tucker et al.,
1995).

One possible explanation is that the dual task, charac-
terised by distributed cognitive resources, may have
interfered with low-level acoustic analysis involved in
automatic emotion recognition (ventral processing
stream; Schirmer & Kotz, 2006), instead engaging dorsal
regions associated with deliberate emotion processing
and later evaluative stages (Phillips et al., 2003; Tucker
et al., 1995). Previous linguistic research has associated
increased parietal beta activity with top-down guided

20

modulation of information flow and the updating of
content-related predictions (Arnal & Giraud, 2012; Sedley
et al., 2016), as well as with the reactivation of content
representations during speech perception (Spitzer &
Haegens, 2017; Zioga et al., 2023). Such top-down influ-
ences are proposed to be particularly important during
socio-emotional interactions (Grandjean, 2021).

Particularly in line with the latter account, we observed
increased oscillatory beta-band power and decreased
gamma-band power in temporo-parietal regions, includ-
ing the precuneus, cuneus, and TPJ, in the main effect of
emotional speech (Fig. 2B). This functional network has
been linked to mentalising and cognitive ToM (Saxe &
Kanwisher, 2003; Schurz et al., 2021) and is likely coordi-
nated by beta oscillations to facilitate predictive listening
as well as inferential and evaluative processes in socio-
emotional contexts (see also Mossad et al., 2022). In
contrast, purely informative, neutral speech, such as
weather forecasts, appears to be less conducive to these
top-down guided modulations.

In their electroencephalography study, Pinheiro et al.
(2017) reported enhanced predictive processing reflected
in increased beta-band activity exclusively for positive
but not negative vocalisations. In contrast, our findings
reveal such enhancement for both positive and negative
speech sequences. Importantly, Pinheiro et al. (2017)
employed brief, context-free vocalisations, such as
laughter and growls. Such stimuli may have complicated
predictions and elicited weaker effects than coherent,
naturalistic speech sequences (Hagoort, 2019; Hamilton
& Huth, 2020).

In addition to the beta-band clusters, we observed
clusters in the alpha and gamma bands for the main
effect of emotional speech. These encompassed parietal
regions, including the superior parietal lobe, precuneus,
and cuneus, as well as the posterior cingulate cortex and
posterior STS. They have previously been identified as
the network relevant to driving, particularly for spatial
attention and processing (Haghani et al., 2021; Palmiero
et al., 2019). In agreement with previous studies studying
speech processing during driving (Fort et al., 2010; Sasai
et al., 2016; Sonnleitner et al., 2012), we propose that
reduced gamma-band power, together with increased
alpha-band power in this driving network, reflects dimin-
ished spatial cognition. This implies that cognitive
resources are reallocated from driving-related processing
towards emotional speech processing.

The subjective ratings and correlation analyses also
support this interpretation. Emotional speech stimuli
increased distractions. Likewise, higher speech arousal,
also characterising the emotional speech stimuli, was
correlated with greater effort and distraction during the
driving task.
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To summarise, listening to emotional speech likely
triggered both enhanced anticipatory listening and socio-
emotional cognition. At the same time, visuo-spatial
attention and processing decreased. We propose that
these are signatures of a top-down guided processing
mode during socio-emotional speech listening (resem-
bling an internalised processing; Oosterwijk et al., 2015).

4.1.2. Visuo-spatial cognition and sensorimotor
processing increase during difficult drives

Our results indicate that increased visuo-spatial work-
load elicits enhanced bottom-up stimulus-driven pro-
cessing. Under high visuo-spatial workload and increased
task demand, we observed decreased driving quality as
well as increased subjective effort, pupil dilation, and
visual tunnelling, reflected in reduced gaze dispersion
(Nunes & Recarte, 2002, confirming H.2).

We proposed that modulations in pupil diameter index
attentional effort during visuo-spatial attention and the
tracking of multiple objects. Translational animal, stimu-
lation, and neuroimaging studies have demonstrated that
pupil dilation is linked to neural circuits involved in atten-
tion and visuo-spatial processing (Alnees et al., 2014;
Joshi et al.,, 2016; Vinck et al., 2015). These circuits
include the nucleus locus coeruleus and associated nor-
adrenergic system (Alnzes et al., 2014; Joshi et al., 2016;
Vinck et al., 2015), the oculomotor system including the
frontal eye fields and pathways to the superior colliculus
(Alnzes et al., 2014; Joshi et al., 2016), cingulate cortex
(Joshi et al., 2016), and superior parietal lobule (Alnees
et al., 2014).

At the neural level, we observed increased gamma-
band power in parietal, motor, frontal, and fronto-temporal
cortices during high compared with low visuo-spatial
workload, while beta-band power decreased in regions
dorsal to the Sylvian fissure (H.2). The spatial distribution
of the gamma- and beta-band clusters partially overlaps
with neural circuits linked to pupil dilation and aligns with
findings from previous driving studies. These studies
reported increased activation in motor and parietal
regions during challenging driving scenarios, suggesting
that these areas contribute to motor control, sensorimo-
tor integration, and visuo-spatial processing (Navarro
et al., 2018; Sasai et al., 2016; Spiers & Maguire, 2007).
The antagonistic relationship between gamma- and beta-
band power in the motor cortex and related areas, such
as the frontal eye fields, has been well documented in
electrocorticography (ECoG; e.g., Crone et al., 1998),
stimulation (e.g., Joundi et al., 2012), and animal studies
(e.g., Sendhilnathan et al., 2017).

Shi et al. (2023) offered a further interpretation of the
role of gamma-band oscillations during challenging driv-
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ing scenarios. The authors outlined in their review that
OFC gamma-band activity is associated with the self-
monitoring of decision making in social contexts (Shi
et al., 2023). Since the high visuo-spatial workload condi-
tion included unpredictable car agents, increased pre-
frontal gamma activity likely reflects driving-related
decision making (e.g., lane changes), as well as social
evaluation and predictive processes in response to the
other agents. Beta-band power, which was negatively
correlated with gamma-band power, decreased in tem-
poral and parietal regions, including the STG, right TPJ,
and right supramarginal gyrus. This finding is in line with
an MEG study of van Pelt et al. (2016). Using Granger
causality, van Pelt et al. (2016) investigated the relation-
ship between antagonistically operating beta- and
gamma-band oscillatory activity in the context of predic-
tive coding during the observation of animated bowling
actions. In their study, oscillatory power in the TPJ and
mPFC increased in the gamma band and decreased in
the beta band during prediction errors. The authors pro-
posed that predictive coding involves bottom-up sensory
encoding, driven by gamma-band modulations, and top-
down prediction evaluation, driven by beta-band modu-
lations (van Pelt et al., 2016).

In summary, we observed oscillatory signatures indic-
ative of bottom-up stimulus-driven processing and the
reallocation of cognitive resources to the driving task
under high visuo-spatial workload. The gamma-beta
oscillatory pattern suggests compensatory processes
involving predictive cognition and motor responses.
These compensatory processes are likely recruited to
meet increased task demands and associated cognitive
strain, as also indicated by greater pupil dilation.

4.1.3. Emotional regulation through fronto-
temporal gamma oscillatory activity is co-modulated
by valence and workload

Our second research question and last hypothesis (H.3)
target the co-modulation of socio-emotional speech
valence and workload (i.e., interaction effects). We
hypothesised that appraisal and processing of positive
emotion and, thus, valence-specific signatures, would
occur only when sufficient cognitive resources are avail-
able under low visuo-spatial workload (Baddeley, 1992;
Cowan, 2017; Lingelbach & Rieger, 2025; Wickens,
2014). Under high visuo-spatial workload, prefrontal
gamma oscillatory activity was expected to regulate
emotional interference (Kang et al., 2014; Popov et al.,
2012; Quirk & Beer, 2006).

Our findings largely supported the hypothesis and
offered even further insights. A neural signature in the
form of prefrontal and fronto-temporal gamma-band
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activity was co-modulated by the valence of speech
and workload (cross-over interactions). In line with pre-
vious studies (Kang et al., 2014; Popov et al., 2012), we
propose that this fronto-temporal signature is related to
the regulatory processing of emotional interference.
Under low workload, fronto-temporal gamma-band
activity was greater for negative than for positive speech
(in line with H.3). Under high visuo-spatial workload,
fronto-temporal oscillatory gamma activity increased for
positive speech, and decreased for negative speech
(reversed pattern).

The gamma-band signature included the OFC, tempo-
ral pole, mPFC, and ACC. These regions were previously
linked to top-down guided cognitive control (Koechlin
et al., 2003) and emotion regulation (see Quirk & Beer,
2006, for review; see Berboth & Morawetz, 2021; and
Morawetz & Basten, 2024, for meta-analyses). The spa-
tial distribution of the gamma-band signature partially
overlaps with that observed under increased visuo-
spatial workload, suggesting that these regions also con-
tribute more generally to the coordination of goal-directed
processes (Koechlin et al., 2003).

Emotion regulation describes the capacity to control
and modify emotional processing through implicit or
explicit strategies, such as distraction, reappraisal, and
suppression (J. J. Gross, 1998). Using intracranial elec-
troencephalography (iEEG) and an emotional picture
viewing task, Sonkusare et al. (2023) proposed gamma
activity in the mPFC and OFC to regulate negative emo-
tions (see also Golkar et al., 2012; Popov et al., 2012;
Quirk & Beer, 2006). Functional MRI studies indicate that
emotion regulation by the mPFC, vIPFC, OFC, and tem-
poral pole is likely achieved through inhibition of limbic
emotion-related processing in the insula and amygdala
(Berboth & Morawetz, 2021; Goldin et al., 2008; Golkar
et al., 2012; Ochsner et al., 2012; Sonkusare et al., 2020).
Lesion studies also reported that damage to the OFC
impairs the ability to modulate or inhibit neural responses
to aversive stimuli (Hooker & Knight, 2006; Rule et al.,
2002). Moreover, the OFC and mPFC are involved in
decision making, self-reflection, and cognition in social
contexts (Amodio & Frith, 2006; Bechara et al., 2000; see
Van Overwalle, 2009, for meta-analysis).

In light of these previous findings (e.g., Kang et al.,
2014; Morawetz & Basten, 2024; Popov et al., 2012; Van
Overwalle, 2009), our results suggest that increased
fronto-temporal gamma-band activity contributes to the
inhibition of emotional responses to negative speech
under low workload (see Lingelbach et al., 2023, for sim-
ilar findings when using continuous naturalistic speech;
but cf. Mothes-Lasch et al., 2012, using an event-related
study with negative words). However, positive speech
was emotionally perceived and appraised under low
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workload. The subjective ratings in our study support this
interpretation, revealing higher valence, as well as lower
arousal and frustration for positive relative to negative
speech, but only under low visuo-spatial workload.

Under high workload, gamma-band activity increased
in response to positive speech. In line with H.3, we inter-
pret this as active emotion regulation of positive speech
due to now limited available processing resources. How-
ever, contrary to our expectations, fronto-temporal
gamma activity decreased for negative speech at high
workload. This finding has two potential implications:
First, regulating negative speech appears to demand
greater cognitive resources (Cromheeke & Mueller, 2014;
Lingelbach & Rieger, 2025; Schweizer et al., 2019). Sec-
ond, at high workload, these resources seem to become
depleted, thereby compromising inhibitory control
(Cowan, 2017; Wickens, 2014). Despite this, subjective
ratings and driving behaviour in response to negative
speech remained unaffected by workload.

4.1.3.1. Gaze signatures sensitive to the emotion-
cognition interaction. In line with Vogels et al. (2018), we
observed clear distinctions between modulations in
pupil diameter and discontinuities in pupil diameter
changes. This suggests that these gaze-related mea-
sures may index different cognitive processes. While
pupil dilation increased under high visuo-spatial work-
load (confirming H.2), discontinuities in pupil diameter
changes remained unaffected. Contrary to our hypothe-
sis that discontinuities in changes would be jointly mod-
ulated by speech valence and workload level, we found
no significant co-modulation. However, exploratory anal-
ysis indicated that discontinuities in pupil diameter
changes may be partially linked to the fronto-temporal
gamma-band signature involved in regulating emotional
interference. This preliminary observation warrants fur-
ther investigation. To summarise, our findings support
the notion that the pupillary measures index distinct
cognitive processes. While pupil dilation appears to
reflect attentional effort and the required cognitive
resources to perform a task (Van der Wel & Van
Steenbergen, 2018), the frequency of pupillary disconti-
nuities may relate to attentional control involved in allo-
cating or redistributing cognitive resources (Demberg &
Sayeed, 2016; Vogels et al., 2018).

4.1.3.2. Complementary approach of multivariate pat-
tern and mass-univariate analysis. Mass-univariate sta-
tistics such as permutation-based clustering examine
activation from clusters separately (Haufe et al., 2014), and
assume that neural activation patterns are similarly local-
ised across subjects (Holdgraf et al., 2017; Marsicano
et al,, 2024). Consequently, they may be substantially
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limited when investigating individual-specific processing
strategies (Marsicano et al., 2024) or naturalistic stimulus
material (Sonkusare et al., 2019). MVPA enhances sensitiv-
ity by integrating measurement sources within a multidi-
mensional framework, while accounting for inter-individual
neural variability (Haufe et al., 2014; Holdgraf et al., 2017;
Marsicano et al.,, 2024). Our complementary approach,
incorporating MVPA, provided novel insights into the role
of fronto-temporal gamma-band oscillatory activity in the
integration and interaction of socio-emotional speech pro-
cessing and visuo-spatial cognition.

In summary, our findings suggest that participants
attended and appraised positive speech but only during
low visuo-spatial workload. They aimed to inhibit nega-
tive speech regardless of the current workload level.
However, the effectiveness of the top-down guided emo-
tional regulation of negative speech declined as workload
increased. This observation has important practical impli-
cations: As workload increases further, listening to nega-
tive speech may have a greater detrimental impact on
driving performance than positive speech.

4.2. Studying the brain in its natural environment

We employed a multimodal approach, combining eye
tracking and MEG, alongside a near-realistic experimen-
tal paradigm, to investigate effects of and interactions
between cognitive and emotional processing in a driving
simulator study. The experimental dual-task paradigm
incorporated both a driving simulation, which mirrored
authentic driving experiences, and naturalistic speech. In
contrast to the only other available German emotional
speech database (which includes 10 short sentences
spoken with varying emotional prosody by professional
actors; Burkhardt et al., 2005), the GAUDIE database fea-
tures longer conversational speech with coherent con-
text. Furthermore, it was developed and validated to
explicitly induce positive, neutral, and negative emotions.
Consequently, its emphasis lies on how participants
emotionally experience the stimulus (Lingelbach et al.,
2024), rather than solely on what valence the stimulus
possesses (Burkhardt et al., 2005).

Naturalistic, ecologically valid research is expected to
enhance transferability to real-world contexts, as it
involves a lower degree of abstraction than studies using
non-natural, isolated stimuli (Hamilton & Huth, 2020).
Previous comparisons of linguistic studies have revealed
processing differences between natural and isolated
speech in terms of lateralisation and specialisation. Fur-
thermore, our results suggest that continuous negative
speech is already inhibited during low workload (see also
Lingelbach et al., 2023), whereas studies using single
words presented in an event-related design did not report
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emotion inhibition for negative words during low load
(Mothes-Lasch et al., 2012).

According to the criteria defined by Hamilton and
Huth (2020), our study demonstrates a high level of eco-
logical validity. A German online survey of 1,700 partici-
pants indicated that 67% regularly listen to audio
content while travelling, covering 82% of their total
travel time when driving (Landesanstalt fir Medien
NRW, 2021). This underscores both the representative-
ness of the chosen paradigm and the practical rele-
vance of understanding brain function and cognition
during the dual task of driving while listening to speech
or engaging in emotionally loaded in-car conversations.
In real-life driving situations, additional sources of emo-
tional responses, such as dangerous or rule-breaking
manoeuvres performed by other drivers, can further
impact cognitive processes. Therefore, future research
should examine how different types of emotionally
charged events affect the integration of emotional and
cognitive processes, as well as the regulation of emo-
tional responses during driving.

4.3. Limitations

Several shortcomings of this study should be noted.

Although we chose a fully equipped driving simulator
with authentic driving scenarios, the experience of driving
in the MEG remains considerably different from real-world
driving. To minimise muscle artefacts, participants’ upper
body and arm movements were restricted with pillows
during steering, and braking was performed with the left
foot. Future studies employing EEG should aim to replicate
the cortical signatures observed here in real-world, out-of-
laboratory driving settings. Such EEG studies should fur-
ther investigate whether midfrontal theta-band oscillatory
activity, related to executive functioning during driving
(Wascher et al., 2018), is co-modulated by socio-emotional
speech and visuo-spatial workload. While midfrontal theta
is reliably detected with EEG, these signals primarily origi-
nate from superficial radial dipole layers, to which MEG is
less sensitive (Srinivasan et al., 2006).

We observed a co-modulation of socio-emotional
speech valence and workload on fronto-temporal gamma
oscillations, reflected in a significant cross-over interac-
tion in the clustering analysis when localising oscillatory
source power using MNE (R.2), but not when using DICS
(R.1). One possible explanation for the discrepancy
between the two localisation methods is that DICS may
have partially filtered out oscillatory changes related to
emotion regulation (J. Gross et al., 2001; van Vliet et al.,
2018), if participants had already engaged inhibitory con-
trol during baseline periods to detach from preceding
emotional experiences.
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Although naturalistic speech offers a more holistic
emotional experience, disentangling the individual contri-
butions of semantic content, paralinguistic features, and
their interaction remains challenging in our study (but cf.
Alday, 2019, for study approaches with natural stimuli).
Hence, they likely contributed to the observed neuro-
physiological signatures during the dual task. Future
research could examine oscillatory modulations and
magnetic fields time locked to salient events to further
elucidate the interaction between emotional and cogni-
tive processes in naturalistic experimental paradigms
(i.e., salient acoustic events, Khalighinejad et al., 2017;
but also events linked to eye blinks, Alyan et al., 2023;
and object pursuits, Agtzidis et al., 2020).

5. CONCLUSION

In the study, we identified antagonistic neural processing
modes for socio-emotional speech and visuo-spatial
cognition during the dual task of speech listening and
driving, based on permutation-based clustering of oscil-
latory source power. Increased beta- and decreased
gamma-band source power in parietal regions indicated
an internalised processing mode for socio-emotional
speech. This mode is likely associated with enhanced
anticipatory listening, social cognition, and reduced spa-
tial processing. In contrast, decreased beta-band and
increased gamma-band source power, along with
increased pupil dilation, signalled an externalised bot-
tom-up processing mode under high visuo-spatial work-
load. This likely reflects enhanced sensorimotor
processing and spatial cognition, but also increased cog-
nitive strain due to heightened task demands.

Multivariate pattern analysis and subjective ratings
indicated emotional appraisal of positive speech only
under low, but not high, visuo-spatial workload. Under
high visuo-spatial workload and reduced cognitive
resources, gamma-band activity in the OFC, temporal
pole, and mPFC appears to mediate the regulation of
emotional speech. Participants attempted to inhibit neg-
ative speech regardless of workload level; however, the
effectiveness of top-down emotional regulation of nega-
tive speech declined as workload increased.

To conclude, by combining neural, gaze, and
behavioural correlates, we found converging evidence of
distinct information processing modes for visuo-spatial
cognition and auditory socio-emotional speech process-
ing in naturalistic multisensory environments. Lastly, our
multivariate analyses revealed a gamma-based top-down
regulatory signature in fronto-temporal regions. This
mechanism flexibly up- and down-regulates emotional
speech processing in response to potential audio-visual
interference in complex, naturalistic environments.
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