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Abstract 

Audiovisual integration refers to the phenomenon in which individuals effectively 

perceive visual and auditory information presented simultaneously as a unified and 

coherent perceptual experience. It can enhance individuals’ information recognition, 

resulting in more accurate and faster judgments of the external world. However, the 

topic of audiovisual integration in older and young adults remains a subject of debate 

and requires further exploration. Early research primarily focused on the effects of 

audiovisual integration on detection tasks, while its impact on higher-level cognitive 

processes, such as working memory, requires further investigation. Due to differences 

in perceptual and cognitive abilities between older and young adults, it is unclear 

whether audiovisual integration has different effects on working memory in these two 

groups. In addition, there is emerging evidence that working memory can be improved 

by training. Most working memory training tasks tend to be restricted to a single 

modality. However, the combined information from visual and auditory modalities 

could lead to audiovisual facilitation and enhance our ability to perceive the world. 

Therefore, we tested whether audiovisual working memory training led to training 

effects on working memory and transfer effects on perceptual processing. If audiovisual 

integration has a positive impact on working memory, can we improve working 

memory capacity through audiovisual working memory training and transfer those 

benefits to other related abilities across different age groups? This remains an open 

question. 

This study consisted of three experiments. Experiment 1 aimed to investigate the 
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neural and behavioral differences between older and young individuals in the visual 

modality, auditory modality, and audiovisual modality by manipulating a simple 

detection task. Additionally, it sought to elucidate the differences in audiovisual 

integration between older and young individuals. The results revealed that older adults 

exhibited significantly greater audiovisual integration than young adults in terms of 

behavioral performance. Neurologically, older adults demonstrated earlier audiovisual 

integration in the early stages (110-140 ms, 140-170 ms) compared to young adults 

(190-250 ms), but delayed integration in the later stages (350-380 ms) compared to 

young adults (300-360 ms). 

In Experiment 2, we compared the audiovisual n-back task to the visual n-back 

and auditory n-back tasks to determine whether working memory in the audiovisual 

condition could lead to better performance. The results showed that reaction time in the 

audiovisual condition was faster than that in the visual and auditory conditions across 

both young and older adults, indicating that audiovisual integration has a positive 

impact on working memory. Considering the trade-off between accuracy and reaction 

time, the inverse score (IES) was conducted. The results showed that the IES scores of 

older individuals are lower under audiovisual conditions compared to their scores under 

visual-only and auditory-only conditions. The IES scores of young individuals under 

audiovisual conditions are lower than their scores under auditory-only conditions. 

Moreover, greater visual contribution was found in older adults, especially at 3-back 

condition.   

In Experiment 3, we investigated whether audiovisual working memory training 
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could induce training effects and transfer effects. For young adults, we found that 

working memory performance improved, as reflected by accuracy and response time 

across the 1-back, 2-back, and 3-back levels after training. The ERP (event-related 

potential) results showed that the P300 component was enhanced in the frontal and 

central regions across all conditions. Additionally, the N200 component was also 

enhanced in the central region in the 3-back level. In terms of neural oscillations, alpha 

oscillations and theta oscillations were enhanced after training at 250-300 ms. Transfer 

effects were also observed in young adults, as reflected by greater audiovisual 

integration in the early stage (80-120 ms) in the training group. For older adults, the 

behavioral results showed that audiovisual n-back training led to a training effect on the 

3-back level, which represents a relatively higher cognitive load. The ERP results 

showed that the N200 latency was earlier after training. In terms of neural oscillations, 

alpha oscillations were enhanced at 220-250 ms. For the transfer effect, greater 

audiovisual integration was found at 180-200 ms, indicating that audiovisual working 

memory training yielded transfer effects on audiovisual processing. 

 

KEYWORDS 

audiovisual n-back, training, audiovisual integration, ERPs, training effect, transfer 

effect 
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Chapter 1 Introduction  

1.1 Audiovisual integration 

In the complex and ever-changing world, individuals usually receive different 

information from multiple modalities and process this information into a whole 

perception. For instance, when tasting food, visual, olfactory, and gustatory information 

are integrated into one perception, which may help us better identify the food. It seems 

that our brain has the capacity to integrate these cross-modal information into a unique 

and coherent perception [1], which is regarded as multisensory integration. Notably, 

previous researches have shown that 94% of information encoded in our brain were 

from visual and auditory modality, addressing their importance in higher-order 

cognitive processing [2,3]. Therefore, in the domain of multisensory integration, 

audiovisual integration has been recognized as a significant area of research. Numerous 

studies have demonstrated that audiovisual integration plays an important role in our 

daily life by facilitating and improving our perceptual processing. Specifically, 

audiovisual integration combines visual and auditory information, which may result in 

different responses at the behavioral and neural levels compared to single visual or 

auditory modalities [1,2]. This advantage is called redundant target effect (RTE). The 

RTE at the behavioral level is reflected by the fact that higher accuracy and lower 

reaction time in audiovisual condition is found compared to these indexes in visual and 

auditory condition. On the other hand, the RTE at the neural level indicates that the 
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neural activity was reduced during the presentation of audiovisual stimuli when 

compared to the sum of visual and auditory neural activity, indicating that individuals 

can process the audiovisual stimuli with higher neural efficiency [3]. This leads to the 

question of whether audiovisual integration can occur when visual and auditory stimuli 

are combined. Essentially, audiovisual integration operates based on four principles. 

Firstly, to achieve optimal outcomes, the unimodal sensory stimuli should be presented 

with temporal and spatial congruency. The final factor is known as inverse effectiveness, 

suggesting that audiovisual integration is most effective when less intense or weak 

stimuli are presented. 

1.1.1 Spatial-temporal factor 

The spatial-temporal factor refers to the phenomenon that when visual and 

auditory stimuli are presented in the same temporal order and same spatial location, the 

effect of audiovisual integration is optimal [4]. This finding suggested that spatial and 

temporal factors are two keys for audiovisual integration. The ventriloquism effect, also 

known as the phonetic shift effect, is a visual-auditory illusion where, when we hear a 

sound while observing a visual stimulus in a different location, we tend to incorrectly 

perceive the sound source as coming from the same location as the visual stimulus [5]. 

Notably, by increasing the spatial and temporal separation between auditory and visual 

stimuli, the magnitude of the ventriloquism effect would be reduced [6]. For the spatial 

factor, some studies have shown that superior colliculus (SC) was associated with 

orientation. Multisensory neurons have multiple excitatory receptive fields for different 
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sensory modalities, and these receptive fields are spatially aligned with each other. 

Therefore, when stimuli from two different sensory modalities fall within the space 

where their receptive fields overlap, the neuron is activated and defines these two 

stimuli as originating from the same source location [7]. The temporal factor 

demonstrates the temporal relationship between stimuli in different modalities which 

would be integrated. That is, stimuli from different sensory modalities are more likely 

to be integrated when they occur closer in time [7]. Some fMRI studies have different 

activation patterns in different temporal synchronization. Calvert et al. used fMRI 

technology in their research to investigate audiovisual integration in speech perception. 

They presented subjects with visual conditions (watching lip movements while reading 

a story), auditory conditions (listening to the story), and audiovisual conditions (both 

visual and auditory stimuli presented together). The audiovisual condition was further 

divided into two types, one with congruent visual and auditory stimuli and the other 

with incongruent stimuli that conveyed different information and were not 

synchronized in time[8]. Results showed greater brain activation in the left superior 

temporal sulcus was found in audiovisual condition compared to the visual and auditory 

conditions. However, such enhanced brain activation related to supra-additive response 

was observed only in the condition with audiovisual congruent stimuli [8].  

Despite possible temporal discrepancies in the arrival of visual and auditory 

stimuli, the nervous system can process these stimuli within a relatively broad time 

window, allowing for multisensory integration to occur. This adaptability enables the 

brain to accommodate time differences between different sensory modalities and 
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integrate this information throughout the entire time window, facilitating more efficient 

processing of information from various sensory modalities. Specifically, the temporal 

binding window for audiovisual integration refers to the specific time range during 

which visual and auditory stimuli need to occur simultaneously or in close temporal 

proximity to be perceived as occurring simultaneously by the perceptual system [9]. 

Notably, this window has plasticity across different age groups [9]. In the research of 

Bedard et.al., (2016), three tasks were used to measure the audiovisual processing 

including temporal order judgment (TOJ), simultaneity judgment (SJ) and stream 

illusion, across older and young adults. As expected, the study found that older adults 

faced challenges in temporal processing, as evidenced by a larger temporal binding 

window in tasks involving temporal order judgment (TOJ) and stream illusion. 

Conversely, the performance of simultaneity judgment (SJ) was similar between older 

and young adults. The researchers concluded that older adults exhibit an extended 

temporal binding window for TOJ and stream tasks, but the temporal binding window 

for SJ remains relatively unaffected [9].  

1.1.2 Inverse effectiveness 

Behavioral studies have demonstrated that the magnitude of audiovisual 

integration is inversely related to stimulus intensity, reflected by redundant target effect 

(RTE) [10]. The presentation of audiovisual stimuli with low-intensity condition leads 

mor robust audiovisual facilitation compared to that of high-intensity condition. The 

subsequent ERPs study have shown that audiovisual integration in early stage (40-60 
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ms) with a left posterior and right anterior regions were found particularly for stimuli 

with low-intensity condition [10]. Moreover, our recent studies even found that the 

inverse effectiveness varied in older and young adults. An audiovisual discrimination 

task was conducted in both aged groups. The results showed that greater audiovisual 

integration was found in older adults at 320-360 ms. Adversely, at 460-500 ms, 

attenuated audiovisual integration in the frontal, fronto-central central and centro-

parietal regions was found in the older adults compared to the young adults. In addition, 

the authors found greater audiovisual integration under low-intensity condition than 

under high-intensity condition in older adults at 200-230 ms, showing that inverse 

effectiveness occurred. However, such an effect was not found in young adults. These 

results suggested that audiovisual integration and inverse effectiveness were dissociated 

with age, indicating that the neural mechanisms of audiovisual integration between 

older adults and young adults differed [11]. The furthered fMRI research revealed 

specific brain regions responsible for inverse effectiveness. In more details, two fMRI 

studies using audiovisual tool and speech stimuli presented at high-intensity and low-

intensity conditions, the results demonstrated inverse effectiveness was found in 

superior temporal sulcus (STS). Although audiovisual tool and speech stimuli defined 

regions of interest were non-overlapping, the pattern of inverse effectiveness was the 

same for both types of stimuli across regions, indicating that the manner in which visual 

and auditory stimuli are integrated in STS is not specific to speech [12].  
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1.1.3 Neural mechanism of audiovisual integration 

Early research on animals found that the region of superior colliculus was 

associated with audiovisual processing. It is acknowledged that the superior temporal 

sulcus (STS) located in the temporal lobe and the interparietal sulcus (IPS) have been 

involved in audiovisual processing [13]. Moreover, some primary cortex were also 

engaged in audiovisual processing including visual or auditory areas [14]. Audiovisual 

integration at the cellular level was also portrayed. In simple terms, audiovisual 

integration refers to the phenomenon where a neuron generates a significantly higher 

number of impulses when simultaneously presented with both visual and auditory 

stimuli compared to the number of impulses elicited by the most effective single 

stimulus (either visual or auditory). This increased neuronal response to audiovisual 

stimuli indicates that the brain’s response is stronger when integrating information from 

different sensory systems compared to a response to a single stimulus. This 

phenomenon is considered the physiological basis of audiovisual integration in 

neuroscience research [7]. Notably, the study of our colleague also provide support for 

multiple stage of audiovisual integration in terms of temporal dynamic processing. That 

is, audiovisual integration occurs at both early processing stage (60-90 ms and 110-140 

ms ) and later processing stage (220-250 ms and 340-370 ms) [15].  

Moreover, one of the central questions is that whether audiovisual processing leads 

to activation solely in primary cortices or also involves activation in higher-order 

cortices. This may involve exploring the stages of audiovisual integration processing, 
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whether it occurs early, late, or at both early and late stages. Specifically, if audiovisual 

integration occurs in the early stages, the activated brain regions may primarily involve 

the primary cortices. If it occurs in the later stages, the activated brain regions may 

involve higher-order cortices. However, if audiovisual integration takes place across 

multiple stages, both primary and higher-order cortices may be involved in the 

activation process. Early-stage models suggests that audiovisual processing occurs 

simultaneously with early perceptual processing [16]. Some studies have supported this 

idea through ERPs research on audiovisual integration. Their results found that 

audiovisual integration could activate primary visual cortex as early as 40 ms after 

stimulus onset [14]. The functional significance of such early sensory integration 

remains to be determined [7]. In contrast, the late-stage model tends to view audiovisual 

integration as a higher-level cognitive process that typically occurs after the separate 

processing of visual and auditory inputs has been completed [16]. The concept has 

evolved from inflexible principles of early-stage or late-stage integration to a highly 

adaptable process encompassing multiple stages of integration [17]. By using sin-wave 

speech stimuli, Baart et al., (2014) identified two distinct audiovisual processing stages 

in the integration process. The first processing stage is dominated by the auditory N100 

component and is not influenced by the speech mode. The second processing stage is 

dominated by the P200 component and is influenced by the presence of visual 

information, but it occurs only when participants are in the speech mode [18]. It is worth 

noting that, compared to simple stimuli, audiovisual integration in the speech mode has 

a later and longer latency of occurrence [10,14]. The early N100 component may be 
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associated with automatic process and the later P200 is related to higher cognitive 

function called top-processing [17]. From the perspective of brain activation, research 

has also supported the idea that audiovisual integration involves multiple processing 

stages, with both top-down and bottom-up processes being implicated. Our recent study 

using ERPs have also supported the idea that audiovisual processing occurs at multiple 

stages. That is, audiovisual integration was found at 200-230 ms, 320-360 ms, 460-500 

ms [11]. FMRI results have shown that simultaneous presentation of visual and auditory 

stimuli leads to enhanced activity in multiple brain areas involved in audiovisual 

processing [19]. In addition, a time window of integration model suggests that 

audiovisual processing includes two consecutive phases: an early stage of peripheral 

processing and a later stage of converging sub-processes. Particularly, in the first 

processing stage, visual and auditory information are processed separately. Then, within 

a specific integration time window, if both independent processing processes are 

completed, the second stage begins. In the second stage, the brain integrates the 

information from the visual and auditory modalities, leading to audiovisual integration 

[20]. The second hypothesis was associated with predictive coding theory, which 

demonstrated that our perception was determined by a trade-off between prediction 

based on prior experience accumulated over our life span and efficiency of sensory 

processing [21-23].  

1.1.4 Audiovisual integration during aging   

The degree of aging in the peripheral sensory organs and cortical structures 
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responsible for higher-order cognitive processing significantly influences the 

processing of audiovisual stimuli. As individuals age, their perceptual systems and 

cognitive functions tend to decline to varying extents, including reduced visual and 

auditory sensitivity, decline in working memory capacity, and attentional abilities [24-

27]. Additionally, with aging, changes occur in brain structures, such as reductions in 

gray and white matter volume and alterations in the activation levels of brain regions 

responsible for specific cognitive processes [13]. These various brain changes resulting 

from age-related factors may have an impact on audiovisual integration. 

A considerable number of ageing studies have compared audiovisual integration 

between young adults and older adults. Some researchers employed a color-naming task 

with semantic stimuli under visual, auditory, and audiovisual conditions [28]. The 

results showed that the reaction time to audiovisual stimuli was accelerated in young 

and older adults, with a significantly greater audiovisual gain in older adults. Similarly, 

in a simple discrimination task with meaningless stimuli, enhanced audiovisual 

integration was also found in older adults [29]. In order to get a clearer and more 

complete understanding of the neural changes associated with audiovisual processing 

during aging, subsequent ERPs research revealed that the neural response to 

audiovisual stimuli in older adults was stronger than that in young adults [30]. The 

stronger neural response was further confirmed at medial prefrontal regions and inferior 

parietal regions 100 ms after stimulus onset in older adults [30]. These studies support 

the point that the enhanced audiovisual integration related to the activation of specific 

brain regions in older adults may offer a strategy to compensate for the deficiency of 
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unimodal sensory processing [28]. The studies mentioned above regarding audiovisual 

integration in older adults mostly adopted a simple combination of auditory and visual 

stimuli and were based on non-speech paradigms. However, audiovisual integration in 

older adults was equivocal for speech perception, which was more complex and needed 

more cognitive processing [31]. Sommers et al. (2005) examined the age-related 

difference of audiovisual integration with speech stimuli, by testing the contribution of 

visual and auditory processing to audiovisual integration [32]. The results showed that 

the audiovisual gain in older adults was reduced compared to young adults. The authors 

further proposed that the capacity of encoding visual information in older adults was 

reduced, which may diminish the potential to comprehend auditory information [32]. 

However, some researchers reported contradictory findings that audiovisual speech 

processing did not deteriorate in older adults. That is, they can obtain equivalent 

audiovisual gain as young adults, with a larger reduction in the amplitude of N1 

component in the audiovisual condition relative to the summed amplitude of auditory 

and visual conditions [3]. This neural alteration of older adults in audiovisual speech 

processing might be due to the accumulated experience, suggesting that older adults 

were more capable of extracting useful information from visual stimuli (lip movement) 

to predict the upcoming auditory stimuli (spoken utterance) [3].  

In summary, older adults were inclined to obtain more audiovisual integration 

compared to young adults. Several hypotheses could be used to explain the increased 

audiovisual integration in older adults including top-down and bottom-up processing, 

compensation strategy and deficits in attentional control. Multisensory integration 
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involves top-down and bottom-up processes. The former process can be affected by 

attention, memory, and expectation, while the latter is driven by stimulus salience. 

According to a review discussing the stages of multisensory integration, the authors 

suggest that multisensory integration is largely subserved by a top-down process [17]. 

Previous studies have shown that frontal and fronto-central regions are highly 

associated with cognitive function, such as top-down attention [33]. Nevertheless, 

during ageing, older adults exhibit a greater disadvantage over top-down attention due 

to the decreased inhibitory function [34]. This may offer an interpretation for older 

adults having enhanced audiovisual integration over these regions compared to young 

adults. 

Secondly, the compensatory mechanism in the aging brain refers to an adaptive 

strategy where older adults, facing age-related cognitive decline and brain structural 

changes activate other brain regions or increase brain activity to compensate for 

functional deficits. This compensatory mechanism aims to help older adults maintain 

relatively higher levels of performance in cognitive tasks compared to young adults. 

During memory task, more brain activity in the prefrontal cortex were engaged in older 

adults, indicating that the greater activation in this brain region compared to young 

adults may compensate for the attenuated activity in visual processing regions [35]. 

Similarly, during audiovisual integration processes, older adults may show increased 

brain activity to compensate for deficiencies in sensory processing [11]. The 

effectiveness of the compensatory mechanism may vary across individuals and can be 

influenced by task demands and cognitive load. Under lower cognitive load levels, the 
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compensatory mechanism may be effective. However, as tasks become more complex 

or demanding, cognitive resources may reach their limitations, leading to the fact that 

the compensatory effect becomes ineffective [36].  

Thirdly, deficits in attentional control of older adults may result in a weak ability 

to suppress audiovisual information. Previous studies conducted a cued audiovisual 

discrimination task to explore the alteration of audiovisual integration under selective 

and divided conditions in different age groups [37]. The results not only showed that 

older adults had greater audiovisual integration under selective condition, but also 

found that audiovisual integration was still enhanced in older adults relative to young 

adults under divided conditions [37]. This might be because young adults could ignore 

modality-specific irrelevant information, further suppressing the audiovisual 

integration. As for older adults, they could not judge whether the information was 

irrelevant effectively, leading to enhanced audiovisual integration. Moreover, their 

subsequent study found neural evidence that older adults showed greater brain activity 

than young ones when they were involved in irrelevant information [38]. The greater 

audiovisual integration in older adults reflected that they were more distracted by the 

irrelevant information. This phenomenon was also found in other audiovisual 

perception tasks, such as the Mcgurk task or the sound-induced illusion task, in which 

the older group had a higher possibility of being influenced by the interaction between 

visual modality and auditory modality and was more vulnerable to yield the audiovisual 

effect [39,40].  
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1.2 Working memory  

Working memory is a memory system with limited capacity for temporary 

processing and storage of information. Multiple theoretical perspectives regarding 

working memory and its limited capacity. One of the most debated is that whether 

working memory is unitary, domain-general process or a domain-specific process 

consisting of auditory working memory and visual-spatial working memory. 

1.2.1 Working memory model  

According to the multiple-component theory proposed by Baddeley [41], working 

memory could be divided into three main components: a domain-general central 

executive component, which is responsible for monitoring and coordinating the 

activities of the other two components. The phonological loop is the component 

responsible for the storage of auditory-based information; the visuospatial sketchpad is 

responsible for the storage of visual-based information. This model emphasizes that 

information storage occurs within specific subsystems. In addition, the episodic buffer 

was introduced as a new component. It is used to temporarily integrate information 

from different systems and link them together to form a coherent event. It allows 

different types of information, such as sound, images, spatial information as well as 

information from long-term memory, to be temporarily combined to create a 

meaningful event and interact with other information [41].  

From the perspective of working memory processing efficiency, Daneman and 
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Carpenter’s theoretical model proposes that the working memory capacity may be 

influenced by the efficiency of working memory processing. In other words, lower 

processing efficiency in working memory might lead to lower memory capacity [42]. 

For instance, when comparing expert chess players and non-expert players in a game 

of chess, the former often outperforms the latter, possibly due to their better working 

memory processing efficiency. However, if both expert and non-expert players 

participate in a non-chess task, this advantage tends to disappear. Overall, this model 

suggests that working memory lies in processing efficiency, which could be linked to 

the central executive system rather than the capacity for storage [43].  

According to Kane and Engle’s working memory model theory, working memory, 

distinct from short-term memory, is regarded as an executive attention mechanism [44]. 

Specifically, this mechanism effectively discriminates between relevant and irrelevant 

information, maintaining the former in a state that is easily retrievable and accessible 

while inhibiting the latter. Furthermore, this executive attention mechanism enables 

individuals to switch back and forth between different cognitive tasks, which may result 

in resource competition. Working memory capacity is seen as a dynamic system, not 

merely characterized by retention time and capacity, but related to how effectively the 

executive attention function can concentrate attention resources on related content. 

Research has provided theoretical support for this perspective, with findings indicating 

that individuals with higher memory capacity are more adept at directing their attention 

towards relevant task content while suppressing interference from irrelevant stimuli 

[45]. Finally, this model describes working memory in terms of executive attention. 
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1.2.2 Working memory with aging 

The Hemispheric Asymmetry Reduction in Older Age model, or HAROLD was 

used to describe the brain activation during working memory task in older adults [46]. 

According to the HAROLD model, older adults may activate regions in the bilateral 

hemisphere specific to the task being performed as a compensatory mechanism during 

cognitive tasks. Research has found that during spatial working memory and verbal 

working memory tasks, young adults show lateralized activation, such as left prefrontal 

cortex activation (PFC) during verbal memory tasks and right prefrontal cortex 

activation during spatial tasks. However, older adults exhibit bilateral prefrontal cortex 

activation in both types of tasks. In conclusion, the PFC activity of older adults during 

cognitive tasks tends to exhibit reduced lateralization compared to young adults. From 

the perspective of compensatory mechanisms, the increased activation in specific brain 

regions by older adults may compensate the sensory decline during aging [47].  

Moreover, the Compensation-Related Utilization of Neural Circuits Hypothesis 

(CRUNCH) suggests that during cognitive tasks, older adults tend to activate additional 

brain regions. The activation of these specific brain regions is closely associated with 

the performance of older individuals. It is noteworthy that this additional activation 

manifests as an enhancement of certain brain areas to compensate for the functional 

decline in other regions. For instance, increased activity in the prefrontal cortex 

compensates for the decline in the medial temporal lobe. However, Cappell et al. (2010) 

proposed that the CRUNCH is effective at lower levels of task demand. When task-
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demanding increases at high levels of the task, the cognitive resources may reach 

limitation, resulting in insufficient processing and poor performance in older adults [48]. 

For instance, studies utilizing working memory tasks have shown greater activation in 

the prefrontal and parietal cortices in older adults than young adults under relatively 

low working memory loads; conversely, less activity in these areas in older adults was 

observed under high working memory loads [49]. Furthermore, research suggests that 

working memory in older adults is plastic, and improvements in working memory 

capacity through training can lead to changes in brain structure. Specifically, working 

memory training can result in increased gray matter volume in older individuals. 

Following an 8-week memory training, the training group exhibited significant 

improvements in memory performance compared to the control group. At neural level, 

older individuals in the training group exhibited increased thickness in the right 

fusiform and lateral orbitofrontal cortex, which was positively correlated with the 

observed working memory enhancements [50]. In addition, some researchers conducted 

working memory training on 23 healthy older adults, with half randomly assigned to 

the adaptive group (high-load training) engaging in visual-spatial and verbal working 

memory. The other half were placed in the control group (low-load training). After five 

weeks, both groups exhibited improved working memory performance compared to 

initial level. Comparing pre-training to post- training in terms of neuroimaging results, 

reduced activation in specific brain regions for both groups was found, particularly 

pronounced in the high-load training group. Reduced activation indicates higher 

efficiency of brain activity, attributed to the recruitment of fewer neurons and an 
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enhancement in their processing efficiency [51]. Moreover, other studies employed 

diffusion tensor imaging (DTI) techniques to investigate structural changes in older 

adults’ brain regions resulting from working memory training. The results indicated 

increased DTI in the frontal lobe and enhanced connectivity of fiber bundles following 

training [52]. 

 

Figure 1. An introduction of working memory consists of the following sections: working memory 

model, neural basis of working memory and aging factors. 

1.3 Working memory training  

Neural investigations into the plasticity of working memory primarily focus on 

alterations in brain activation patterns. In general, working memory training can induce 

three distinct patterns of brain activation: (1) Training leads to enhanced brain activation, 

reflecting the expansion of neural structures involved in working memory processing. 

It is noteworthy that in older adults, the enhancement of brain region activation through 

working memory training may be linked to brain compensation mechanisms. (2) 

Training results in reduced brain activation, reflecting improved neural efficiency and 
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enhanced processing efficiency of working memory. (3) Reorganization of brain 

activation, where brain areas activated at pre-training, show a combination of both 

enhancement and reduction in activation at post-training. 

Figure 2. An introduction of working memory training consists of the following sections: types of 

training, neural correlates. 

1.3.1 Neural correlates of working memory training  

 Numerous studies on working memory training have discovered that training 

leads to enhanced brain region activation, indicating higher levels of activation or the 

recruitment of additional cortical areas, thus facilitating cognitive processing. Some 

researchers have revealed that after 4-weeks of spatial working memory training, 

participants exhibited enhanced activation in the right inferior frontal gyrus and right 

intraparietal sulcus, and these activations were closely correlated with improvements in 

working memory [53]. Olesen et al.’s study found that following working memory 

training, participants exhibited increased activation in the prefrontal cortex and parietal 
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cortex, both of which are regions associated with working memory processing [54]. 

Similar effects have been observed in specific populations such as ADHD patients, 

where working memory training led to enhanced activation in the prefrontal, parietal, 

and temporal regions [55].  

According to the neural efficiency theory, a decrease in brain region activation 

may reflect the brain’s more efficient utilization of cognitive resources, resulting in 

resource conservation to meet the demands of other cognitive processes. Research has 

explored the activation changes in the striatum brought about by working memory 

training. As training progresses, there is an initial enhancement followed by a 

subsequent decline in activation in the right striatum. In contrast, the control group 

consistently shows increasing activation in the striatum [56]. In another neural study 

related to auditory n-back working memory training, a decrease in activation was 

observed in the right superior temporal sulcus. The authors suggested that this region is 

closely associated with auditory information processing, and the reduced activation 

resulting from training could be attributed to improved neural efficiency [57]. In 

another study of theirs, two groups of participants underwent visual and auditory n-

back training separately. Similar patterns of brain region activation were identified, 

where training led to reduced activation in the right middle temporal gyrus and posterior 

cingulate cortex. Notably, auditory n-back training additionally resulted in decreased 

activation in the right middle temporal gyrus [58]. 

Activation reorganization was related to automatic processing and controlled 

processing. Specifically, training is often as a changing interplay between automatic 
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and controlled processes. Controlled processing is governed by high-level function, 

such as attention and active monitoring of the task performance whereas automatic 

processing is activated automatically without the necessity for active control or 

attention [59]. When the training task is less demanding, it is easier to index a shift from 

controlled to more automatic processing and save limited resources for controlled 

processing. Such easier transition from controlled to more automatic leads to the 

decreased brain activity, reflecting increased neural efficiency. In contrast, when the 

training task was demanding, controlled processing dominates rather than automatic 

processing, leading to increased brain activity to ensure sufficient neural resources for 

controlled processing [60]. Research utilizing working memory training to investigate 

changes in brain functional connectivity has found that participants exhibited enhanced 

functional connectivity between the right middle frontal gyrus (MFG) and the anterior 

frontal lobe. Conversely, there was a reduction in functional connectivity between the 

medial PFC and the right posterior middle temporal gyrus [61]. 

1.3.2 Types of working memory training  

Working memory training can be divided into strategy-based and process-based 

working memory training.  

1.3.2.1 Strategy-based working memory training  

Strategy-based working memory refers to enhancing working memory 

performance through the acquisition of strategies, which can occur during different 

processing stages of working memory, such as encoding or retrieval. Memory strategies 
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include various types, such as the method of loci, imagery, association, categorization, 

etc. Some studies directly compared differences in working memory training between 

strategy-based tasks and process-based tasks. Specifically, this study utilized memory 

loci training and dual n-back training. The results indicated significant training effects 

in both groups. In transfer tasks, both groups exhibited transfer effects in the digit-span 

task, while only the dual n-back working memory training group showed transfer 

effects in the change detection task. Based on these results, the authors suggested that 

dual n-back training was more effective [62]. Since the study employed young 

participants, it might indicate that young individuals are more suited for process-based 

working memory training. Research also investigated age-related differences in 

strategy-based working memory training. Specifically, both young and older training 

groups received strategy training, involving enhancing word memory processing levels 

through learning mental imagery. The results demonstrated improved working memory 

performance in both training groups. Notably, the extent of improvement in working 

memory for the older adults was comparable to that of the young, suggesting that older 

adults may be suitable for strategy-based working memory training to some extent [63]. 

Furthermore, neural studies examined changes in brain activation due to strategy-based 

training. Activation in the temporal region was closely associated with strategy-based 

working memory training. Specifically, young adults exhibited significant activation in 

the temporal region following training. Moreover, the authors categorized older 

participants in training group based on training benefits, revealing that those older 

individuals who improved working memory through strategic memory exhibited 
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enhanced activation in the temporal region, unlike the non-trained older individuals 

who did not show increased activation in this region. Another study investigated the 

influence of strategy memory training on neural activity during the memory encoding 

stage, finding that training enhanced brain activity in the older adults in the medial 

superior frontal gyrus, right precentral gyrus, and left caudate during encoding. The 

authors suggested that these brain regions might be related to automatic verbal encoding 

strategies [64]. 

1.3.2.2 Process-based working memory training  

In contrast to strategy-based working memory training, process-based working 

memory training refrains from providing participants with any specific strategies. 

Executive functions, including switching, updating, and inhibition, can be facilitated 

through this type of training. Firstly, switching refers to participants switching between 

different tasks based on specific rules. Several studies have investigated the transfer 

effects of switching task training across different age groups. Specifically, the study 

encompassed three age ranges: 8-10 years, 18-26 years, and 62-76 years. The results 

revealed more pronounced near-transfer effects in both children and older adults 

following training. Conversely, young adults exhibited far-transfer effects, including 

fluid intelligence and executive control [65]. Furthermore, switching-task training was 

found to significantly enhance executive control functions in children with ADHD. 

Twenty ADHD children were randomly assigned to two training groups. One group 

underwent single-task training followed by switching task training, while the other 

group followed the opposite sequence. Both groups exhibited training effects, 



Chapter 1 Introduction 

 

23 
 

characterized by reduced switch costs. Transfer effects were also observed, indicating 

improved inhibitory control and verbal working memory levels through switching task 

training [66]. Their subsequent research employed a game-like format for switching 

task training. In this training, Task A required participants to determine whether an 

image depicted a fruit or a vegetable (food task), while Task B required them to judge 

whether an image was small or large (size task). Participants needed to switch between 

Tasks A and B. After 21 training sessions, elementary school students in the training 

group displayed training effects, which transferred to untrained executive functions. 

Furthermore, the reading abilities of the trained elementary school students notably 

improved [67]. Research also investigated brain region activation changes induced by 

switching task training. The results indicated reduced activation in the brain regions 

involved in the switching task prior to training. Only the dorsolateral prefrontal cortex 

exhibited increased activation. These changes in brain region activation may be 

associated with training effects [68]. 

From a working memory perspective, the primary role of inhibitory function is to 

suppress irrelevant information from entering the working memory processing. Firstly, 

research has investigated the training effects of inhibition on both young adults and 

children. Inhibition training employed three Stroop tasks. The stimuli for these tasks 

consisted of landscape images (associated with the “day” response key “F” and the 

“night” response key “J”), fruit images (associated with the “big” response key “S” and 

the “small” response key “L”), and cartoon images (associated with the “boy” response 

key “D” and the “girl” response key “K”). Participants were required to respond to the 
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opposite category of the currently presented image, for instance, pressing the “D”key 

when a girl image was presented, corresponding to “boy”. Results showed that both 

training groups exhibited wide-ranging transfer effects following the training. The 

authors also examined the durability of these transfer effects and found that all of these 

transfer effects dissipated over time [69]. 

The updating function involves continuously modifying the contents of working 

memory based on newly presented information. It primarily monitors incoming 

information, replacing old information in working memory that is less relevant to the 

current task with new information that is highly task-relevant, thus constantly revising 

memory content [70]. The dual n-back, single n-back are widely employed as 

measurements of working memory updating. The dual n-back task requires participants 

to process stimuli streams from both the visual and auditory modalities simultaneously 

and determine whether the current stimuli in both modalities match the stimuli 

presented N trials ago. Importantly, many studies employ an adaptive training approach, 

in which the level of difficulty increases as participants achieve higher accuracy rates. 

For instance, if a participant performs well at a 2-back level, the difficulty level is up to 

3-back. A classic dual n-back training paradigm comes from Jaeggi and colleagues. In 

this task, sequences of squares are presented in different positions on the screen, 

accompanied by the auditory presentation of different letters’ sounds. Participants are 

required to simultaneously remember the location of the squares they see and the letters 

they hear and compare the current square and letter with the one presented N trials ago 

[71]. A key press response is required if they match. N adapts based on the participant’s 
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memory performance, increasing, or decreasing as memory performance improves or 

deteriorates. Larger N values require participants to hold more information in working 

memory, thereby increasing task difficulty. Using this training task, the authors 

investigated the impact of working memory training on fluid intelligence. The training 

group was divided into four subgroups based on training duration: 8 days, 12 days, 17 

days, and 19 days. They found that, following working memory training, the training 

groups (excluding the 8-day training) exhibited significant improvements in fluid 

intelligence scores compared to the control group that did not receive training. 

Interestingly, the longer the training duration, the greater the transfer effect on fluid 

intelligence for the training group. However, some studies have presented opposing 

conclusions. In a 5-week dual n-back training, it was found that the training group (30-

60 years) did not exhibit significant transfer effects on fluid intelligence[71]. In another 

study investigating differences in training effects between older adults and young adults 

on the dual n-back task, it was found that young adults benefited significantly more 

from dual n-back training compared to older adults. Notably, significant transfer effects 

were not observed in older adults for task switching and inhibition tasks [72]. This could 

be attributed to the fact that the dual n-back task continually demands the allocation of 

cognitive resources to expand cognitive functions, approaching cognitive capacity 

limits, thus presenting higher task difficulty. Furthermore, some studies directly 

compared the differences in training and transfer effects between dual n-back training 

and visual n-back training. The results revealed similar training effects for both tasks, 

and even better transfer effects to the updating task were observed after visual n-back 



Chapter 1 Introduction 

 

26 
 

training [73].  

Some researchers have employed ERPs to investigate neural changes induced by 

N-back training. In a study by Covey (2018), N-back training was contrasted with visual 

search training to explore the neural mechanisms underlying working memory training 

based on the N-back task. Following 4 weeks of training, both the N-back training group 

and the visual search training group exhibited significant enhancements in P300 

amplitude. Additionally, the N-back training group displayed increased N200 amplitude 

and an earlier latency. The authors suggested that the enhanced P300 amplitude in both 

training groups might be linked to improved attention. The alteration in the N200 

component within the N-back training group could be attributed to the specific nature 

of the N-back task, where the N200 reflects enhanced conflict detection and mismatch 

identification abilities [74]. Regarding the neural differences between older adults and 

young adults, a study employed N-back training for investigation. The participants were 

divided into older training groups, young training groups, older control groups, and 

young control groups. The results revealed significant post-training enhancement in 

P300 amplitude for both older adults and young adults. Both training groups exhibited 

near-transfer and far-transfer effects on working memory and fluid intelligence, with 

greater training benefits observed in older adults for attention shifting tasks [75]. Other 

studies have explored neural plasticity in children. One study recruited 44 children to 

participate in digit-span backward and N-back training. The N-back task was used to 

record EEG data before and after training, to assess neural changes brought about by 

training. After 20 training sessions, the children exhibited a noticeable increase in P300 
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amplitude during the 2-back task. Furthermore, studies have investigated changes in 

brain region activation induced by N-back training tasks [76]. Due to the fact that n-

back task was associated with updating, fMRI studies have localized the updating 

function in the striatal area [77]. Another study confirmed this idea, using the dual n-

back training task. It found that the training group exhibited training effects on the 

untrained bimodal updating task, but not on the untrained unimodal updating task. 

Additionally, for the training group, training led to increased striatal activation, which 

was strongly correlated with improvements in working memory [78]. Single n-back 

training has also been used to investigate changes in brain region activation. Compared 

to the control group, the N-back training group displayed significant improvements in 

working memory performance, reflected in increased accuracy and reduced reaction 

times. Moreover, the training group exhibited reduced activation in frontal 

superior/middle cortex, inferior parietal cortex, anterior cingulate cortex, and middle 

temporal cortex. The authors proposed a close relationship between behavioral 

improvements and the reduced activation in these brain regions. Additionally, the study 

suggested that this training effect was well-maintained, as a follow-up fMRI scan 

conducted 5 weeks later still showed stable behavioral and brain activation changes 

[79].  Another study investigated the changes in brain region activation brought about 

by N-back training across three-time stages: pre-training, mid-training, and post-

training. After undergoing 10 sessions of working memory training, it was concluded 

that the training effects of the N-back task are closely linked to the activation of the 

parietal region responsible for working memory updating. It’s worth noting that certain 



Chapter 1 Introduction 

 

28 
 

studies incorporate multiple components of working memory, such as updating and 

inhibition components, into training. For instance, a study employed both the flanker 

training task and the N-back training task to enhance individuals’ interference control 

abilities. The training was divided into an adaptive group and a non-adaptive group. 

The results revealed that adaptive training led to improved interference control abilities, 

reflected by reduced error rates and reaction times in the flanker task. On a neural level, 

adaptive training resulted in a significant increase in N200 amplitude for incongruent 

trials in the flanker task, along with a decrease in CRN amplitude. Conversely, the non-

adaptive group exhibited enhanced reaction speeds but also a rise in error rates [80]. 

1.4 Audiovisual integration and working memory  

Before understanding the relationship between audiovisual integration and 

working memory training, the common between audiovisual integration and the 

working memory process should be taken into consideration. Previous research on 

audiovisual integration has found that individuals with larger working memory capacity 

can achieve greater audiovisual integration. They can better rely on visual and auditory 

cues to perceive speech, even in situations with higher auditory noise levels. This 

indicates that working memory capacity plays a regulatory role in individual 

audiovisual integration abilities: higher working memory levels can provide a certain 

inhibitory effect on noise, allowing individuals to make better use of audiovisual cues 

[81]. Other studies have employed simultaneity judgment tasks to explore the 

association between audiovisual processing and working memory. In this task, 
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participants are required to judge whether presented visual and auditory stimuli are 

synchronous and compute their simultaneity perception sensitivity. Additionally, errors 

in responses are recorded for each stimulus onset asynchrony (SOA) condition. This 

research suggests a close relationship between simultaneity perception sensitivity and 

multisensory processing, while errors in responses for each SOA condition are closely 

related to executive control within working memory. Results reveal a significant 

correlation between increased error responses and lower working memory capacity in 

middle-aged and older individuals. This implies that there might be shared cognitive 

resources between audiovisual simultaneity judgment and working memory processing 

[82]. 

Moreover, working memory also exhibits characteristics of audiovisual integration. 

For instance, a recognition task was conducted to examine how the simultaneous 

presentation of semantically congruent audiovisual information (e.g., presenting a 

picture along with its corresponding sound) compared to visually and auditorily 

congruent non-semantic information affects memory recognition. The results showed 

that memory recognition was better when semantically congruent audiovisual 

information was presented compared to when audiovisual congruent non-semantic 

information was presented. Specifically, the congruency of semantic audiovisual 

information facilitated the encoding process, leading to improved memory performance 

in children. They proposed that semantically congruent audiovisual information helps 

children establish associations between visual and auditory information, facilitating 

rapid linkage between perceptual information and long-term memory and thereby 
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enhancing recognition [83]. Research by Postle and others has indicated that brain 

regions involved in perceptual processing also play a role in storing that perceptual 

information [84]. For instance, areas responsible for visual processing might also serve 

as short-term memory storage regions for visual information. In tasks related to facial 

information memory, activation of the posterior fusiform gyrus has been observed [85], 

which is closely associated with facial recognition processing. To further investigate 

whether working memory representation is amodal or modality-specific, Xie and 

colleagues employed a Sternberg-type working memory task to examine changes in 

brain activation during object recognition under conditions of semantic congruence and 

incongruence. The Sternberg task involved three working memory processing stages. 

In the cue encoding stage, a cue is presented to indicate the upcoming type of stimulus, 

followed by a 2-second encoding stage where participants must remember the presented 

stimulus. During the delay stage, participants retain the encoded information. Finally, a 

retrieval stage involves determining whether the presented stimulus matches the 

stimulus from the encoding stage. After comparing brain activations across four 

conditions (audiovisual congruent, audiovisual incongruent, visual only, auditory only), 

it was found that under audiovisual congruent encoding, shared activated regions 

included the left angular gyrus, supramarginal gyrus, and precuneus. Under audiovisual 

incongruent encoding, shared activated regions included the bilateral angular, left 

superior parietal lobule, and left middle temporal gyrus. Further examination of 

commonly activated brain regions under congruent and incongruent conditions revealed 

bilateral angular gyrus and left middle frontal gyrus n in both conditions. This study 
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supported amodal representation of working memory [86]. Moreover, early ERPs 

findings also provided evidence for the facilitative effect of audiovisual integration on 

working memory. A study investigated whether audiovisual integration could enhance 

working memory performance during aging. Participants were required to complete an 

N-back task in visual, auditory, and audiovisual conditions. In the visual condition, only 

visual digits were presented; in the auditory condition, only auditory digit sounds were 

presented; in the audiovisual condition, participants were presented with both visual 

digits and corresponding sounds. The results revealed significantly higher working 

memory performance in the audiovisual condition compared to the visual and auditory 

conditions. The correct response rate for working memory in older adults under the 

audiovisual condition was relatively comparable to that of young adults under the 

auditory condition, suggesting that the presentation of audiovisual stimuli can help 

older adults mitigate age-related working memory decline. Further neural results found 

that the N1 amplitude for older adults in the audiovisual condition was significantly 

lower than the N1 amplitude in the auditory condition, indicating the presence of the 

audiovisual facilitation effect at the neural level. Additionally, both older adults and 

young adults exhibited an earlier N1 latency in the audiovisual condition compared to 

the auditory condition, suggesting to some extent the facilitative effect of audiovisual 

integration [87]. 

Recently, several studies have employed the resting-state homogeneity method to 

investigate the neural mechanisms of audiovisual working memory. In this research, the 

Sternberg working memory task was employed with four different encoding conditions: 



Chapter 1 Introduction 

 

32 
 

audiovisual congruent, audiovisual incongruent, visual only, and auditory only 

conditions. The results continued to demonstrate the facilitative role of audiovisual 

integration on working memory. Specifically, presenting audiovisual stimuli during the 

encoding stage enhanced subsequent working memory maintenance and retrieval. The 

study further revealed that in the high-performance working memory group, the REHO 

(Regional Homogeneity) values of the executive control network significantly 

increased, while those of the default mode network and salience network significantly 

decreased. Thus, the authors hypothesized that the facilitative effect of audiovisual 

integration on working memory may involve activation of different functional networks, 

such as the executive control network [88]. Another study employed source localization 

methods to investigate how the presentation of audiovisual stimuli during the encoding 

stage impacts subsequent working memory processing. This experiment, based on the 

Sternberg paradigm, also found enhanced working memory performance under the 

audiovisual congruent condition. Furthermore, neural results revealed significant 

differences in the ERPs between the audiovisual congruent and the sum of visual and 

auditory conditions in the frontal and parieto-occipital regions at a relatively late 236-

530 ms time window. This difference was likely associated with the audiovisual effect. 

The authors further explained the reason for the appearance of this difference in the late 

stage, citing earlier research on audiovisual integration that indicated its occurrence 

before 100 ms, which may be associated with reflecting bottom-up stimulus 

characteristics. In contrast, this study found that the audiovisual difference was at a 

relatively late stage, suggesting top-down processing involvement [88]. In their 
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subsequent neural oscillation study, the researchers found that during audiovisual 

encoding, theta neural oscillations appeared in multiple brain regions, including the 

frontal lobe (superior frontal gyrus), parietal lobe (precuneus), temporal lobe (inferior 

temporal gyrus), and occipital lobe (cuneus). This highlighted the vital role of theta 

oscillations in encoding under audiovisual conditions and in aiding the formation of 

audiovisual memory traces [89]. However, other studies have discovered that working 

memory load can modulate neural oscillations associated with audiovisual integration. 

Specifically, in a dual-task experiment involving an N-back task and sound-induced 

flash illusion, it was investigated whether working memory load affects audiovisual 

processing (top-down or bottom-up). The results showed that under high working 

memory load, not only did more illusion effects occur, but they also influenced early 

and late neural oscillations. Particularly, under high working memory load conditions, 

early beta neural oscillations in the auditory and motor area were found at 70 ms, and 

the theta neural oscillation was increased at 120 ms, and late beta neural oscillations in 

the frontal and auditory cortices during the illusion were suppressed. The authors 

suggested that audiovisual integration can be influenced by cognitive resource 

availability. When cognitive resources are limited, audiovisual integration may involve 

top-down neural oscillations including beta/theta [90]. Similar audiovisual effect has 

also been identified in working memory. Researchers used a combined n-back and 

Go/NoGo paradigm to investigate whether audiovisual interaction interferes with or 

facilitates working memory. In detail, the experiment had two groups: one completed a 

single visual n-back task and a single auditory go/no-go task, while the other completed 
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a dual task combining N-back and Go/NoGo. Comparing single visual 2-back with the 

dual task revealed no difference in accuracy but differences in reaction time. The 

authors found a significant correlation between reaction time and accuracy, suggesting 

a speed-accuracy trade-off in the dual task. There was no significant difference in visual 

working memory performance between the two tasks at 2-back. It appears that auditory 

did not interfere with visual. However, comparing single visual 3-back with the dual 

task showed a significant decrease in accuracy and reaction time in the dual task. 

Additionally, in the dual task, visual memory significantly declined. This suggested that 

under relatively high load (3-back), auditory stimuli began to interfere with visual 

stimuli. The authors proposed that under high load, the brain couldn’t simultaneously 

process visual and auditory stimuli due to limited cognitive resources, leading to 

decreased performance [91]. 

Based on audiovisual effect on working memory, whether audiovisual working 

memory could induce a training effect or a transfer effect? Some studies have provided 

neural explanations for the brain activation resulting from multisensory training. In one 

study, participants underwent fMRI scans during three processing stages: the pre-

associative learning stage, the associative learning stage, and the post-associative 

learning stage. During the associative learning stage, participants engaged in 

audiovisual associative learning tasks, such as associating sounds with faces or phone 

rings with phone brand names. The results revealed that participants who underwent 

audiovisual associative learning showed improved performance in recognizing sounds 

associated with faces, along with enhanced functional connectivity between auditory 
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and visual regions. The authors proposed that the presentation of audiovisual stimuli 

(sounds and faces) triggers multisensory associative effects. This might be driven by 

predictive coding, where the activity of higher-level neurons influences early perceptual 

processing through feedback loops. In other words, the positive impact of higher-level 

neural activity from audiovisual associative learning might benefit lower-level visual 

recognition [92]. Why does multisensory training lead to better facilitative effects? First, 

it’s argued that perceptual information is encoded in specific brain regions closely 

linked to multisensory integration areas. When training involves audiovisual stimuli, 

more multisensory regions are activated compared to unimodal training. This results in 

stronger memory traces, which subsequently influence later processing, creating 

facilitative effects. However, whether training based on audiovisual benefits can 

enhance higher-level cognitive processes, such as working memory, remains largely 

unexplored. In a study by Deveau et al. (2016), the authors suggested that the design of 

working memory training should follow multisensory principles. They noted that 

memory storage and retrieval involve multiple senses. They argued that existing 

working memory training tasks like the dual n-back don’t effectively harness the 

potential for learning facilitation. This is because such tasks require visual and auditory 

processing to compete for limited resources, leading to substantial interference effects. 

They proposed that multisensory training can tap into complementary information from 

different modalities. For instance, individuals with limited visual abilities could benefit 

from training involving associated auditory stimuli [93]. 
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1.5 The aims of the present thesis    

The main aims of the present thesis can be divided into three sections: 

Experiment 1 introduces the concept of audiovisual integration and the 

relationship between audiovisual integration and age-related factors. We also test 

whether audiovisual integration could occur in young adult and older adults, measured 

by behavioral results and ERPs. Moreover, we also portrayed the different magnitude 

of audiovisual integration between young adults and older adults.  

Experiment 2 introduces the benefit of audiovisual working memory. Given the 

fact that whether working memory with audiovisual stimuli could enhance working 

memory performance remained in conflict, we test the behavioral difference between 

audiovisual working memory and single-modality working memory (auditory, visual) 

in older adults and young adults. 

Experiment 3 introduces the audiovisual benefit on working memory training. We 

test whether working memory training with audiovisual stimuli could improve the 

working memory performance in young adults and older adults. Moreover, we also test 

whether the training of higher-cognitive processing could transfer to low-cognitive 

processing. That is, the transfer effect of working memory training on audiovisual 

processing. 
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Chapter 2 The alteration of audiovisual integration in young 

and older adults 

2.1 Background  

In our daily life, we receive information from different sensory modalities. Our 

brain has the capacity of integrating these information sources into a unique and 

coherent percept, this process of information integrating is called multisensory 

integration, a phenomenon that shapes our view of the world [94]. For example, a train 

rumbles quickly across the plain which conveys the visual and auditory information, 

but we recognize the train by integrating the information of different sensory modalities 

instead of perceiving the train as fragmented shapes, colors, and sounds. 

The stimuli intensity can be associated with multisensory integration processing. 

Many behavioral studies for young people of multisensory integration have also shown 

that the employment of bimodal stimuli with low intensities produced more stronger 

behavioral enhancement than the employment of bimodal stimuli with high intensities 

[103,104]. The Followed ERPs research referring to the neurophysiologic basis for the 

relationship between stimulus intensity and the magnitude of the multisensory 

integration revealed that audiovisual integration was found particularly for stimuli with 

low intensity, and high intensity level did not reveal robust audiovisual integration [105]. 

Some researchers suggested such phenomenon that enhanced audiovisual integration 

occurred in low intensity might be due to the inverse effectiveness, where multisensory 
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integration was most effective and yielded maximal behavioral enhancements when less 

intense or weak and ambiguous stimuli were employed [106]. However, other findings 

related to aged group found that the inverse effectiveness was not observed when the 

stimuli intensity decreased [107,108]. Particularly, the study of Tye-Murray et al. (2010) 

compared the ability of young adults and older adults to integrate auditory and visual 

sentence materials under conditions of good and poor signal clarity, observing whether 

the Inverse Effectiveness occurred or not. Neither integration enhancement increased 

when signal clarity in the auditory or visual channel of audiovisual speech stimuli 

decreased, nor was either higher for older adults than for young adults [107]. This 

research figured out the results in old group was due in large part to the test format or 

context, rather than the further investigation that how stimuli intensity influences the 

audiovisual integration during aging. Because, in the context of real-world multisensory 

stimuli, the changes in multisensory integration can be mediated not only by changes 

in the external characteristics of the stimuli (e.g., the loudness of the auditory or the 

clarity of the visual stimulus) but also by changes in internal events governing the 

processing of the information - the decreases in visual and auditory sensitivity 

associated with aging likely stem from reductions in internal signal strength caused by 

alterations in transduction and encoding mechanisms [27].  

As we age, our life span undergoes a decline of function in our sense, such as 

impairment of visual acuity [95] and the increase of auditory thresholds [96], which 

may influence the effectiveness of audiovisual integration and processing. This 

phenomenon is mainly manifested as enhanced or reduced audiovisual integration in 
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older adults compared to young adults. Specifically, in a magnetoencephalography 

(MEG) study, brain activation differences in audiovisual processing between older and 

young adults were measured in the auditory cortex [97]. At behavioral level, older 

adults exhibited slower overall response times than young adults. When assessing 

differences in audiovisual integration using the race-model, it was found that the race-

model suggested that audiovisual integration is reduced in older adults compared to 

young adults. In further investigation of neural results, it was discovered that older 

adults exhibited cortical suppression when responding to audiovisual stimuli, as 

evidenced by significantly reduced amplitudes compared to young adults. The authors 

further proposed that this cortical suppression contributes to the weakened audiovisual 

integration ability observed in older adults [97]. Nevertheless, numerous other studies 

have indicated that older adults might have better audiovisual integration abilities 

compared to young adults. For instance, audiovisual discrimination, sound-induced 

flash illusion tasks, and speech perception tasks have demonstrated this enhanced 

audiovisual integration in older adults. Some researchers employed a colour-naming 

task with semantic stimuli presented under visual, auditory, and audiovisual conditions 

Visual stimuli consisted of discs (red, blue, green), auditory stimuli were corresponding 

sounds, and audiovisual stimuli combined both visual and auditory stimuli. The 

findings showed reduced reaction times for audiovisual stimuli in both young and older 

adults [28]. In a study related to audiovisual integration using hand-held tools as stimuli, 

participants were required to discriminate between target stimuli (hand-held hammer) 

and irrelevant standard stimuli (hand-held stick), presented through visual, auditory, 
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and audiovisual modalities. At neural level, they found that greater audiovisual 

integration of anterior brain was found in older adults in the low-intensity condition. 

This suggests that audiovisual integration in older adults works despite reduced clarity. 

Furthermore, using race-model, greater audiovisual integration benefits for older adults 

was found compared to young adults [98]. In a study examining age-related differences 

in the McGurk effect, the accuracy of phoneme recognition was investigated under 

audiovisual congruent and incongruent conditions. The experiment included congruent 

audiovisual, incongruent audiovisual, single visual, and single auditory conditions. The 

results suggested that older individuals appeared more susceptible to the influence of 

visual speech, leading to larger illusions and greater audiovisual integration. This 

enhancement in audiovisual integration among older individuals may be attributed to 

the following reasons: firstly, it could serve as compensation for age-related sensory 

decline [27]. Secondly, the enhanced audiovisual integration might stem from a wider 

binding window in older individuals. This window refers to the time interval within 

which the central nervous system optimally integrates information for better perception 

of external events. When visual and auditory information is presented within a certain 

time window, integration occurs [9]. Older adults might have a faster temporal binding 

window, leading to a higher likelihood of integration and consequently, the generation 

of illusions. In the aforementioned studies, the enhanced audiovisual integration in 

older adults may be related to the meaningful stimuli these studies used. Some 

researchers have particularly investigated the impact of stimulus types on audiovisual 

integration in older adults. The study investigated the differences in audiovisual 
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integration between older and young individuals under conditions of audiovisual 

meaningless stimulus presented at the center and audiovisual semantic stimulus 

presented at the center). The research findings indicated that the response times to 

audiovisual targets were significantly shorter than those to auditory or visual targets. 

Young participants exhibited significantly shorter target response times across all 

modalities compared to older participants. Furthermore, the results from the race model 

revealed that older participants exhibited delayed and broader audiovisual integration 

windows in all conditions compared to young participants. Lastly, within the context of 

simple meaningless stimuli, older adults exhibited the smaller audiovisual integration, 

whereas in the semantic stimuli, older adults displayed the greater audiovisual 

integration. This suggests that despite the compromised audiovisual integration ability 

in older adults, a compensatory mechanism is established when processing audiovisual 

semantic stimuli. The authors suggested that older adults engage in audiovisual 

integration processing involving meaningful stimuli, they activate more brain regions 

to facilitate behavioral performance, indicating their ability to utilize knowledge and 

experience to integrate stimulus information from different modality [30]. However, the 

study did not utilize neural techniques to further investigate the changes in audiovisual 

integration in older adults when using simple stimuli. This raises a question: do older 

adults activate more brain regions and exhibit greater audiovisual integration in 

processing meaningless audiovisual stimuli using ERPs?  

In order to clarify the aging effect on audiovisual integration between older adults 

and young adults when processing simple meaningless stimuli, it was hypothesized that 
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old group would have more gains in audiovisual integration compared to the young 

group in the audiovisual condition predicted by the idea that multisensory stimuli may 

offer a performance benefit due to the deleterious sensory systems. Here, we conducted 

an ERP study designed to demonstrate how age affects audiovisual integration in 

meaningless stimuli. The participants performed a simple discrimination task based on 

audiovisual, auditory, and visual stimuli conditions. This study may help resolve the 

disputes on audiovisual integration mentioned in previous studies. 

2.2 Methods 

2.2.1 Participants 

Twenty-four old (age ranging from 58 to 70, mean age ± SD, 61 ± 4) and 21 young 

participants (age ranging from 20 to 25, mean age ± SD, 21.7 ± 2.5) were recruited to 

take part in the study. One participant was excluded from the analysis due to poor 

performance in ERP data collecting (the loss of > 70% of trials). The remaining 43 

participants had normal hearing and normal or corrected-to-normal vision. All 

participants were naive to the purposes of the study and provided informed consent for 

the procedure, which was previously approved by the Ethics Committee of Hubei 

University. 

2.2.2 Stimuli  

We conducted a pre-experiment prior to all experiments to determine one contrast 

level whose accuracy in detecting the visual stimuli ranges from 80% to 90%. All the 
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stimuli were divided into two types—target stimuli and standard stimuli. The horizontal 

gabor pitch and the vertical pitch were regarded as target stimulus (VT) or standard 

stimulus (VS) respectively, which appeared 5° below the fixation point. The auditory 

target stimuli (AT) were white noise and the auditory standard stimulus (AS) was a 1000 

Hz sinusoidal tone. These stimuli were presented simultaneously in both the ears 

through an earphone. The audiovisual standard stimulus (AVS) consisted of the 

simultaneous presentation of unimodal A and V standard stimuli. And the audiovisual 

target stimulus (AVT) consisted of the simultaneous presentation of unimodal A and V 

target stimuli. 

2.2.3 Procedure   

The experiment was conducted in a dark and sound-attenuated room. There were 

200 visual stimuli (40VT, 160VS), 200 auditory stimuli (40AT, 160AS) and 200 

audiovisual stimuli (40AVT, 160AVS). The stimulus stream consisting of visual stimuli, 

auditory stimuli, and audiovisual stimuli, which were segmented into 3 sessions, was 

randomly presented on monitor using Presentation software (Neurobehavioral Systems 

Inc., Albany, California, USA). AS shown in Figure 1, Each trial began with the 

presentation of a fixation cross at the center of the screen, accompanying a type of 

stimulus whose duration was 400 ms. The inter stimulus interval ranged between 1200 

and 1800 ms. The participants, viewing the monitor from 60 cm, fixing their eyes on 

the fixation point, were asked to response to target stimuli as quickly and accurately as 

possible by pressing the left button of mouse. 
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The EEG and behavioral data were recorded simultaneously. An EEG was 

captured through a 32-channel cap (Easy-cap, Herrsching Breitbrunn, Germany) using 

a BrainAmp MR PLUS EEG Amplifier (Gilching, Germany). All electrode impedance 

was maintained below 5 kΩ. The electrooculogram was recorded by placing one 

electrode at the outer canthus of the left eye to monitor horizontal eye movements. 

Additionally, eye blinks and vertical eye movements were tracked using an electrode 

positioned beneath the right eye. Raw signals were digitized using a sample frequency 

of 500 Hz. The ERPs analysis was based on Brain Vision Analyzer software (version 

1.05, Brain Products GmbH, Munich, Bavaria, Germany).  
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Figure 1. The participants, viewing the monitor from 60 cm, fixing their eyes on the fixation point, 

responded to VT stimuli, AT stimuli or AVT stimuli. 

2.2.4 Data analysis    

2.2.4.1 Behavioral data 

Reaction times (RTs) and hit rates (HRs) for target stimulus were calculated for 

each type of stimulus and each age group. The behavioral results of RTs and HRs were 

used to do further analysis according to a repeated-measures analysis of variance, 

comprising of within-factor (three types: visual, auditory, audiovisual), and the 

between-factor (two group: young, old). 

The race model was used to determine if the observed multisensory behavioral 

enhancements were beyond that predicted by statistical summation for the unimodal 

visual and auditory conditions. The cumulative distribution functions (CDFs) were 

employed to calculate the cumulative distribution of different modalities. Furthermore, 
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for each participant, we compare the AVT CDFs to CDFs of summation for VT and AT 

at each time bin, using the quantitative formula of race model : [P (AT) × P (VT)] - [P 

(AT) + P (VT)] [99], P(AT) represents the probability of reaction time to each AT, and 

P(VT) represents the probability of reaction time to each VT. If the probability of 

reaction time to AVT was significantly greater than that predicted by the summed 

probability of VT and AT, suggesting that audiovisual integration occurred. 

 Moreover, the probability of deviations was obtained by subtracting the 

probability of summation for VT and AT from AVT probability at each time bin for each 

participant, and were averaged at each time bin, generating a difference curve for each 

age group. Then one-sample t test was conducted at each time bin within each age group 

to reveal the time range in which the curve was significantly greater than zero. Based 

on the probability of deviations, the positive area under the curve (AUC) can be 

calculated to further compare the effect of audiovisual integration in different age group 

or different intensity. 

2.2.4.2 Behavioral data 

The standard stimuli were used to elicit the ERPs to do further analysis. All signals 

were referenced to FCz. All electrodes were referenced to the average of both mastoids 

using offline analysis. A digital bandpass filter was employed with a range of 0.01-60 

Hz. The data were divided into epochs, from 100 ms before the stimulus onset to 800 

ms after the stimulus onset, and baseline corrections were made from −100 to 0 ms 

relative to stimulus onset. The artificial correction was set with a range of ±100 μV. 

Then the data were averaged for each stimulus type. In addition, after filtering the data 
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with a bandpass filter of 0.1-30 Hz, the participant who lost 70% trails of one type 

stimulus were excluded. The grand-averaged data were obtained for each stimulus type 

in each electrode of each age group. 

 The audiovisual integration effect was measured by the formula [AV − (A + V)]. 

The amplitudes were derived for each time point and electrode. Firstly, pairwise 

comparisons using paired t-tests were conducted among all the time points for each 

electrode. According to previous study, significant differences can be regarded as 

differences in ≥ 24 ms consecutive time points from zero (at least 12 data points) [100]. 

The time range and the regions of interests (ROIs) we chose depends on the results of 

t-test in which reveals the significant audiovisual integration. Five regions of Interest 

(frontal: F7, F3, Fz, F4, F8; fronto-central: FC5, FC1, FC2, FC6, central: C3, Cz, C4 

and occipital: O1, Oz, O2, centro-parietal: CP5, CP1, CP2, CP6) were selected based 

on statistical analysis. The young and older groups were analyzed separately, graphing 

the result of the P-value of a paired t test between AV and (A + V) at each electrode site 

in each group. Secondly, repeated measures ANOVAs were conducted separately for 

each age group at each condition, which were selected based on an overview of the 

significant differences in the first step. The mean amplitude data were analyzed with 

factors of stimulus type (AV, A+V) and ROIs. If a significant interaction between 

stimulus type and ROIs was observed for the main time intervals, the ANOVAs were 

measured separately for each of the five ROIs using the factor stimulus type (AV, A+V). 
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2.3 Results  

2.3.1 Hit rates  

For both the young and old participants, hit rates were greater than 85% for the 

auditory, visual and multisensory conditions (see Table 1). A repeated-measures 2 age 

(young, old) × 3 modality (visual, auditory, audiovisual) on hit rates revealed significant 

main effect of modality, F(2, 82) = 5.23, p < 0.01, ŋ² = 0.113. There was no main effect 

of age group, F(1, 41) = 2.63, p > 0.05, ŋ² = 0.06. and no significant interaction between 

age group and modality, F(2, 82) = 0.775, p > 0.05, ŋ² = 0.019. 

2.3.2 Response times 

The mean response times for all conditions are presented in Table 1. A repeated-

measures analysis 2 age (young, old) × 3 modality (visual, auditory, audiovisual) on the 

mean response times (RTs) revealed significant main effect of age group, F(1, 41)= 

12.18, p < 0.001, ŋ² = 0.229, indicating that the response time of the old participants 

was significantly slower than that of the young participants. A significant main effect 

of modality occurred, F(2, 82) = 120.44, p < 0.001, ŋ² = 0.746, indicating that the 

response time declined with the alteration of modality, an alteration from unimodal 

modality to bimodal modality. However, the interaction of age group and modality was 

not significant F(2, 82) = 1.59, p > 0.05, ŋ² = 0.037.  
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Table 1 The mean response time and hit rates for both young and old group  

        Auditory             Visual    Audiovisual   

Older group             

Hit rate (%)  87 (22)  91 (14) 97 (1.4) 

RT (ms)  635 (79.1) 661 (63.4) 525 (50.8) 

Young group     

Hit rate (%)  94 (6.9)  94 (6.8)  99 (1.5) 

RT (ms)  557 (61.8)   598 (73.4) 477 (51.3) 

Standard deviations are given in parentheses 

Figure 2. Reaction time and accuracy across auditory, visual and audiovisual conditions in both 

older group and young group. The dark grey square represented the older group while the light grey 

square represented the young group.  

2.3.3 Race model  

Comparing the audiovisual RTs distribution to the summation for the unisensory 

visual and auditory RTs distribution, significant difference was found from 370-670 ms 

in young group and from 380-740 ms in old group. Two-sample t test was performed to 

compare both age group. The result showed that there was a significant difference 



Chapter 2 The alteration of audiovisual integration in young and older adults 

 

50 
 

between the young group with the peak latency 17.98% at 470 ms and the old group 

with the peak latency 26% at 520 ms, t(20) = 2.25, p < 0.01. Then Independent-samples 

t test of AUC showed that audiovisual integration enhancement was stronger in old 

group (Auc = 13, SD = 5.17) than that in young group (Auc = 9.2, SD = 6.8), t(40) = 

2.03, p < 0.05. 

Figure 3. Cumulative probability distribution in older and young adults (A) and Probability 

difference in older and young adults (B). 

2.3.4 ERP Results 

The audiovisual integration was measured by [AV − (A + V)]. If the amplitudes of 

[AV − (A + V)] were significantly different from zero in the electrodes at 24 ms 
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consecutive time points or more, the audiovisual integration occurred. Specifically, the 

audiovisual integration in old group were occurred at three-time intervals: 110-140 ms, 

140-170 ms, 350-380 ms while these in young group were observed at two-time 

intervals: 190-250 ms, 300-360 ms. 

For older adults, at the audiovisual integration for 110-140 ms, the observed 

integration was in the frontal (F3, Fz, F4, F8), fronto-central (FC1, FC2, FC6, FC5), 

central (C3, Cz, C4), centro-parietal (CP1, CP2, CP6) regions. The ANOVA using the 

factors stimulus type (AV and A+V) and the ROIs (frontal, fronto-central, central, 

centro-parietal) showed a significant main effect of factors stimulus, F(1, 66) = 26.9, p 

< 0.001, ŋ² = 0.551, suggesting that the amplitude of AV was significant greater than 

that of (A+V). And a significant main effect of ROI regions, F(3, 66) = 128.21, p < 

0.001, ŋ² = 0.765, revealing that centro-parietal region had the strongest difference of 

amplitudes compared to other three regions. There was also a significant interaction 

between two factors, F(3, 66) = 4.7, p < 0.01, ŋ² = 0.176. Further post-hoc comparisons 

showed that amplitudes of the frontal, fronto-central, the central and centro-parietal (all 

p < 0.001) site were significantly greater in AV (mean potential: -4.06 μV, -3.11 μV, -

2.41 μV, -1.33 μV) compared with (A+V) (mean potential: -7.4 μV, -6.68 μV, -5.06 μV, 

-4.11 μV).  

The audiovisual integration was also found at 140-170 ms, the observed 

integration was in the central (C3, C4), centro-parietal (CP5, CP1, CP2, CP6) regions. 

The ANOVA analysis 2 (stimulus type: AV, A+V) × 2 (RIO regions: central, centro-

parietal) revealed a significant main effect of stimulus type, F(1, 22) = 38.7, p < 0.001, 
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ŋ² = 0.638, indicating that the amplitudes of AV were significant positive than (A+V) 

stimulus. There was also a significant main effect of RIO regions F(1, 22) = 302.5, p < 

0.001, ŋ² = 0.932, which demonstrated that centro-parietal region had stronger 

amplitude than central region. The interaction between the two factors was non-

significant, F(1, 22)= 3.1, p > 0.05, ŋ² = 0.125.  

Referring to the audiovisual integration for 350-380 ms, the observed integration 

were in the frontal (F3, Fz, F4, F7), fronto-central (FC1, FC2, FC5), the central (C3, 

C4, Cz), centro-parietal (CP5, CP1, CP2, CP6), the ANOVA analysis 2 (stimulus type: 

AV, A+V) × 4 (RIO regions: frontal, central, fronto-central, centro-parietal) revealed a 

significant main effect of stimulus type, F(1, 66) = 38.1, p < 0.001, ŋ² = 0.505, 

indicating that the amplitudes of AV were significant positive than (A+V) stimulus. 

There was also a significant main effect of RIO regions, F(3, 66) = 123.5, p < 0.001, ŋ² 

= 0.704, which demonstrated that centro-parietal region had the strongest amplitudes 

compared to other three regions. The interaction between the two factors was also 

significant, F(3, 66) = 8.6, p < 0.001, ŋ² = 0.282. The post-hoc comparisons were 

conducted to reveal the variance of different amplitudes at different regions. The 

amplitudes of frontal (p < 0.05), central (p < 0.001), fronto-central (p < 0.001), centro-

parietal (p < 0.001) site were more positive in AV (mean potential: -2.93 μV, -1.83 μV, 

-0.74 μV, 0.76 μV) compared with (A+V) (mean potential: -4.62 μV, -4.58 μV, -3.4 μV, 

-0.87 μV).  

 For young adults, at time interval 190-250 ms, the observed integration were in 

the frontal (F3, Fz, F4), fronto-central (FC1, FC2, FC5), the central (C3, C4, Cz), 
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centro-parietal (CP5, CP1, CP2, CP6), occipital (O1, Oz) regions, a ANOVA analysis 2 

( stimulus type: AV, A+V) × 5 (RIO regions: frontal, central, fronto-central, centro-

parietal, occipital) revealed a significant main effect of stimulus type, F(1, 76) = 52.4, 

p < 0.001, ŋ² = 0.734, indicating that the amplitudes of AV were significant positive 

than (A+V) stimulus. There was also a significant main effect of RIO regions, F(4, 76) 

= 123.5, p < 0.001, ŋ² = 0.66, which showed that occipital region has the strongest 

difference of amplitudes compared to other four regions. Furthermore, the ANOVA 

analysis showed a significant interaction between the two factors, F(4, 76)= 6.352, p < 

0.001, ŋ² = 0.251. Further post-hoc comparisons were conducted to reveal the variance 

of different amplitudes at different regions. The amplitudes of frontal (p < 0.01), fronto-

central (p < 0.001), central (p < 0.001), centro-parietal (p < 0.001) and occipital site (p 

< 0.001) were more positive in AV (mean potential: -4.1 μV, -1.67 μV, 0.3 μV, 0.34 μV, 

0.91 μV) compared with (A+V) (mean potential: -6.01 μV, -4.11 μV, -3.22 μV, -2.35 

μV, -0.9 μV). 

And at time interval 300-360 ms, the observed integration were different in the 

frontal (F3, Fz, F4, F8), fronto-central (FC1, FC2, FC5, FC6), the central (C3, C4,  Cz), 

centro-parietal (CP5, CP1, CP2) regions, the ANOVA analysis 2 (stimulus type: AV, 

A+V) × 4 (RIO regions: frontal, central, fronto-central, centro-parietal) revealed a 

significant main effect of stimulus type, F(1, 57) = 46.7, p < 0.001, ŋ² = 0.71, indicating 

that the amplitudes of AV were significant negative than (A+V) stimulus. There was 

also a significant main effect of RIO regions, F(3, 57) = 140.18, p < 0.001, ŋ² = 0.88, 

which demonstrated that cetro-parietal region has the strongest difference of amplitudes 
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compared to other three regions. Moreover, significant interaction was found between 

the two factors, F(3, 57) = 14.78, p < 0.001, ŋ² = 0.44. Further post-hoc comparisons 

were conducted to reveal the variance of different amplitude at different regions. The 

amplitudes of frontal (p < 0.001), fronto-central (p < 0.001), central (p < 0.001), centro-

parietal (p < 0.001) site were more negative in AV (mean potential: -6.65 μV, -4.65 μV, 

-2.5 μV, 0.02 μV) compared with (A+V) (mean potential: -3.82 μV, -0.58 μV, 1.11 μV, 

2.31μV). 

 

Figure 4. Grand-average event-related potential and topography map of audiovisual integration 

elicited by audiovisual stimuli. Event-related potentials of the sum of the unimodal stimuli (A+V) 

and bimodal stimuli (AV) are shown from 100ms before the stimuli to 400ms after stimulus onset in 

the different age groups (A) older group, (B) young group. And topography map difference of AV 

and A+V with significant audiovisual integration in different age groups (A) older group, (B) young 

group. 
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2.4 Discussion  

This study investigated audiovisual integration during aging, and the behavioral 

results revealed that the audiovisual facilitation was greater in the old group when 

compared to the young group. The results are in line with the research from the 

simultaneous presentation of semantically congruent sensory stimuli. Laurienti et al. 

(2006) conveyed that a decline in unisensory performance could be directly attributed 

to enhanced audiovisual performance, as old adults benefited more than young adults 

from receiving audiovisual information across multiple sensory modalities. Laurienti et 

al. (2006) furthered that such enhanced audiovisual gain is likely the factor that old 

adults could benefit more from combining information from visual and auditory due to 

the unisensory deficits associated with aging [28]. In our current study, the old group 

was significantly impaired relative to the young group on the unisensory conditions, 

suggesting that their unisesnory acuity was lower to young group. Thus, audiovisual 

gain in the current study is also the result of unimodal modalities decline in old group.  

Reaction time can offer evidence of the advantage of the audiovisual condition. 

However, whether this effect implies that the brain effectively utilizes single-modality 

information, i.e., whether the representation of visual and auditory information under 

bimodal condition can generate an integration facilitation effect, needs further to be 

explored. After the redundancy effect occurs, there are primarily two mathematical 

models for explanation. The race model suggested that during the processing of bimodal 

stimuli, integration does not occur as a unified process, but rather each stimulus is 



Chapter 2 The alteration of audiovisual integration in young and older adults 

 

56 
 

processed separately within its respective single-modality pathway. The final response 

of participants is determined by the fastest triggered single sensory modality. To 

illustrate this point more vividly, taking the example of flipping coins, the probability 

of getting heads up when flipping two coins simultaneously is much higher than the 

probability of getting heads up when flipping just one coin. In this way, the occurrence 

of the redundancy effect is merely a statistical convenience. Conversely, the 

coactivation model suggests that information from bimodal channels converges at a 

specific processing stage, and the brain integrates it into a unified perceptual experience. 

The reliability and stability of this integrated information surpass that of any single-

modality information. Therefore, we compared the audiovisual difference between 

older adults and young adults using race model. Result showed that the violation of race 

model in young adults was from 370 - 670 ms with a peak 17.98%, while the violation 

of race model in older adults was from 380 - 740 ms with a peak 26%. Therefore, the 

results make sure that greater audiovisual integration in older adults was found.  

For audiovisual integration at an early stage, it was observed that integration 

effects in the old group (110-140 ms, 140-170 ms) occurred earlier when compared to 

the young group (190-250 ms). This is consistent with the study referring to audiovisual 

speech perception, which investigated age-related differences in the processes 

underlying audiovisual speech perception [3]. The results showed that the audiovisual 

interaction was more pronounced at an earlier time point in the old group than the young 

group. The author contributed such earlier audiovisual interaction to fact that the 

availability of visual speech cues compensated for less optimal hearing in the old group 
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[3]. Meanwhile, other compensatory interpretation is often invoked when the old adults 

show more activity in a brain region than the young group [101], which was proposed 

as a compensation strategy of the aging process [102,103]. In more details, the old 

group engaged brain areas to a greater extent than young group to compensate for 

impaired function in other brain areas [27]. The current study showed that in the old 

group, relative early and wide integration range (110-140 ms, 140-170 ms) signified 

those older adults activate an increased brain network in response to cross-modal 

stimuli, and multisensory integration might play a compensatory role in normal aging. 

Additionally, at late audiovisual integration stage, the audiovisual time window 

was delayed in old group (350-380 ms) when comparing to young group (300-360 ms). 

Same as in our results, the research of Ren et al. (2018) using an auditory or visual 

stimuli discrimination experiment showed late audiovisual integration occurred in the 

210-240 ms time interval for young adults and the 280-300 ms time intervals in old 

group [104], suggesting that general reduced cognitive function may be associated with 

delayed late integration in older adults [9]. Moreover, in the research of Wu et al. (2012) 

referring to the patients with mild cognitive impairment or Alzheimer’s disease, they 

compared the audiovisual integration of these patients with that of healthy aging 

participants [105]. The results showed that delayed audiovisual integration and 

functional deficits related to cerebral atrophy was observed in patients with Alzheimer’s 

disease. While there is a cognitive functional decline with aging [106], therefore, the 

cognitive functional decline can also be attributed to the delayed audiovisual integration. 

Besides, with aging, there is a general decline in motor speed and executive function 
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[107]. Thus, it is reasonable that audiovisual interaction was delayed in older adults. 
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Chapter 3 The difference in effects of audiovisual integration 

on working memory between young and older adults 

3.1 Background 

The combination of information from different sensory modalities plays an 

important role in generating coherent perception, which is called audiovisual 

integration. Our brain can take advantage of audiovisual integration to facilitate the 

individual’s performance including the improvement in accuracy and decreased 

reaction times. Recently, some researchers investigated whether audiovisual integration 

could induce better training effectiveness to perceptual processing. After comparing 

effects of audiovisual training and visual training on a coherent motion detection and 

discrimination task, the audiovisual training group showed greater learning within first 

session and the subsequent 10 training sessions [108]. Similar results are also found in 

the research exploring appropriate training on speech identification. Preceding 

audiovisual training results in better identification when compared with auditory 

training. These results indicated that audiovisual integration shows benefits on 

subsequent low-level perceptual processing [109]. The audiovisual benefit on later 

performance might be related to the fact that audiovisual presentation affects the 

representation of later perceptual processing. Specifically, some frameworks suggested 

that audiovisual processing facilitates changes within the later unisensory 

representations. In other words, audiovisual integration impacts the same structures and 

representations that are altered during traditional unisensory processing. The result is 
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that later presentation of unisensory stimuli will elicit stronger activation of the 

unisensory structures. Essentially, audiovisual integration enhances the processing 

efficiency of the later unisensory information. In contrast to the above framework, the 

second framework suggests that audiovisual processing involves the alteration of 

connections between different sensory modalities (visual and auditory) or the 

formation/alteration of audiovisual representations. In this case, the learning process 

affects the brain’s network of regions involved in processing multiple sensory inputs. 

As a result, when unisensory stimuli are presented later, they activate a wider network 

of brain regions that integrate information from multiple modalities. This leads to a 

more extensive engagement of multisensory processing during unisensory tasks. 

Notably, the above-mentioned research depicted that audiovisual integration has a 

positive effect on later perceptual processing. However, the audiovisual integration may 

also have a positive effect on higher cognitive processing. For instance, participants are 

better at monitoring and recalling stimuli presented in audiovisual conditions than 

visual-visual or auditory-auditory stimuli. Moreover, some researchers found higher hit 

rates for stimuli presented in an audiovisual manner.  Two main models have been 

proposed to explain in which form the information is maintained in working memory: 

a model of domain-independent store and a multiple-component model. According to 

the model of domain-independent store, the visual and auditory information from 

different modalities is maintained in the form of audiovisual integration [86]. This 

model suggested that auditory stimuli and visual stimuli are integrated in working 

memory, which could not only provide redundancy of information but might further 
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enable stimuli to be encoded into richer audiovisual representations [86]. In more detail, 

audiovisual stimuli lead to a stronger trace because additional encoding occurs in 

multisensory regions. During the later memory processing stage, it can evoke the entire 

audiovisual representations, resulting in enhanced memory performance. However, 

Baddeley and Hitch assume that information of working memory is maintained in its 

respective domain-specific store, followed by the multiple-component model. In more 

detail, the information is assumed to be stored in two domain-specific subsystems 

(phonological loop, visuospatial sketch pad) that are governed by the central executive 

which manipulates the temporary information to complete the current task [110]. 

Working memory may rely on the processing efficiency of these components. Visual or 

spatial information was stored in a visuospatial sketchpad, and the acoustic information 

was stored in a phonological loop. Facilitating the processing of this information should 

impact the domain-specific stores. The audiovisual stimuli presented in working 

memory may offer a reliable way to benefit information processing and enhance 

working memory performance. Generally, we can infer that no matter in which model 

working memory is engaged, audiovisual benefit can still exist. In addition, there is 

accumulating evidence that audiovisual stimuli benefit working memory performance 

[83,111]. When the participants completed an n-back task (0- to 3-back) under visual-

only, auditory-only and audiovisual conditions, faster responses and improved accuracy 

were found during audiovisual condition compared to unisensory conditions [87]. 

Moreover, in order to explore the neural basis underlying audiovisual working memory, 

studies compared semantically related audiovisual stimulus presentations with 
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unimodal stimulus presentations using the standardized low-resolution brain 

electromagnetic tomography (sLORETA) [88]. The results found that the ERP for 

audiovisual stimuli differed from the ERP for the sum of auditory and visual stimuli at 

236 - 530 ms over the frontal and parietal-occipital regions, suggesting that specific 

brain regions activities in audiovisual working memory [88]. Their subsequent study 

investigated the oscillation characteristics of neural signals when participants encoded 

visual, auditory, or audiovisual object in working memory tasks. The theta oscillation 

was significantly greater in cortical regions including prefrontal, parietal, temporal, and 

occipital cortices during audiovisual object encoding compared with single modality 

object encoding [89]. These studies reflect that working memory that incorporates 

audiovisual information, would not only provide redundancy information but also 

induce greater activity of brain regions to facilitate working memory performance.  

However, the above-mentioned working memory task was based on a delay-sample task, 

which included 3 stages: the encoding stage in which participants need to hold the 

information in mind, the stage of maintenance (a short delay for participants to keep the 

information), retrieval stage in which participants need to figure out whether current 

stimuli matched the stimuli presented in encoding stage. Notably, n-back task needs to 

monitor and update the consistent information and manipulate the information, which 

was assumed to be demanding. Here may raise the question that whether audiovisual 

facilitation on n-back could be observed. In addition, working memory abilities tend to 

decline with age. The audiovisual integration may have a positive influence on working 

memory, which helps older adults keep their working memory capacity. It’s well 
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established that attention, executive functions and sensory undergo substantial changes 

during aging, which may influence the audiovisual integration. We have found that 

audiovisual integration in older adults was greater in young adults, as presented in 

Experiment 1.  Here may raise the question that whether audiovisual integration has a 

positive effect on working memory in older adults. 

The first purpose of the present study was to figure out whether audiovisual 

integration leads to better working memory performance. In order to achieve this, we 

designed audiovisual n-back, visual n-back, auditory n-back tasks. The basic logic is 

that the working memory performance is greater in an audiovisual n-back task 

compared to the working memory performance under visual n-back or auditory n-back 

tasks. The second purpose is to figure out which age group’s working memory 

performance is more affected by audiovisual integration.  

3.2 Methods 

3.2.1 Participants 

Twenty-one young adults (10 females, mean age = 21.3 years, SD = 1.9) and 20 

older adults (11 females, mean age = 63.5 years, SD = 3.1) were recruited for the present 

study. All participants were right-handed and reported having normal or corrected-to-

normal vision and hearing capabilities. In addition, the Mini-Mental State Examination 

(MMSE) was used to screen for cognitive impairments in the older participants. This 

study was approved by the Ethics Committee of Hubei University, and informed 
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consent was acquired from each participant. All participants were given a reward after 

the procedures were completed. 

3.2.2 Stimuli and Procedure 

The visual stimuli we used in the task were from Snodgrass and Vanderwart [112], 

including the animals images with black- and white line. The auditory stimuli were 

animals’ sounds selected from website ( http://www.findsounds.com).  

Each participant completed the n-back task under three conditions: auditory, visual, 

audiovisual conditions. The order of auditory, visual, and AV conditions was 

counterbalanced across participants. In the auditory condition, only animal’s sounds 

were presented from earphones for 500 ms, followed by an interstimulus interval of 

2500 ms, while the visual image was not presented. In the visual condition, the animal’s 

images were also presented for 500 ms, followed by an interstimulus intervals of 2500 

ms, while the auditory sitmuli were not presented. In the audiovisual condition, the 

visual and auditory stimuli were presented simultaneously for 500 ms, followed by an 

interstimulus interval of 2500 ms. The task was based on n-back paradigm, no matter 

in which condition, the participants were asked to decide whether the currently 

presented stimuli matched the stimuli presented in the previous trial (1-back condition), 

2 trials before (2-back condition), or 3 trials before (3-back condition). If the currently 

presented stimuli matched the stimuli presented in the previous trial, the participants 

were required to press “A” button on the keyboard (target). On the other hand, if the 

currently presented stimuli did not match the stimuli presented in the previous trial, the 

http://www.findsounds.com/
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participants were required to press “L” button on the keyboard (un-target). In each 

condition, the matched trials accounted for 30% of the total trials, whereas the 

unmatched trials accounted for 70% of the total trials.  

 

Figure 1. The visual, auditory, audiovisual n-back tasks were used, illustrated for a 2-back 

condition. 

3.2.3 Data analysis  

In order to explore the behavioral differences in visual, auditory, audiovisual n-

back conditions across young and older adults. Repeated-measures ANOVAs with tasks 

(audiovisual n-back, visual n-back, auditory n-back) × load (1-, 2-, 3-back) × group 

(older group, young group) were performed separately for reaction time (RT) and 

accuracy in the training task. Bonferroni-corrected were used in pairwise comparison 

with post-hoc tests. 

In many cognitive tasks, there exists a trade-off between speed and accuracy. This 

means that individuals need to make a choice between pursuing faster completion speed 

and higher accuracy when performing tasks. Generally, improving speed might lead to 
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a decrease in accuracy, while aiming for higher accuracy might extend the time taken 

to complete the task. This trade-off between speed and accuracy is quite common in 

various cognitive tasks. For instance, in visual search tasks, individuals might face the 

choice between quickly locating a target with a potential for errors, or taking more time 

to accurately find the target. In working memory tasks, individuals might balance 

maintaining information accuracy with processing information more swiftly. The 

Inverse Efficiency Score (IES) is an index used to measure performance in cognitive 

tasks. It combines both task accuracy and the time taken to complete the task to provide 

a more comprehensive evaluation of an individual’s performance in the task. Typically, 

the IES is calculated by dividing the task completion time by task accuracy, yielding an 

integrated index to assess the time taken for a given level of accuracy. A lower Inverse 

Efficiency Score indicates that an individual exhibits both high accuracy and efficiency 

in task performance. In other words, individuals with lower Inverse Efficiency Scores 

complete tasks in relatively shorter time periods while maintaining the same level of 

accuracy, indicating greater performance. This index assists researchers in comparing 

different individuals or tasks, enabling a more comprehensive understanding of their 

cognitive performance. Repeated-measures ANOVAs with tasks (audiovisual n-back, 

visual n-back, auditory n-back) × load (1-, 2-, 3-back) × group (older group, young 

group) were performed for IES.  

In multisensory integration quantification, researchers also investigate the 

contributions of visual or auditory modalities to the multisensory integration effect. The 

contribution of visual modality can be represented as VE = (AV - A) / A, where VE 
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stands for the contribution of visual modality to audiovisual integration. AV represents 

the accuracy under audiovisual conditions, and A represents the accuracy under single 

auditory conditions. Similarly, the contribution of auditory can be expressed as AE = 

(AV - V) / V, where AE represents the contribution of auditory modality to audiovisual 

integration. V represents the accuracy under single visual conditions. 

3.3 Results  

3.3.1 Hit rates  

The analysis showed that there was a main effect of tasks, F(2, 76) = 29.056, p < 

0.001, ŋ² = 0.433, indicating that the accuracy at audiovisual n-back was higher than 

that of visual n-back task and auditory n-back task. The main effect of load was also 

significant, F(2, 78) = 68.49, p < 0.001, ŋ² = 0.674, indicating that the accuracy of 1-

back was significantly greater than that of 2-back, 3-back. The main effect of group was 

significant, F(1, 38) = 101.359, p < 0.001, ŋ² = 0.727, indicating that the accuracy in 

young adults was greater than that of older adults. In addition, the interaction between 

task and group was significant, F(2, 76) = 11.508, p < 0.001, ŋ² = 0.232. For older adults, 

post hoc analysis showed the accuracy of the audiovisual n-back task is significantly 

higher than that of the visual n-back and auditory n-back tasks. However, among young 

adults, there is no significant difference in accuracy across the three types of tasks. From 

a task perspective, under the visual task condition, the accuracy of young adults remains 

higher than that of older individuals, regardless of n-back levels. The accuracy in the 
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auditory condition and the audiovisual condition shows a similar difference compared 

to the accuracy in the visual task condition. We also found an interaction between load 

and group, F(2, 76) = 34.776, p < 0.001, ŋ² = 0.478. The post hoc analysis showed that 

the accuracy gradually decreases as the load increases in older adults. However, such a 

phenomenon was not found in young adults. The interaction between load and task was 

found, F(4, 152) = 1.569, p = 0.015, ŋ² = 0.078.  At the 1-back level, the accuracy in 

audiovisual n-back was significantly greater than that of visual and auditory n-back. At 

the 2-back and 3-back levels, the audiovisual benefit was still found.  No other 

significant main effects or interactions were found, ps > 0.05. 

3.3.2 Response times 

The analysis showed that the main effect of tasks was significant, F(2, 76) = 

24.583, p < 0.001, ŋ² = 0.393, suggesting that the reaction time of audiovisual n-back 

task was faster than that of visual and auditory n-back tasks. Moreover, the main effect 

of the load was also significant, F(2, 76) = 100.84, p < 0.001, ŋ² = 0.726, suggesting 

that the reaction time of 1-back was faster than that of 2-back and 3-back. The 

interaction between task and group was significant, F(2, 76) = 3.238, p = 0.045, ŋ² = 

0.079. The post-hoc analysis indicated that the reaction time of audiovisual task were 

significantly shorter than that of auditory task and visual task in older adults. In addition, 

in young adults, the reaction time of audiovisual tasks was significantly shorter than 

that of auditory tasks, similar as older adults. In terms of tasks, significant differences 

were found between older adults and young adults at visual n-back conditions. That is, 
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the reaction time of young adults was significantly shorter than that of older adults. 

Moreover, the interaction between task, load, and group was significant, F(4, 152) = 

2.789, p = 0.028, ŋ² = 0.068. The post-hoc analysis found that, for older adults, the 

reaction time was significantly shorter in audiovisual n-back compared to visual n-back 

at the 1-back level. The faster reaction time was also found in audiovisual n-back 

compared to auditory n-back at the 2-back level. Notably, faster reaction time were 

observed in audiovisual n-back compared to visual and auditory n-back at a 3-back 

level. For young adults, the reaction time was significantly faster in audiovisual and 

visual n-back tasks compared to auditory n-back tasks at the 1-back level. At the 2-back 

level, the reaction time of the audiovisual n-back task was shorter than that of the 

auditory n-back task. At the 3-back level, a similar effect was found. That is, a shorter 

reaction time was found in audiovisual n-back compared to auditory n-back. In terms 

of task, we found that the reaction time of young adults was overall shorter than that of 

older adults across 1-, 2-, and 3-back levels in the visual n-back task. For the auditory 

n-back task, the reaction time of the two groups were similar at 1- and 3-back levels. 

The shorter reaction time in young adults was found at the 2-back level. For the 

audiovisual n-back task, the reaction time in young adults was shorter than that of older 

adults at the 2-back level. At 1-back and 3-back levels, the reaction time of the two 

groups were similar. 

3.3.3 IES 

The analysis for IES has shown that the main effect of tasks was significant, F(2, 
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76) = 41.709, p < 0.001, ŋ² = 0.523, indicating that the IES was lower in audiovisual n-

back task than these of in visual and auditory n-back. The main effect of the load was 

also found, F(2, 76) = 118.368, p < 0.001, ŋ² = 0.757, suggesting that the IES was lower 

at the 1-back level than these at the 2- and 3-back levels. Moreover, the main effect of 

group was also observed, F(1, 38) = 23.864, p < 0.001, ŋ² = 0.386, showing that young 

adults obtained a lower IES than older adults.  In terms of two-way interaction, the 

interaction between tasks and group, F(2, 76) = 9.022, p < 0.001, ŋ² = 0.192. For older 

adults, the IES in audiovisual n-back task was lower than in visual and auditory n-backs. 

For young adults, the IES in audiovisual and visual n-back were lower than in auditory 

n-back. The interaction between load and group, F(2, 76) = 14.045, p < 0.001, ŋ² = 

0.270, was significant. Post-hoc analysis showed that the IES decreased as the load 

increased in older adults. For young adults, similar effect was found with IES 

decreasing as the load increased. Moreover, the interaction between task and load was 

found, F(4, 152) = 14.045, p < 0.001, ŋ² = 0.174. The IES at the 1-back level was lower 

than at the 2-back and 3-back levels across audiovisual, visual, auditory n-back. In 

terms of a three-way, the interaction between task, load, group was found, F(4, 152) = 

4.751, p = 0.001, ŋ² = 0.111. For older adults, the audiovisual effect was observed across 

1-, 2- and 3-back levels, indicating that the IES was lower in the audiovisual n-back 

task than in the auditory, visual n-back task. For young adults, the IES was lower in the 

audiovisual n-back task than in the visual n-back task at 1-back level. At 2-back and 3-

back levels, the IES was lower in the audiovisual n-back task than in the auditory n-

back task. 
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3.3.4 Visual and auditory contribution  

The analysis showed that the main effect of modality was found, F(1, 38) = 8.724, 

p = 0.005, ŋ² = 0.187, suggesting that the contribution from visual modality was greater 

than the contribution from auditory modality. The main effect of load was found, F(2, 

76) = 4.478, p = 0.015, ŋ² = 0.105, suggesting that the contribution in 3-back level was 

greater than that in the 2-back level. Moreover, the main effect of group was found, 

indicating that the overall contribution in older adults was greater in young adults. In 

terms of two-way interaction, the interaction between load and group was found, F(2, 

76) = 7.549, p = 0.001, ŋ² = 0.166. For older adults, the contribution for 3-back level 

was greater than 2- and 1-back levels. For young adults, there was no significant 

difference between 1-, 2 and 3-back levels. The three-way interaction was found. After 

post-hoc analysis, the results showed that the contribution from visual modality in the 

3-back level was greater in 1- and 2-back levels in older adults. However, only a greater 

contribution from auditory modality was found in 3-back level when comparing to 2-

back level in older adults. For young adults, there was no significant difference in the 

contribution from visual or auditory modality across 1-, 2-, 3-back levels. 
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 Figure 2. Differences in response time and accuracy between older adults and young adults. (a) 

represents the response time and accuracy in older adults while (b) represents these data in young 

adults. 
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Figure 3. Differences in modality contributions and IES between older adults and young adults. 

(a) represents visual and auditory contributions in older adults while (b) represents these data in 

young adults. (c) represents IES in older adults while (d) represents IES in young adults. 

3.4 Discussion  

As expected, the study found that as the working memory load increased, 

irrespective of the modality being tested, there was a decline in accuracy and an increase 

in response time (RT). This means that participants experienced greater difficulty in 

accurately completing the tasks and took longer to respond as the demands on their 

working memory increased. The observed pattern of results supports the well-
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established notion that working memory capacity is limited and that surpassing its 

capacity leads to decreased performance. This pattern of declining accuracy and 

increasing response time with higher working memory load was consistent across both 

young and older adults, indicating that age did not significantly influence the observed 

effects. These results suggest that the working memory limitations observed are 

applicable to individuals across different age groups. In addition, the effectiveness of 

the n-back manipulation in taxing working memory resources. The n-back task, 

commonly used in cognitive psychology research, requires participants to identify 

whether the current stimulus matches the one presented “n” steps back in a sequence. 

By systematically increasing the “n” level, the researchers were able to progressively 

load participants’ working memory capacity. The observed decline in accuracy and 

increase in response time with each successive increase in working memory load, 

regardless of the modality being tested, further supports the validity and reliability of 

the n-back manipulation as a tool for assessing working memory performance. In 

addition, in consistent with previous literature, compared with young adults, older 

adults performed more slowly across 3-back working memory loads and less accurately 

under certain WM loads (1-back, 2-back, 3-back).  

Our research aimed to investigate the influence of audiovisual processing on 

subsequent working memory performance in terms of audiovisual facilitation. The 

obtained results confirmed our predictions. That is, the presentation of audiovisual 

stimuli in working memory led to improved working memory performance compared 

to the presentation of visual and auditory alone. According to the conceptual short-term 
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memory (CSTM), short-term memory is not simply about holding information in a 

limited storage, but rather involves integrating new perceptual information with 

existing long-term memory. Specially, when individuals perceive meaningful stimuli, 

these stimuli are rapidly identified at a conceptual level, activating relevant long-term 

memory information. Subsequently, activated concepts form new connections with 

each other, giving rise to novel representations that are encoded into long-term memory 

[113]. These new representations can be retained within working memory or 

consolidated into long-term memory. The core idea of the CSTM model is that 

individuals not only maintain information in short-term memory but also integrate it 

with existing long-term memory, thereby generating more elaborate and meaningful 

representations. This integration can expedite information processing and storage, 

facilitating easier retention and retrieval of information in memory. Therefore, during 

working memory processing, the presentation of audiovisual stimuli leads to rapid 

recognition at the conceptual level and activates associated long-term memory 

information. This, in turn, facilitates the maintenance and retrieval of information 

within working memory. Moreover, the memory trace theory suggests that when 

information from different sensory modality is integrated, multisensory regions become 

activated. Activation of these multisensory regions forms more stable memory traces, 

with subsequent cognitive processing continuing to activate these memory traces. This 

enables these cognitive processes to operate on richer and more informative 

representations, thereby enhancing working memory efficiency [114]. In this study, an 

audiovisual n-back task was employed. From a cognitive neuroprocessing perspective, 
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this task encompasses encoding, maintenance, and updating processes [115]. The 

encoding stage is crucial for working memory operations and significantly influences 

subsequent memory processes such as maintenance and updating. During audiovisual 

working memory processing, the audiovisual memory traces is activated and become 

more stable when individuals encode audiovisual stimuli. Simultaneously, subsequent 

processes like maintenance and updating are facilitated due to the activation of these 

visual-auditory memory traces. 

Moreover, in terms of IES, the results revealed that in older adults, the IES under 

the audiovisual n-back condition was smaller compared to the visual n-back and 

auditory n-back conditions across 1-, 2- and 3-back levels. However, such an effect was 

not found in young adults. These results may indicate that older adults were more adept 

at utilizing audiovisual integration compared to young adults. Previous studies have 

shown that the audiovisual integration in older adults is greater than in young adults. 

This may be because older adults need to take advantage of audiovisual integration to 

compensate the decline in sensory and cognitive abilities. Some previous studies have 

suggested that audiovisual integration with meaningless stimulus occurs at a lower-

level perceptual stage, whereas audiovisual integration with meaningful stimulus 

occurs at a higher-level cognitive stage. However, lower-level perceptual processing 

does not necessarily lead to increased audiovisual integration, while higher-level 

cognitive processing triggers compensatory mechanisms for enhanced audiovisual 

integration. Specifically, during the processing of meaningful stimuli, older adults 

exhibit enhanced audiovisual integration to compensate for their attentional decline 
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[116].  

Notably, greater visual contribution and auditory contribution were found in the 3-

back level when comparing to 1-back, 2-back levels in older adults. The available 

explanation was related to inverse effectiveness. The inverse effectiveness suggested 

that the audiovisual integration is the most effective when processing the ambiguous 

stimuli which may pose a certain level of difficulty. Some Researchers explore 

multisensory integration when processing degraded and challenging multisensory 

information. The study explores the advantages of multisensory integration in object 

recognition under noisy or degraded stimuli and investigates the associated neural 

mechanisms. The results proved the inverse principle, which suggests that the effects 

of multisensory integration are more pronounced when stimuli are degraded or 

ambiguous. Two experiments were conducted to compare the processing of degraded 

and clear multisensory information at both behavioral and neural levels, with a 

particular focus on the roles of the temporal gyrus, parietal operculum, and intraparietal 

sulcus (IPS) brain regions. The research employed the Bayesian hierarchical drift-

diffusion model (HDDM) and dynamic, degraded stimuli to address these questions, 

while also emphasizing the role of IPS in inverse effectiveness. That is, when dealing 

with higher difficulty tasks, the multisensory network in the fronto-parietal cortex, 

particularly the IPS region, becomes activated during multisensory integration. In 

contrast, during the integration of multisensory stimuli in lower difficulty tasks, direct 

information exchange between the visual and auditory cortices can take place. In other 

words, the inverse effectiveness is attributed to the additional activation of the IPS area 
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during the processing of high difficulty tasks, which leads to multisensory integration 

information exchange [117]. In our research, the 3-back level requires more cognitive 

resources than 1- and 2-back level, indicating that inverse effectiveness in this level 

may occur. The inverse effectiveness may be manipulated by IPS region.  

Finally, these results, consistent with previous research, suggest that despite age-

related sensory decline, older adults can still derive benefits from audiovisual 

information. The combination of auditory and visual cues in the AV condition likely 

compensated for age-related sensory impairments and enhanced the older adults’ ability 

to process information efficiently. What sets this study apart is the unique finding that 

the early multisensory benefit from AV presentations improved the subsequent working 

memory performance of older adults. The audiovisual stimuli seemed to facilitate both 

the speed and accuracy of the older adults’ working memory performance to the extent. 

This suggests that the audiovisual integration provided a perceptual advantage that not 

only enhanced working memory performance but also mitigated age-related differences 

in working memory abilities. The combination of auditory and visual information likely 

improved encoding, retention, and retrieval processes, leading to more efficient 

working memory performance in older adults. Overall, these findings highlight the 

potential of audiovisual stimuli to enhance cognitive performance in older adults. 

Understanding the benefits of audiovisual integration can inform the development of 

interventions and technologies aimed at improving cognitive functioning, particularly 

in tasks involving working memory, for individuals of different age groups. 
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Chapter 4 Comparison for young and older adults: 

audiovisual n-back training effect on working memory 

performance  

4.1 Background 

Working memory is a cognitive system used for the temporary maintenance and 

manipulation of information [41]. Modality-specific working memory training induces 

changes in neural activation and improves working memory performance. Some reports 

have shown that visual n-back training leads to enhanced prefrontal and parietal 

activations responsible for visual working memory storage [54]. A similar activation 

difference was found in auditory working memory training, in which the right inferior 

frontal regions related to maintenance of auditory information were engaged in the 

improvement of working memory [57]. The differences between modality-specific 

working memory training were further explored using functional magnetic resonance 

imaging (fMRI). Following two weeks of separate visual and auditory n-back training, 

researchers examined the transfer effects of these two types of working memory 

training on an untrained visual working memory task. Only visual n-back training 

induced additional activation in the right middle frontal regions on the untrained visual 

task; such decreased activation was not observed after auditory n-back training. The 

authors further confirmed that the right middle frontal regions are specific to the 

maintenance and manipulation of visual information [58]. These studies have suggested 

that modality-specific training produces specific activation changes in the working 
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memory network. However, according to the multiple-component model, working 

memory consists of a central executive and two components specialized for maintaining 

modality-specific information [41]. The phonological loop is specialized for retaining 

auditory and phonological information, while the visuospatial sketchpad is used to 

retain visual spatial and nonspatial information. Working memory relies on the 

processing efficiency of the visuospatial sketchpad and the phonological loop [87]; thus, 

facilitating the storage and processing of these components may enhance working 

memory performance [57,58]. 

Dual n-back training is in line with a multiple-component model, requiring the 

simultaneous processing of visual and auditory stimuli. The visual stimuli consist of 

blue squares in eight different locations and presented one by one. The auditory stimuli 

consist of the sound of single letters. Working memory contents are monitored and 

updated in these two modalities separately. There has been considerable interest in the 

dual n-back task given its potential to improve working memory and the transfer effects 

on fluid intelligence, executive function and attention [71]. Because this form of 

training engages processes needed to handle incongruent information from visual and 

auditory modalities, it is not conducive to the involvement of automated processing and 

task-specific strategies [71]. However, conflicting results regarding dual n-back 

training have been reported. That is, some researchers have found that this task may not 

promote a training effect because employing incongruent visual and auditory 

information leads to competition between modalities and interfere with the participant’s 

response [93]. For example, in some dual n-back training tasks, greater training and 
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transfer effects were not observed [60,118]. 

Notably, visual and auditory information may be related, leading to an audiovisual 

facilitation effect [119]. This effect demonstrates the merging of the related visual and 

auditory stimuli is integrated into a coherent percept and leads to enhanced information 

processing at both the behavioral and neural levels [7,14]. That is, when participants 

memorized audiovisual, visual and auditory stimuli respectively, the accuracy and 

responses time of working memory performance were overall better during audiovisual 

stimuli presentation relative to unimodal stimuli presentation in working memory [87]. 

Subsequent ERP research was conducted to investigate the neural changes associated 

with audiovisual processing in working memory. The results found that the latency of 

the P3 component evoked during audiovisual stimuli presentation was earlier than the 

latency evoked during unimodal stimuli presentation in working memory. The earlier 

latency indicated faster cognitive processing during audiovisual stimuli presentation in 

working memory [87]. Cognitive load theory argues that the capacity to handle 

information is increased by using both visuospatial sketchpad and phonological loop 

components [120]. When all information has to be processed by the visuospatial 

sketchpad, its capacity is easily overloaded. The simultaneous presentation of related 

auditory information may reduce some of the load on the visuospatial sketchpad by 

shifting it to the phonological loop, thereby enhancing working memory performance 

[120]. Considering the audiovisual advantage in working memory processes, some 

researchers have examined the behavioral impact of working memory training with 

audiovisual stimuli on working memory performance [121]. Two groups of participants 
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completed audiovisual and visual n-back training. The audiovisual n-back training 

consisted of related visual and auditory object stimuli, such as the image of a bell paired 

with the sound of a bell. The unimodal n-back training consisted of different visual 

object stimuli. Their results indicated that the group with audiovisual n-back training 

not only exhibited equal training gain but also potentially exhibited transfer effects on 

a complex working memory span task compared to the unimodal n-back training group. 

However, this research did not address the neural effect of working memory training 

with audiovisual stimuli [121]. 

With regard to neural effects, training effects on certain brain regions have been 

found in previous studies, including activation changes in frontal and partial regions 

and connectivity between the prefrontal-parietal network [54,122]. Although it is 

critical to identify specific regions that are influenced by working memory training, 

fMRI may not fully reveal subcomponents of working memory processing affected by 

training. Recent studies with ERPs have demonstrated that visual and dual n-back 

working memory training modulate separate components of the working memory 

process [76]. They found greater N2 amplitudes, which is related to mismatch/match 

identification [123]. The subsequent P3 amplitude, which indexes working memory 

updating, was also enhanced after training [70]. This raises the question of whether 

working memory training with audiovisual n-back could influence these ERP 

components (N200, P300) and enhance working memory performance. Previous 

studies have explored associated brain activity between different processing stages in a 

delayed matching working memory task [124]. They found that similar activation 
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between early encoding and later maintenance in the lateral prefrontal cortex and visual 

cortex was related to improved working memory performance. The results indicate that 

similar brain activity in different processing stages of working memory underlies 

improved working memory [124]. In this study, early audiovisual processing at the 

encoding stage and later mismatch identification and updating were involved in 

audiovisual n-back training task. Audiovisual processing has similar brain activation in 

the frontal region as mismatch identification and similar brain activation in the central 

region as updating respectively [123,125,126]. This suggests that working memory with 

audiovisual stimuli may induce successful working memory performance. According 

to the information-degradation hypothesis, sensory processing and higher-order 

cognitive processing share limited cognitive resources [127]. Under this hypothesis, 

changes in one of the systems can influence the efficiency of the other; that is, 

dedicating too many cognitive resources to perceptual processing may leave insufficient 

resources for later higher cognitive processing, such as mismatch identification and 

working memory updating. The presentation of audiovisual stimuli at the perceptual 

stage may release more resources for later working memory processing and enhance 

processing efficiency. Therefore, we hypothesize that audiovisual working memory 

training may induce enhanced N2 and P3 components, thereby enhancing working 

memory performance. 

Despite the evidence that working memory training improves a variety of 

cognitive functions, the training-induced transfer effect is still debated. Recent studies 

have suggested that transfer to untrained working memory tasks may be consistently 
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observed, but the transfer effect on fluid intelligence is not preserved [72,121,128,129]. 

This conflict may result from ambiguity over whether there is an overlap in the brain 

regions involved in training and transfer tasks. In particular, some neuroimaging studies 

have found that working memory updating training yields transfer to an n-back task, in 

which the updating process is engaged, but no transfer to a Stroop task, which involves 

the inhibition process [77]. Further investigation of neural activation showed that the 

overlap of striatal activation between training and the n-back task determined the 

transfer, indicating that a transfer effect is expected if the training and transfer tasks 

have specific overlapping brain regions [77]. Some neural evidence has further 

demonstrated that parts of working memory circuity, such as the left intraparietal region, 

have been linked to audiovisual processing [130], indicating that the transfer effect of 

working memory training on audiovisual processing is potentially possible. Moreover, 

the stronger the correlation between working memory and this other cognitive ability 

is, the larger the transfer effect expected [131]. Audiovisual processing research has 

shown that there is a connection between sensory perception and cognitive abilities, 

reflected by participants with larger working memory capacity exhibiting better 

performance in audiovisual processing [132]. Therefore, we hypothesized that training 

that successfully improves working memory would also directly affect audiovisual 

processing. 

To investigate the training effect and transfer effect, we designed an audiovisual 

n-back working memory task that included related visual and auditory information. 

Before (pretest) and after training (posttest), the P300 and N200 components were 
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elicited by an audiovisual n-back task with 3 levels (1-, 2-, or 3-back) in both young 

and older groups. By comparing the P300 and N200 components between pretest and 

posttest, whether working memory performance could be improved was determined. 

By testing transfer effects, the current study verified whether working memory training 

facilitated audiovisual processing using an audiovisual discrimination task.  

4.2 Methods  

4.2.1 Participants 

Thirty-seven healthy young adults and 38 healthy older adults from Hubei 

University were recruited in current study. For younger adults, they were randomly 

assigned to a passive control group (17 subjects: mean age = 20.65 years, SD = 1.7) and 

an audiovisual n-back training group (20 subjects: mean age = 20.52 years, SD = 1.9). 

For older adults, they were randomly assigned to a passive control group (18 subjects: 

mean age = 63.3 years, SD = 1.8) and an audiovisual n-back training group (20 subjects: 

mean age = 65.5 years, SD = 2.3).  

All the participants reported having normal or corrected-to-normal vision and 

hearing abilities. The two groups (young training group vs. young control group, older 

training group vs. older control group) were comparable in terms of education and fluid 

intelligence (Raven’s Advanced Progressive Matrices).  

4.2.2 Procedure 

The training group took part in 10 training sessions containing audiovisual n-back 
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tasks over 2 weeks (5 training sessions per week), whereas the control group underwent 

no training during this time. Each training session was approximately 50 mins, giving 

about 8 hours of total training dose. At pre- and posttest, participants were required to 

perform the audiovisual n-back task (1-, 2-, or 3-back) and discrimination task, and 

ERPs data was collected. The general procedure can be found in Figure 1b. 

4.2.2.1 Training task 

The adaptive audiovisual n-back task was designed to promote learning (see 

Figure 1a). This task consisted of simultaneously presented visual and auditory stimuli. 

The visual stimuli were black-and-white line images of animals chosen from Snodgrass 

and Vanderwart [112], and the auditory stimuli were the corresponding animal sounds 

selected from a website (http://www.findsounds.com). The visual and auditory stimuli 

were presented simultaneously for 500 ms, followed by an interstimulus interval of 

2500 ms. Each training session began with the 1-back condition. The task was based on 

the adaptive principle: if participants provided correct responses on at least 90% of trials, 

the task advanced to the next level (e.g., from 1-back to 2-back). On the other hand, if 

participants provided correct responses to ≤ 80% of trials, the task difficulty was 

reduced (e.g., from 2-back to 1-back). Participants responded by pressing the left mouse 

button when the current stimulus matched the one presented n steps back, or the right 

mouse button when the current stimulus did not match the one presented n steps back. 

Each training session contained 20 blocks. Each block consisted of 20 + n trials with 6 

targets (matched trials) and 14 nontargets (unmatched trials). After training in each 

block, participants received feedback on their performance. 

http://www.findsounds.com/
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4.2.2.2 Training and transfer outcome 

At pre- and posttest, participants were instructed to perform a modified version of 

the audiovisual n-back task. This task provided no feedback, presented the same stimuli 

as in the training task, was not adaptive (only three n-back conditions: 1-back, 2-back, 

and 3-back) and was adopted to measure the training effectiveness using EEG and 

behavioral data. This task consisted of 15 blocks (5 blocks per level). 

The subjects also performed an audiovisual discrimination task including target 

and standard stimuli at both pre- and posttest. The source of the stimuli was the same 

as that in the training task. In the experiment, the stimulus types consisted of target and 

standard stimuli. The target stimuli included visual target (the image of dog), auditory 

target (the sound of dog), and audiovisual target (the presentation of the visual and 

auditory target simultaneously). The standard stimuli included visual standard stimuli 

(the image of cat), auditory standard stimuli (the sound of cat), and the audiovisual 

standard stimuli (the presentation of the visual and auditory target simultaneously). 

During the experiment, 3 blocks were conducted. Each block contained 36 target stimuli 

(12 auditory, 12 visual and 12 audiovisual) and 144 standard stimuli (48 auditory, 48 

visual and 48 audiovisual). The stimuli were randomly presented for 500 ms with an 

interstimulus interval of 1,000 ms. Participants were instructed to fix their gaze on the 

center of the computer screen in which the stimuli were presented. They were asked to 

press the left mouse button as quickly and accurately as possible when target stimuli 

were presented. 
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Figure 1. (a) Example of a 2-back task in the audiovisual working memory training. Each stimulus 

was presented for 500 ms and contained both auditory and visual information (i.e., participants 

could both hear and see animals). Participants were instructed to determine whether the currently 

presented animal matched the animal presented in the previous 2 trials. (b) Schematic description 

of the study design. All groups performed the audiovisual n-back task (1-, 2-, and 3-back) and 

audiovisual discrimination tasks at pretest and posttest (ERPs). During training, the training group 

participated in an adaptive audiovisual n-back task, whereas the control group did not receive any 

training. 

4.2.3 EEG Data recording and Preprocessing 

4.2.3.1 Audiovisual n-back 

The EEG activity was recorded with an EEG system (BrainAmp MR plus, 

Gilching, Germany) using a 32-electrode EEG cap (Easy-cap, Herrsching Breitbrunn, 

Germany). The reference electrode was positioned at FCz. The horizontal 
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electrooculogram (EOG) data was monitored with an electrode positioned at the outer 

canthi of the left eye, and the vertical EOG was monitored with an electrode positioned 

roughly 1 centimeter below the right eye. All the signals were digitized with a sampling 

rate of 1000 Hz. During EEG recording, the impedances of all electrodes were kept 

below 5 kΩ. 

The offline analysis for EEG data was conducted using functions in EEGLAB and 

ERPLAB under MATLAB software (2016a). The position of EEG electrodes was based 

on the 32-channel montage of the international 10-20 system. All data were 

rereferenced to the mastoid electrodes (TP9, TP10) and were bandpass filtered from 0.1 

to 30 Hz at a downsampling rate of 500 Hz. For younger adults, the ERPs elicited by 

matched trials were divided into epochs starting from 200 ms pre-stimulus to 1000 ms 

post-stimulus (600 points), with baseline correction made from 200 ms pre-stimulus. 

For older adults, the ERPs elicited by matched trials were divided into epochs starting 

from 100 ms pre-stimulus to 600 ms post-stimulus (350 points), with baseline 

correction made from 100 ms pre-stimulus. The subsequent averaging rejected epochs 

with large artifacts if the voltage exceeded ± 100 µV. Then, all the remaining trials were 

averaged separately for different n-back condition (1-, 2-, and 3-back), and ground-

averaged data were also acquired by averaging each electrode under each n-back 

condition across all participants. For N200 and P300 components, peak detection was 

performed on averaged waveforms of each participant. Based on previous studies, the 

amplitude of N200 component was regarded as the peak that occurs at around 200 - 350 

ms, whereas the amplitude of P300 component was quantified as the peak that occurs 
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at approximately 300 - 600 ms [74,133]. These ERP components amplitude was 

averaged across electrodes within each brain region, which may reduce the noise 

resulting from unstable of individual electrodes [74]. 

4.2.3.2 Audiovisual discrimination task 

The EEG recording procedure for the transfer task was identical for the audiovisual 

n-back task.  

The offline analysis for EEG data was conducted using Brain Vision Analyzer 

software. All data were rereferenced to the mastoid electrodes (TP9, TP10) and were 

bandpass filtered from 0.01 to 60 Hz at a downsampling rate of 500 Hz. The ERPs 

elicited by standard trials were divided into epochs starting from 100ms pre-stimulus 

and 800 post-stimulus (450 points), with baseline correction made from 100 ms pre-

stimulus. When the voltage exceeded ± 100 µV, Epochs were considered as to be 

contaminated with large artifacts. Then these epochs were rejected. The remaining 

epochs were averaged for each stimulus condition (auditory, visual, and audiovisual), 

and ground-averaged data were also acquired by averaging each electrode under each 

stimulus condition across all participants.  

4.2.4 Data Analysis 

We analyzed the effect of training by examining behavioral differences (accuracy 

and reaction time) between pretest and posttest. Repeated-measures ANOVAs with 

session (pretest, posttest) × load (1-, 2-, 3-back) × group (training group, control group) 

were performed separately for reaction time (RT) and accuracy in the training task. To 
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assess accuracy, the sensitivity index (d’) was calculated for every participant and 

averaged over stage of pretest and posttest. d’ was estimated as the difference between 

the hit rate and false-alarm rate. The reaction time was calculated as the average of the 

sum of reaction times on correct responses to match trials and correct responses to 

unmatched trials. To compare the training gain among different working memory loads, 

we also conducted repeated-measures ANOVAs with load (1-, 2-, 3-back) as the within-

subject factor and group (training group, control group) as the between-subject factor. 

The dependent variables were difference in reaction time and accuracy between the 

posttest and the pretest. For the transfer effect, repeated-measures ANOVAs with 

session (pretest, posttest) × modality (V, A, AV) × group (training group, control group) 

were conducted in accuracy and reaction time. Accuracy was the proportion of correct 

responses to target stimuli relative to total target stimuli. Reaction time was based on 

the correct responses to target stimuli.  

To examine neural changes after training, we selected the following regions of 

interest (ROIs) based on  previous studies [134]: the frontal (F3, Fz, F4), central (C3, 

Cz, C4), and parietal (P3, Pz, P4) regions. The amplitude of the ERPs components (N2, 

P3) was averaged across electrodes within each ROI, which may reduce the noise 

resulting from unstable of individual electrodes [74]. For each ERPs component, 

repeated-measures ANOVAs were conducted separately to examine amplitudes in each 

region. The content of the analysis included (pretest, posttest) × group (training, control) 

× load (1-back, 2-back, 3-back).  

To obtain transfer outcomes, the following equation was used to quantify the 
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transfer effect: ERP(AV) − [ERP(A) + ERP(V)]. This equation subtracted the summed 

ERPs on unimodal visual and auditory trials from the ERPs on audiovisual trials at each 

time bin for each electrode [14]. Then, the amplitude of the difference [AV - (A+V)] 

were compared with 0 at each time point from 0 to 500 ms, using one-sample t tests. If 

more than 12 consecutive time points were significantly different from zero (α < 0.05), 

audiovisual integration was considered to have occurred. This criterion ensures the 

reliability of results when a large number of t tests are conducted [135]. Based on the 

results of the t test, three integration time intervals (80-120 ms, 170-210 ms, and 350-

390 ms) and three ROIs (frontal: Fz, F3, F4; central: C3, C4, Cz; and parietal: P3, P4, 

Pz) were selected for further analysis. In addition, the amplitude of ERPs was averaged 

across electrodes within each ROI. Repeated-measures ANOVAs with session (pretest, 

posttest) × ROIs (frontal: Fz, F3, F4; central: C3, C4, Cz; and parietal: P3, P4, Pz) × 

group (training group, control group) were conducted. The dependent variable was the 

amplitude difference of [AV - (A+V)]. 

4.3 Behavioral Results  

4.3.1 Training outcomes 

For young adults, the ANOVAs based on accuracy revealed a significant main 

effect of session [F(1, 35) = 58.299, p < 0.001, ηp
2 = 0.625], suggesting that accuracy 

(d’) at posttest was increased compared to that at pretest. Significant main effect of load 

was also found [F(2, 70) = 80.937, p < 0.001, ηp
2 = 0.698], indicating that the accuracy 
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decreased with increased working memory load (3-back > 2-back > 1-back). Moreover, 

a two-way interaction between session and load was found [F(2, 70) = 7.019, p = 0.002, 

ηp
2 = 0.167]. Post hoc analysis using pairwise comparisons with a Bonferroni correction 

indicated that participants were more accurate at posttest than at pretest across all 

working memory loads, ps < 0.010. Additionally, a significant interaction between load 

and group was observed [F(2, 70) = 7.679, p = 0.001, ηp
2 = 0.180]. After post hoc 

analysis using pairwise comparisons with a Bonferroni correction, we found that 

accuracy decreased significantly with increased load in both groups, ps < 0.010. 

Importantly, there was a significant interaction between session and group [F(1, 35) = 

37.152, p < 0.001, ηp
2 = 0.515]. The post hoc analysis using pairwise comparisons with 

a Bonferroni correction showed that the accuracy was significantly improved in training 

group after training, p < 0.001. This improvement was not found in the control group, 

p = 0.314. There was a significant three-way interaction [F(2, 70) = 5.270, p = 0.007, 

ηp
2 = 0.131]. Post hoc analysis using pairwise comparisons with a Bonferroni correction 

showed that the training group exhibited significant accuracy improvement at posttest 

compared to pretest across all working memory loads, ps < 0.001. However, when 

comparing the pretest and posttest in the control group across all working memory loads, 

there was no significant difference, ps > 0.05. In addition, although no significant 

differences were found between groups for all working memory loads at pretest, the 

training group had significantly better accuracy than the control group in the 2-back 

and 3-back conditions at posttest, ps < 0.01. 

For young adults, analyses of reaction time showed that there was a significant 
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main effect of session [F(1, 35) = 37.077, p < 0.001, ηp
2 = 0.514], with the reaction time 

at posttest being faster than that at pretest. The main effect of load was significant [F(2, 

70) = 51.315, p < 0.001, ηp
2 = 0.595], with reaction time increasing with higher working 

memory load (1-back < 2-back < 3-back). The significant main effect of group was also 

observed [F(1, 35) = 13.848, p = 0.001, ηp
2= 0.283], indicating that the reaction time of 

the training group was faster than that of the control group. Moreover, a significant 

interaction between session and load was found [F(2, 70) = 5.373, p < 0.01, ηp
2 = 0.133]. 

Post hoc analysis using pairwise comparisons with a Bonferroni correction revealed 

that the reaction time at posttest decreased significantly compared to that at pretest 

across all working memory loads, ps < 0.05. It was worth noting that an interaction 

between session and group was found [F(1, 35) = 6.366, p < 0.05, ηp
2 = 0.154]. The 

post hoc analysis using pairwise comparisons with a Bonferroni correction showed that 

there was no significant difference between the training group and the control group at 

pretest, p = 0.080. However, the reaction time was significantly decreased in the training 

group at posttest, p < 0.001. The load × group interaction was not significant [F(2, 70) 

= 0.800, p = 0.453, ηp
2 = 0.022]. Notably, the three-way interaction among session, load 

and group was significant [F(2, 70) = 11.177, p < 0.001, ηp
2 = 0.242]. Post hoc analysis 

using pairwise comparisons with a Bonferroni correction demonstrated that the training 

group showed a significant reaction time improvement across all working memory 

loads, ps < 0.001. Similar results were found in the 1-back and 2-back conditions in the 

control group, ps < 0.01. Moreover, at posttest, the training group showed significantly 

decreased reaction time for all working memory loads compared to the control group, 
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ps < 0.05. However, the two groups did not show a significant difference at pretest, ps > 

0.05. 

For older adults, the ANOVAs based on accuracy revealed a significant main effect 

of session, [F(1, 38) = 9.732, p < 0.01, ηp
2 = 0.204], indicating that the accuracy was 

greater at posttest compared to pretest. The main effect of load was also significant, 

[F(2, 76) = 264.190, p < 0.001, ηp
2 = 0.874], indicating that the accuracy decreased with 

increased load. In addition, the main effect of group was also found, [F(1, 38) = 18.177, 

p < 0.05, ηp
2 = 0.249], suggesting that the over accuracy of training group was greater 

than that of control group. The two-way interaction between session and load was 

significant, [F(2, 76) = 5.839, p < 0.01, ηp
2 = 0.133]. Post hoc analysis using pairwise 

comparisons with a Bonferroni correction showed that the accuracy of posttest was 

greater than that of pretest under 3-back level only. Moreover, three-way interaction 

between session, load, group, [F(2, 76) = 3.323, p < 0.05, ηp
2 = 0.080]. Post hoc analysis 

using pairwise comparisons with a Bonferroni correction showed that the training group 

exhibited greater accuracy at posttest than that at pretest under 3-back level. However, 

when comparing the pretest and posttest in the control group across all working memory 

loads, there was no significant difference, ps > 0.05.  

Analyses of reaction time for older adults showed that there was a significant main 

effect of load [F(2, 72) = 37.576, p < 0.001, ηp
2 = 0.511], with the reaction time being 

faster at 1-back level than 2-back and 3-back level. The interaction between session and 

load was significant, [F(2, 72) = 7.102, p < 0.05, ηp
2 = 0.165]. Post hoc analysis using 

pairwise comparisons with a Bonferroni correction showed the training effect on 
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reaction time was only found at 3-back level, indicating that the reaction time of posttest 

was faster than that of pretest at 3-back level. No other significant main effect or 

interaction effects were found (ps > 0.050). 

Table 1. The comparison of reaction time and accuracy between pretest and posttest in training 

and control group for older and young adults. 
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Figure 2. Changes in performance between pretest and posttest for young adults. (a) Accuracy is 

depicted for 1-back, 2-back, and 3-back. (b) Reaction times are shown for 1-back, 2-back, and 3-

back. The black circles represent the training group, and the blue squares represent the control 

group. Error bars demonstrated the standard error of the mean (SEM). The asterisk along a 

trendline indicates the difference between the pretest and posttest, and the asterisk above the black 

circle or blue squares indicates the difference between different groups at the pretest or posttest, * 

p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Changes in performance between pretest and posttest for older adults. (c) Accuracy is 

depicted for 1-back, 2-back, and 3-back. (d) Reaction times are shown for 1-back, 2-back, and 3-

back. The black circles represent the training group, and the blue squares represent the control 

group. Error bars demonstrated the standard error of the mean (SEM). The asterisk along a 

trendline indicates the difference between the pretest and posttest, and the asterisk above the black 

circle or blue squares indicates the difference between different groups at the pretest or posttest, * 

p < 0.05, ** p < 0.01, *** p < 0.001. 

4.3.2 Training gain 

The ANOVA for training gain in accuracy (d’) showed that the main effect of load 

was significant [F(2, 70) = 7.01, p < 0.01, ηp
2 = 0.17], indicating that the training gain 

in the 3-back condition was greater than that in the 2-back and 1-back conditions. The 

main effect of group was also significant [F(1, 35) = 37.20, p < 0.001, ηp
2 = 0.52], with 

greater training gain in the training group than in the control group. The interaction 

between load and group was significant [F(2, 70) = 5.28, p < 0.01, ηp
2 = 0.13]. Post hoc 
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analysis using pairwise comparisons with a Bonferroni correction showed that the 

training gain of the training group in the 3-back condition was greater than that in the 

2-back and 1-back conditions, ps < 0.01. However, the training gain of the control group 

across the 1-back, 2-back, and 3-back conditions was not significantly different, ps > 

0.050. In terms of load, greater training gain was found in the training group than in the 

control group across all working memory levels, ps < 0.05. 

The ANOVA for training gain in reaction time demonstrated that the main effect 

of load was significant [F(2, 70) = 5.373, p = 0.07, ηp
2 = 0.133], suggesting that the 

training gain in the 2-back and 3-back conditions was significantly greater than that in 

the 1-back condition. The main effect of group was also significant [F(1, 35) = 6.366, 

p = 0.016, ηp
2 = 0.154], with greater training gain in the training group than in the 

control group. The interaction between load and group was significant [F(2, 70) = 

11.177, p < 0.001, ηp
2 = 0.242]. Further post hoc analysis using pairwise comparisons 

with a Bonferroni correction indicated that the training gain of the training group in the 

3-back condition was greater than that in the 2-back and 1-back conditions, ps < 0.050. 

Similar to the results of training gain in accuracy, there was no difference in training 

gain across the 1-back, 2-back, and 3-back conditions in the control group, ps > 0.050. 

In terms of load, a greater training gain in the training group was found only in the 3-

back condition compared to the control group, p < 0.001. In the 1-back and 2-back 

conditions, no significant difference between two groups was found, ps > 0.050. 

For older adults, The ANOVA for training gain in accuracy (d’) showed that the 

main effect of load was significant [F(2, 76) = 5.830, p < 0.01, ηp
2 = 0.133], indicating 
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that higher training gain was found at 3-back level compared to that at 2-back and 1-

back level. Moreover, the interaction between session and group was significant, [F(2, 

76) = 3.334, p < 0.01, ηp
2 = 0.081]. In terms of group, the training gain of training group 

at 3-back level was greater than that of both 2-back and 1-back level. However, there 

was no significant difference in training gain across 1-back, 2-back, 3-back level in 

control group, ps > 0.050.  In terms of load, significant difference in training gain was 

found at 3-back level when comparing the training group with control group, indicating 

that the training gain obtained in training group was greater, ps < 0.050.  

The ANOVA for training gain in reaction time showed the main effect of load was 

significant, [F(2, 76) = 5.830, p < 0.01, ηp
2 = 0.133], suggesting that the training gain 

was greater at 3-back level than that at 2-back and 3-back level. No other significant 

main effect or interaction effects were found (ps > 0.050). 
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Figure 4. Box plots of training gain in accuracy (a) and reaction time (b) across 1-back, 2-back, 

and 3-back in training and control groups for young adults. Median is represented by solid line 

inside the box represents the median. Upper and lower quartiles are represented by the upper and 

lower borders respectively.   
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Figure 5. Box plots of training gain in accuracy (c) and reaction time (d) across 1-back, 2-back, 

and 3-back in training and control groups for older adults. Median is represented by solid line inside 

the box represents the median. Upper and lower quartiles are represented by the upper and lower 

borders respectively.   

4.4 Neural Results  

4.4.1 Training outcomes  

The N200 amplitude was assessed in the frontal (F3, F4, Fz), central (C3, Cz, C4), 

and parietal (P3, P4, Pz) regions. In the central region, there was a significant session × 

group × load interaction [F(2, 70) = 5.133, p < 0.008, ηp
2 = 0.135]. Post hoc analyses 
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using pairwise comparisons with a Bonferroni correction indicated that there was no 

significant difference in the N200 amplitude at pretest between groups, p > 0.050. At 

posttest, however, the training group had significantly greater N200 amplitudes than the 

control group in the 1-back condition, p = 0.004. Notably, significant improvements at 

posttest compared to pretest in the 3-back condition were found in the training group, 

p = 0.041. There was no change over time in the control group across all working 

memory loads, ps > 0.050. No other significant main effects or interactions were found 

(ps > 0.050). In the central and parietal regions, no significant main effects or 

interactions were found (ps > 0.050). 

Then, the P300 amplitude was assessed in these regions. In the frontal regions, a 

significant session × group interaction was found [F(1, 35) = 4.228, p = 0.048, ηp
2 = 

0.117]. Post hoc analyses using pairwise comparisons with a Bonferroni correction 

indicated a pronounced P300 amplitude enhancement at posttest compared to pretest in 

the training group, p = 0.053. However, a significant difference between posttest and 

pretest in control group was not found, p > 0.050. In terms of session, the training group 

showed no significant difference in P300 amplitude compared to the control group at 

pretest, p > 0.050; similarly, at posttest, there was not a significantly greater P300 

amplitude in the training group compared to the control group, p > 0.050. No other 

significant main effects or interactions were found (ps > 0.050). In the central regions, 

there was also a significant session × group interaction [F(1, 35) = 7.708, p = 0.009, ηp
2 

= 0.189]. Post hoc analyses demonstrated that the training group showed significantly 

greater P300 amplitudes at posttest than at pretest, p = 0.008. There was no significant 
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difference in these values between posttest and pretest in the control group, p > 0.050. 

Moreover, at posttest, the training group showed a significantly greater P300 amplitude 

than the control group, p = 0.013. At pretest, a significant difference between the 

training group and control group was not observed, p > 0.050. No other significant main 

effects or interactions were found (ps > 0.05). For the parietal region, no significant 

main effects or interactions were found (ps > 0.05). 

For older adults, The N200 amplitude was assessed in the frontal (F3, F4, Fz), 

central (C3, Cz, C4), and parietal (P3, P4, Pz) regions. In the frontal region, the main 

effect of sessions was found, [F(1, 36) = 5.070, p = 0.031, ηp
2 = 0.123], indicating that 

the N2 amplitude was greater at posttest than that at pretest. No other significant main 

effects or interactions were found (ps > 0.05). Although the interaction between session, 

group, load was not found. The post-hoc analysis showed that the N2 amplitude of 

training group was greater at posttest than that at pretest under 2-back level only. In the 

central region and parietal, no significant main effects or interactions were found (ps > 

0.05).  

In addition, the P300 amplitude was also assessed in the frontal (F3, F4, Fz), 

central (C3, Cz, C4), and parietal (P3, P4, Pz) regions. However, any significant main 

effect or interactions were not found (ps > 0.05). Therefore, the N200 latency and P300 

latency was assessed in older adults.  In the frontal region, the ANONA based on N200 

latency was conducted firstly. The main effect of session was found [F(1, 36) = 4.643, 

p = 0.038, ηp
2 = 0.114], indicating that the N200 latency at posttest was earlier than that 

at pretest. The main effect of load was significant, [F(2, 72) = 13.664, p = 0.000, ηp
2 = 
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0.275], suggesting that the latency of 3-back was advanced compared to that of 2-back 

and 1-back. Notably, the interaction between session, group and load was found, [F(2, 

72) = 1.521, p = 0.225, ηp
2 = 0.041]. However, after post-hoc analysis, the significant 

difference of N200 latency between pretest and posttest at 2- and 3-back levels in 

training group was found. That is, the N200 latency was advanced at 2- and 3-back 

levels after training. For the control group, the significant difference of N200 latency 

between pretest and posttest across 1-, 2-, and 3-back levels were not found. In the 

central region and partial regions, only main effect of load was found, [F(2, 72) = 

15.915, p = 0.000, ηp
2 = 0.307], suggesting that the N200 latency was earlier at 3-back 

level than that at 2- and 1-back levels in central region and the N200 latency was earlier 

at 3-back level than that at 2-back level in parietal region. In terms of P300 latency, no 

significant main effects or interactions were found across frontal, central and partial 

regions (ps > 0.05).  
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Figure 6. Training-related effects on ERP components in young adults. Changes in the N200 

amplitude in the central region (a) and the P300 amplitude in the frontal region (b), and central 

region (c) are depicted. Error bars show the SEM. The asterisk along a trendline indicates the 

difference between the pretest and posttest, and the asterisk above the black circle or blue squares 

indicates the difference between different groups at the pretest or posttest, * p < 0.05, ** p < 0.01, 

*** p < 0.001. 
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Figure 7. Event-related potentials (ERPs) at pretest and posttest in the young training group (a) 

and young control group (b). The gray rectangles highlight marked differences between pretest and 

posttest.  
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Figure 8. Event-related potentials (ERPs) at pretest and posttest in the older training group (c) 

and older control group (d). The gray rectangles highlight marked differences between pretest and 

posttest. 



Chapter 4 Comparison for young and older adults: audiovisual n-back training effect 

on working memory performance 

 

109 
 

 

Figure 9. Grand-average event-related potentials of AV, A+V and the topography map of 

audiovisual integration in the young training group (a) and control group (b) from 100 ms before 

stimulus onset to 500 ms after stimulus onset at pretest and posttest. 
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Figure 10. Grand-average event-related potentials of AV, A+V and the topography map of 

audiovisual integration in the older training group (c) and control group (d) from 100 ms before 

stimulus onset to 500 ms after stimulus onset at pretest and posttest. 
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4.4.2 Time frequency analysis  

For young adults, repeated-measures ANOVAs with sessions (pretest, posttest) × 

group (training, control) × load (1-back, 2-back, 3-back), were conducted separately to 

examine alpha neural oscillations in each electrode (Fz, Cz, Pz). At electrode Cz within 

the time window of 250 - 300 ms. The three-way interaction was found, F(2, 66) = 

3.195, p = 0.047, ηp
2 = 0.088. The post-hoc analysis showed that the alpha oscillation 

at 1-back was significantly greater after training for the training group. However, such 

effect was not found in control group. No main effects or interaction were found in Fz, 

Pz (ps > 0.050). The results suggested that the training could induce the enhancement 

of alpha oscillations. In addition, the theta oscillation was also analyzed. The results 

showed that the main effect of sessions was significant, F(1, 33) = 4.425, p = 0.043, ηp
2 

= 0.118, with post-test neural oscillations being significantly larger than pre-test 

oscillations. The three-way interaction was found, F(2, 66) = 3.473, p = 0.044, ηp
2 = 

0.095. After post-hoc analysis, significant theta enhancement was found at 1-back, 3-

back in training group, indicating that the training could also induce the alteration of 

theta. No main effects or interactions were found in Fz, Pz (ps > 0.050). 
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Figure 11. For the young adults, spectral power activity of 1-back, 2-back, 3-back from 0 - 800 

ms across both training group and control group at pretest and posttest. 

For older adults, repeated-measures ANOVAs were conducted separately to 
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examine alpha neural oscillations in each electrode (Fz, Cz, Pz). The content of the 

analysis included sessions (pretest, posttest) × group (training, control) × load (1-back, 

2-back, 3-back). Significant main effect of load was found, F(2, 56) = 8.56, p = 0.01, 

ηp
2 = 0.234, indicating that the alpha oscillations was greater at 1-back and 3-back than 

at 2-back. The interaction between load and group was also found, F(2, 56) = 8.56, p = 

0.001, ηp
2 = 0.260. Post-hoc analysis showed that at training group, the alpha oscillation 

was greater at 1-back compared to 2-back and 3-back. However, at control group, there 

was no significant difference in the alpha oscillation across 1-back, 2-back, 3-back. 

Importantly, the three-way interaction between sessions, group and load was found, F(2, 

56) = 8.51, p = 0.001, ηp
2 = 0.233. Post-hoc analysis showed that for training group, the 

alpha oscillations were significantly greater at posttest than pretest at 1-back and 2-back. 

For control group, significant difference in alpha oscillations was not found between 

pretest and posttest across 1-back, 2-back, 3-back. In the Fz and Cz, no significant main 

effects or interactions were found (ps > 0.050). In terms of theta oscillations, any main 

effects or interactions were not found across Fz, Cz, Pz (ps > 0.050).  
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Figure 12. For the older adults, spectral power activity of 1-back, 2-back, 3-back from 0 - 800 ms 

across both training group and control group at pretest and posttest. 
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4.4.3 Transfer outcomes   

At 80-120 ms, the ANOVA showed that the interaction between session and group 

was significant [F(1, 35) =6.181, p = 0.018, ηp
2 = 0.147]. Post hoc analysis using 

pairwise comparisons with a Bonferroni correction showed that the amplitude at 

posttest was greater than that at pretest in the training group (p < 0.05), whereas such 

enhancement was not found in control group (p > 0.05). In terms of session, the two 

groups showed no difference at pretest (p> 0.050), but a greater amplitude was observed 

in the training group at posttest (p= 0.026). Moreover, a significant three-way 

interaction was found [F(2, 70) = 5.245, p = 0.007, ηp
2 = 0.127]. Post hoc analysis using 

pairwise comparisons with a Bonferroni correction suggested that there was a 

significant transfer effect in the frontal region. That is, the amplitude at posttest was 

greater than that at pretest in the training group, p = 0.037. Such a transfer effect was 

not found in the control group in the frontal region, p > 0.050. In the central region, the 

training group demonstrated a greater amplitude at posttest than at pretest (p = 0.006), 

whereas control group did not find such significant difference (p > 0.050). In the parietal 

region, significant differences between pretest and posttest were not found in either 

group, ps > 0.050. No other significant main effects or interactions were found, ps > 

0.050. At 170-210 ms, no significant main effects or interactions were found, ps > 0.050. 

At 350-390 ms, the ANOVA showed a significant main effect of region [F(2, 70) = 

4.713, p = 0.012, ηp
2 = 0.116], indicating that the amplitudes in the frontal and central 

regions were significantly greater than that in the parietal region. However, no other 
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significant main effects or interactions were found, ps > 0.05. 

For older adults, at 180-200 ms, the ANOVA showed that the main effect of regions 

was significant, [F(3, 108) = 3.913, p =0.011 ηp
2 = 0.098], suggesting that amplitude of 

parietal region was greater than in central, central-parietal regions. The interaction 

between session and group was significant, [F(1, 36) = 4.670, p = 0.037 ηp
2 = 0.115]. 

Post hoc analysis using pairwise comparisons with a Bonferroni correction showed that 

the amplitude at posttest was greater than that at pretest in the training group (p < 0.05), 

whereas such enhancement was not observed in control group (p > 0.05). Moreover, in 

terms of session, there was no significant differences in pretest between training and 

control group, whereas significant differences in posttest between training and control 

group was found. No other significant main effects or interactions were found, ps > 

0.050. At 250-300 ms, the main effect of region was also significant, [F(3, 108) = 

28.961, p = 0.000 ηp
2 = 0.446], indicating that the amplitude of occipital regions was 

the greatest than the other three regions (central, central-parietal, parietal). The 

interaction between session and group was significant, [F(1, 36) = 4.207, p = 0.048 ηp
2 

= 0.105]. Post hoc analysis using pairwise comparisons with a Bonferroni correction 

showed that the amplitude at posttest was greater than that at pretest in the control group 

(p < 0.05), whereas such difference was not observed in training group (p > 0.05). No 

other significant main effects or interactions were found, ps > 0.05. 

4.5 Discussions  

The current study investigated whether audiovisual n-back training induced a 
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training effect on working memory performance and a transfer effect on audiovisual 

processing. Regarding the training effect, the behavioral results for both age groups 

showed that training led to improved working memory performance with increased 

accuracy and decreased reaction time. Moreover, the training group of young adults 

exhibited greater training gain in the 3-back condition compared to the 1-back and 2-

back conditions. For young adults, ERPs analysis found that audiovisual n-back training 

led to enhancement of the N200 amplitude in the 3-back condition over the frontal area 

and a higher P300 amplitude in the training group over the frontal and central areas. 

For older adults, the N200 latency was advanced after training. Regarding the transfer 

effect, the behavioral results showed that training did not induce significant differences 

in accuracy and reaction time on the audiovisual processing task between pretest and 

posttest. However, the ERP results showed that audiovisual integration in the frontal 

and central regions at 80-120 ms was enhanced in the training group, whereas such an 

effect was not found in the control group in young adults. For older adults, the 

audiovisual integration at 180-120ms was enhanced after training in older adults. 

4.5.1 Training effect  

The training effects appeared as higher accuracy and faster RT at posttest across 

the 1-back, 2-back, and 3-back conditions in the training group. These results align with 

previous studies that reported higher accuracy and faster RT after working memory 

training [71,73,136]. Moreover, we found that the training gain was significantly greater 

in the 3-back condition and 2-back condition than in the 1-back condition. The available  
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explanation is that higher cognitive load may lead to greater audiovisual benefit [117]. 

Some researchers have supported this idea by examining whether audiovisual 

integration leads to better working memory. Their results indicated improved accuracy 

on the most demanding task (2- and 3-back conditions) for audiovisual stimuli 

compared to visual or auditory stimuli, whereas such improvement was not found in 

the 1-back condition. This finding suggests that unimodal conditions may be sufficient 

for working memory processing when the load is low, but that the advantage of 

audiovisual benefit becomes obvious when the load increases and more resources are 

needed to complete the task [87]. Therefore, we infer that greater training effects in the 

2-back and 3-back conditions were related to greater audiovisual benefits under higher 

cognitive loads. Notably, we recruited college students who may possess higher 

cognitive ability than the general population [91]. In the 1-back condition, a ceiling 

effect may exist, resulting in no increases in training gain in this condition. 

Our results showed that audiovisual working memory training induced a greater 

amplitude of the P300, consistent with previous findings on working memory training 

in a single modality [70]. The P300 is a well-established index that reflects working 

memory updating [70,126]. According to context updating theory, the updating process 

monitors incoming information and replaces old information that is less relevant to the 

current task with new information that is more relevant to the current task, thus 

continuously revising the contents of working memory [137]. Increased P300 

amplitudes may reflect better updating ability engaged in  working memory processing 

[70]. Neurocognitive models of the n-back task suggest that encoding, maintenance and 
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updating are necessary processes for working memory [115]. Encoding is critical to 

working memory processes because it significantly affects subsequent memory 

processes, such as maintenance and updating [124,138]. Some studies have reported 

faster working memory updating in an audiovisual working memory encoding 

condition compared with visual-only or auditory-only working memory encoding 

conditions [87]. This suggests that the presentation of audiovisual stimuli may elicit 

more effective encoding, improving the performance of later working memory 

processes. Therefore, we infer that working memory training with audiovisual stimuli 

may also exert a positive effect on later updating processes, contributing to the 

enhancement of the P300 amplitude. 

An enhanced N200 amplitude in the frontal region, especially in the most difficult 

3-back condition, was also observed. This ERP component is associated with conflict 

monitoring and mismatch/mismatch identification [123]. Mismatch identification was 

initially recognized in a sequential matching task, in which participants were required 

to judge whether a second stimulus matched or mismatched an initial stimulus [123]. 

The audiovisual n-back task in the current study involved a similar paradigm in which 

participants were asked to determine the current audiovisual stimulus matched or 

mismatched the previously audiovisual stimulus maintained in working memory. The 

audiovisual n-back task in the current study involved a similar paradigm in that 

participants needed to determine whether there was a mismatch between a currently 

presented stimulus and a previously presented stimulus maintained in working memory. 

According to memory trace theory, the presentation of audiovisual stimuli leads to a 
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strong audiovisual memory trace during encoding, and the maintenance of working 

memory is facilitated due to the factor that it also actives audiovisual memory 

representation [139]. Because mismatch identification requires a comparison between 

the currently presented stimulus and the stimulus maintained in working memory, the 

facilitation of working memory maintenance may increase mismatch identification, 

reflected by enhancement of the N200 amplitude. In addition, conflict monitoring has 

also been involved in working memory processing, especially with lure trials [140]. The 

lure trial in n-back is the same as a previously presented stimulus but is not the matched 

trial (e.g., 3-back, the second animal cat in the stimuli stream “dog-cat-cow-cat” is lure 

trial), which may lead to stimulus familiarity and induce a strong conflict effect [74]. 

Their results confirmed that greater N200 amplitudes were found in the training group 

at posttest, indicating that conflict monitoring processes are likely engaged in the n-

back task with lure trials [74]. However, the task used in our current training task 

involved solely audiovisual facilitation and did not include lure trials. Therefore, the 

enhanced N200 amplitude may not be related to improved conflict monitoring. 

Notably, the current study found that only the 3-back condition was affected by 

training, as the N200 amplitude was significantly increased in the training group 

compared to the control group, consistent with previous studies showing that training 

induced significant neural alterations in 3-back condition [75]. A possible explanation 

is that the general executive control process is engaged in more demanding tasks [141]. 

Early studies compared neural activation across different visual n-back conditions (0-, 

1-, 2- and 3-back) and found that more brain areas were activated as difficulty increased 
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(i.e., increasing n). Moreover, the dorsolateral prefrontal cortex (DLPFC) only became 

involved in the task only under higher demanding conditions (e.g., 2-back, 3-back) 

[142]. Because the activation of DLPFC is associated with executive functions, this 

finding indicated that executive functions is particularly engaged under more 

demanding conditions [143]. We infer that our training may have improved executive 

functions, as reflected by the greater N200 amplitude in the 3-back condition after 

training. 

For older adults, the audiovisual n-back training led to the alteration of N200 

latency, different from the training results of young adults in which found greater 

amplitude changes after training. Moreover, Older adults showed training effects only 

on the 3-back task, whereas young adults demonstrated training effects on the 1-back, 

2-back, and 3-back tasks. These results indicated that the training effects in older adults 

were less pronounced compared to young adults. Previous research has compared the 

effectiveness of training and transfer tasks between young and older adults, consistently 

finding that young adults exhibit superior performance both before and after training 

[77]. Additionally, the extent of improvement resulting from training has been observed 

to be greater in young adults across both trained and untrained tasks. These disparities 

have been linked to age-related decline in brain structure and function [27], resulting in 

poor cognitive performance in older adults when their cognitive system are pushed to 

their limits as in adaptive training. In contrast, young adults appear to exhibit greater 

adaptability to the increasing task demands, possibly attributable to their possession of 

a larger pool of neural resources [48]. Consequently, it is expected that young adults 
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will exhibit superior training gains and transfer effects compared to older adults in the 

present study. 

Regarding neural oscillation, we observed an enhancement in both alpha and theta 

oscillations following the training. These findings consistent with previous studies also 

reported enhanced neural oscillations [144]. The findings indicated that the training had 

an impact on the functions associated with maintaining working memory and central 

executive functions, as evidenced by alterations in alpha and theta oscillations. 

Concerning theta oscillations, some researchers identified a correlation between theta 

oscillations and the control mechanisms within working memory. During encoding and 

retention of information, increased theta oscillation has been observed. Raghavachiari 

et al., (2001) demonstrated a strong increase of theta activity during the encoding of 

verbal information in a Stenberg working memory task. Then the author suggested the 

theta reflected a control mechanism for encoding the sequentially arranged item in 

working memory [145]. Moreover, some studies explored the relationship between 

working memory load and theta oscillation. That is, with higher load (higher cognitive 

processing), the theta oscillation grows stronger [146]. Generally, the index of theta 

oscillation could be used to measure the alteration of working memory performance. In 

our research, the audiovisual n-back training task requires participants to monitor the 

n-back stream and encode the information from each stimulus. The enhancement of the 

theta activity after training may reflect the improvement of information encoding. For 

alpha oscillation, some researchers found that alpha oscillation changes were related to 

the processing of relevant and irrelevant information in working memory [147]. That 
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is, alpha oscillation protected the information that is stored in working memory and 

inhibited the irrelevant information from the working memory, improving the efficiency 

of working memory. In our research, the audiovisual n-back training was based on n-

back task, which needs to focus on target stimuli (relevant information) and ignore the 

un-target stimuli (irrelevant information) and requires the updating to new item 

continuously. We found stronger theta oscillation in young adults after training. This 

may reflect the improvement of inhibiting ability. 

4.5.2 Transfer effect  

With respect to the transfer effect, our study showed that audiovisual working 

memory training induced enhanced audiovisual integration (at 80-120 ms) in the frontal 

and central regions. Audiovisual integration is interplayed by  both early bottom-up and 

late top-down processing [17]. The amount of available cognitive resources for 

audiovisual integration may determine the weights of bottom-up and top-down 

processing [90]. Some evidence is derived from research that investigated how memory 

load modulates neural oscillations during audiovisual integration. Their results showed 

that audiovisual integration under high memory load with scarce cognitive resources 

requires greater top-down processing, reflected by engagement of theta and alpha 

oscillations [90]. In our research, the transfer task was a simple discrimination task that 

may have required fewer cognitive resources, suggesting that audiovisual integration 

was largely governed by bottom-up processing. Moreover, some researchers have 

explored the latency of bottom-up processing. It appears that the early latency around 
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100 ms (e.g., N1) reflects a relatively bottom-up process [18]. Therefore, we infer that 

the enhancement of audiovisual integration at 80-120 ms in our research reflects an 

improvement in bottom-up processing. 

Finally, the current study aimed to investigate the training and transfer effects of 

audiovisual working memory training, including both behavior and neural outcomes. 

The results demonstrated that the training led to improved working memory 

performance as well as enhancement of the N200 and P300 components. Moreover, the 

training not only successfully improved working memory, but also affected audiovisual 

processing, reflected by enhanced audiovisual integration at an earlier stage. This 

implied that higher cognitive functions influenced lower cognitive functions. In 

summary, these results could give insights into the neural mechanism underlying 

audiovisual working memory training and lead to a more comprehensive understanding 

of working memory design. 
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Chapter 5 Future Projections 

Firstly, we demonstrated the facilitating effect of audiovisual integration. 

Furthermore, we discovered that this facilitating effect of audiovisual integration 

remains effective in working memory. Lastly, by designing audiovisual working 

memory training, we found training and transfer effects in both older and young 

individuals.  

Notably, longitudinal studies could be conducted to assess the long-term effects of 

audiovisual working memory training. Follow-up assessments conducted weeks or 

months after the training program could help determine the sustainability of the 

observed improvements and whether they translate into broader cognitive 

enhancements.  

Moreover, considering individual differences, future research could investigate 

factors such as cognitive abilities, personality traits, and genetic variations that might 

influence the responsiveness to audiovisual working memory training. Understanding 

these factors could lead to the development of personalized training approaches tailored 

to different individuals.  

Furthermore, exploring the transfer effects of audiovisual working memory 

training to other cognitive domains, such as attention or executive functions, would 

provide valuable insights into the broader impact of this training paradigm. 

Finally, the neural mechanisms behind the training effect and transfer effect 

induced by audiovisual n-back training could be further explored. That is, the future 
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research can investigate the specific neural mechanisms underlying the observed effects 

of audiovisual working memory training. This could involve using advanced 

neuroimaging techniques like functional magnetic resonance imaging (fMRI) or 

magnetoencephalography (MEG) to gain a more detailed understanding of the brain 

regions and networks involved in working memory processes. 
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