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Synopsis  

Driving is a complex task that requires many cognitive processes. The allocation of cognitive 

resources may differ depending on the level of induced cognitive load and the emotional context. 

Research on such interacting processes and underlying neurophysiological signatures remains 

scarce. In this study, we investigated the interaction of emotional auditory processing and task 

load during simulated driving using magnetoencephalography. Oscillatory signatures and indices 

for cognitive load, attention, and emotion processing were analysed. We observed increased 

fronto-temporal theta oscillations during emotional compared to neutral speech, suggesting the 

recruitment of executive functions. Increased parieto-temporal alpha and beta power potentially 

indicate functional inhibition of emotion-based processes. Our findings on emotional and 

cognitive states in real-world scenarios provide valuable insights for interdisciplinary research on 

road safety and automotive engineering. 

Background 

During driving, several cognitive processes are required, including visuospatial attention and 

working memory, to process signals and respond adequately (Fort et al., 2010). In naturalistic 

scenarios, cognitive resources are allocated not only to driving but also to environmental stimuli, 

such as conversations with other passengers. Particularly, stimuli that are emotionally significant 

capture attentional resources (Adolphs, 2003; Tamietto & Gelder, 2010; Vuilleumier, 2005). 

Oscillatory brain activation allows for studying attention and cognitive load (Chikhi et al., 2022; 

Senkowski et al. 2005) as well as emotional processing (e.g., Briesemeister et al., 2013). In 

neuroergonomic electroencephalography (EEG) research, specific power ratios are proposed to 

indicate workload (WI; frontal theta (4 – 7 Hz) to parietal alpha (8 – 12 Hz); Gevins et al., 1995; 

Raufi & Longo, 2022) and engagement (EI; centro-parietal beta (15 – 25 Hz) to alpha; Kislov et 

al., 2022; Pope et al., 1995). A frontal alpha asymmetry (FFA) is believed to be valence-

sensitive, indicating negative emotions through increased right-hemispheric power and positive 

emotions through left-hemispheric power (Ahern & Schwartz, 1985; Briesemeister et al., 2013; 

Smith et al., 2017).  

Previous neurophysiological research on driving has predominantly concentrated on workload 

and attention-related processes, without addressing interacting emotional processes (Li et al., 

2023; Liu et al., 2023; Sakihara et al., 2014; Simon et al., 2011; Simpson & Rafferty, 2022; 

Wascher et al., 2018). Studies investigating the interaction of emotional and cognitive processes 

often lack ecological validity in terms of stimuli and experimental tasks (for reviews see 

Cromheeke et al., 2014; Dolcos et al., 2011; Schweizer et al., 2019). 



We conducted a whole-head magnetoencephalography (MEG) study with simulated driving 

(Figure 1A) and concurrently presented naturalistic emotional audio speech with sequences of 

low (LV), neutral (NV), and high (HV) valence from the validated GAUDIE database (Lingelbach 

et al, 2023). 

We hypothesised that for low cognitive load (LW) drives, LV (negative emotion) and HV (positive 

emotion) but not NV (neutral emotion) speech captures attention; however, without major 

interference with cognitive processes. During high cognitive load (HW) drives, HV and NV 

speech effects can be downregulated by executive control. Assuming that LV speech is 

particularly potent in interfering with cognition, it may overcome regulation and compete for task-

related resources, causing interference between cognitive and emotional processing. 

Methods 

Forty-eight participants were included in the study. During LW (Figure 1B, upper row), 

participants drove on a highway with average traffic and predictable agents. During HW (Figure 

1B, lower row), they navigated through construction areas with less predictable agents. At the 

end of each block, participants rated their experienced valence, effort, and distraction.  

Brain signals were corrected for movements and external interference, bandpass filtered (4th-

order IIR with 0.1 - 42 Hz), downsampled, and cleaned from ocular and cardiac artefacts. 

Afterwards, the continuous signals were epoched into non-overlapping windows of 5s and planar 

gradiometers were combined. Power spectra were computed using multitapers with a bandwidth 

of 2.  

To investigate topographic activation in the frequency bands of interest (theta, alpha, and beta), 

we applied spatial clustering using repeated-measures ANOVAs and post-hoc t-tests to reveal 

significant clusters. Additionally, effects in power indices (FFA, WI, and EI) and subjective 

ratings were analysed using linear mixed models and Monte-Carlo-Simulation based 

bootstrapping.    

 

Figure 1 (A) Experimental set-up of the driving simulator and realistic vehicle mock-up with a 

steering wheel, throttle, and brake pedal. Participants were seated in the MEG inside the 

magnetically shielded chamber. (B) Overview of the within-subject design (factors: workload x 

emotion) with six conditions presented block-wise. During the driving block either negative (LV), 

             

              

      

        

  

       

  

        

  



neutral (NV) or positive (HV) audio sequences were presented concurrently during either a low 

(LW) or high (HW) load driving sequence.  

Results 

The topographic cluster analysis revealed valence effects in the theta, alpha, and beta band 

power, as well as a cognitive load effect in the beta band power (Figure 2AB). Two lateralised 

frontotemporal clusters showed increased theta power for HV and LV compared to NV (Figure 

2C, D, left). LV elicited particularly pronounced right-hemispheric temporal theta power. 

Increased alpha power was observed for emotional speech, mainly bilaterally in temporal 

regions, but also in frontal and parietal regions (Figure 2CD, middle). Beta power was enhanced 

during emotional speech across temporal and parietal regions, with right-lateralized effects 

(Figure 2CD, right). Increased load was associated with decreased occipito-parietal beta power 

(Figure 2E).  

We observed a workload effect with higher WI during HW (Figure 2F). There were trends for 

emotion effects for WI and EI with increases and decreases for NV, respectively. An emotion 

effect for the FFA revealed increased right frontal alpha for HV and LV.  

Subjective ratings uncovered workload and emotion effects on effort and valence. HW compared 

to LW as well as LV and NV compared to HV increased perceived effort and reduced valence 

during the block. An interaction trend suggested that only NV and HV valence ratings were 

affected by task load. A significant effect of emotion indicated increased distraction by LV 

(Figure 2G).  

 

Figure 2 Significant topographic clusters with F-values from the spatial permutation-based 
rmANOVAs for the (A) main emotion effects in the power of the theta, alpha, and beta frequency 
bands, and (B) main workload effect in the beta frequency band power. Significant topographic 
clusters with t-values of the post-hoc contrasts (C) HV-NV, (D) LV-NV, and (E) HW-LW. 

Emotion 

Effect

   

 or load 

Effect

   

    

L 

 E 

      

 C    

L     

 D    

  eta  and

                    

 eta  and

          

 eta  and

          

 eta  and

          

                    
 L :           

  :          

   :                              

 l  a  and

 ain Effect Contrasts of t e  o er  ndices

             



Significant channels are depicted as white circles. (F) Grand averages and Bonferroni-corrected 
confidence intervals of the main effect contrasts for each power index. WI: Workload Index, EI: 
Engagement Index, FAA: Frontal Alpha Asymmetry, F: Frontal, P: Parietal, R: Right, L: Left. 
Defined frequency band cut-offs: theta with 4 – 7 Hz, alpha with 8 – 12 Hz, beta with 15 – 25 Hz. 
G) Grand averages and Bonferroni-corrected confidence intervals of the main effect contrasts for 
the subjective ratings valence, effort, and distraction by audio sequence. LV: Low Valence, HV: 
High Valence, NV: Neutral Valence, HW: High Workload, LW: Low Workload. 

Discussion 

In our investigation of the interaction between emotional speech and driving load, fronto-

temporal theta oscillations increased during negative and positive compared to neutral speech 

sequences. This suggests the recruitment of executive control mechanisms (Lowe et al., 2018; 

Rajan et al., 2019), the allocation of attentional resources between the visuo-spatial driving task 

and emotional auditory stimuli (Lin et al., 2011; Liu et al., 2023; Sakihara et al., 2014) and 

reallocation of directed attention (Fellrath et al., 2016; Kam et al., 2019), probably towards the 

road. Additionally, we observed increased parieto-temporal inhibition (Klimesch et al., 2007), 

potentially indicating suppression of (right) temporo-parietal activation, triggered by emotional 

speech (Lettieri et al., 2019). The workload effect is characterised by a decrease in occipital beta 

oscillations, which can be attributed to reduced functional inhibition and enhanced visual 

processing during high-load drives (e.g., Liu et al., 2023). We did not observe an interaction 

effect between load and emotional speech. When examining the power indices, the WI was able 

to differentiate between workloads. However, it showed inconsistent emotion effects when 

compared to the subjective ratings. The FFA was able to identify emotions but was not sensitive 

to valence. Therefore, these indices were found to be less suitable for researching interacting 

cognitive processes. 

In the future, we intend to extend and combine the neurophysiological data with eye tracking in 

order to analyse specific fixation- and blink-locked events (Alyan et al., 2023). In addition, future 

research could replicate these findings using mobile brain sensors (e.g., fNIRS and EEG) to 

facilitate sensor integration into a car interior and real-world application.  

Our research of cognitive and emotional states in naturalistic driving scenarios contributes to the 

understanding of safety-critical states such as inattentiveness or overload. This enables us to 

derive implications for traffic safety and automotive engineering, for instance, in the development 

of assistance systems. 
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