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1 Introduction 

1.1 Research motivation  

The growing interest in the mechanisms of aging is probably directly related to the 
increasing population of older adults in our society. Indeed, the world global life 
expectancy is increasing while the global world fertility has steadily declined 
(Crampton, 2009; Beard et al., 2016; Dey, 2017). As a consequence, the world 
population aged 60 years and older, considered as older adults (Beard et al., 2016; 
Dey, 2017), is expected to increase from 10.8 percent of the population in 2009 to 22 
percent by 2050 (Crampton, 2009; Beard et al., 2016; Dey, 2017). These are major 
changes that need to be studied in order to understand and adapt to their impacts on 
our society and identify the emerging challenges (Beard et al., 2016; Dey, 2017). 
Indeed, the growth of this population has an impact on labor markets, housing, health 
and welfare services for example (Harper, 2014).  

Aging is the result of the accumulation of molecular and cellular damages that leads 
progressively to a global impairment in body functions (Beard et al., 2016). With 
aging, people become more vulnerable to environmental challenges and have an 
increased risk of disease and death (Beard et al., 2016). If older adults (OA) spend 
their late life in good health, they could contribute to the society by working longer 
or in other ways (Beard et al., 2016). OA have work experience, knowledge, wisdom 
and culture that are valuable for the next generations (Bloom et al., 2015). 
Acknowledging these assets would increase their overall integration with society and 
increase their satisfaction in life, which has been previously shown to be related to 
physical health (Bloom et al., 2015) and to be associated with the process of healthy 
aging (Beard et al., 2016). However, if OA live longer but increasingly experience 
limitations in their daily lives, they may become increasingly dependent on help of 
others and ultimately may have to leave their homes to move to an elderly home or 
care center. This may lead to a decline in satisfaction with life (Bloom et al., 2015) 
and increasing costs for social care and health care (Zweifel et al., 1999; Geue et al., 
2014; Harper, 2014; Beard et al., 2016). Developing new ways to assist OA to live 
independent for a longer time would help maintain the quality of life of these 
individuals and reduce the age-related costs for the society. 
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1.2 Theoretical background of aging 

A reduction in brain volume has been claimed to be the cause of major changes in 
older adults’ abilities (Hedman et al., 2012). After the age of 35, this reduction 
accelerates progressively with age to an annual brain volume loss of 0.5% at age 60 
(Hedman et al., 2012). Motor abilities (Newell et al., 2006; van Houwelingen et al., 
2014) and cognitive abilities (Glisky, 2007; Yaffe et al., 2009) have been examined 
in the context of age-related changes. In comparison to younger adults (YA), OA 
showed a decline in the range of movements, gait speed, attention, memory, 
perception, and decision making (Newell et al., 2006; Glisky, 2007; Yaffe et al., 2009; 
van Houwelingen et al., 2014). OA also show more symmetrical activation of the 
brain compared to YA (Cabeza, 2002; Peters, 2006; Greenwood, 2007; Park and 
Reuter-Lorenz, 2009) and a dedifferentiation of the brain, they recruit more areas and 
have a loss of specialization of the brain circuits for a task compared to YA (Baltes et 
al., 1980; Cabeza, 2002).  

To live independently, an individual needs to be able to perform the Activities of Daily 
Living (ADL) (Lowry et al., 2012). ADL encompass both basic Activities of Daily 
Living (basic ADL) and Instrumental Activities of Daily Living (IADL). Basic ADL 
refers to people's daily self-care activities, such as getting ready in the morning, 
getting around during the day, and going to bed in the evening (Wiener et al., 1990), 
including activities such as bathing, dressing, toileting, transferring, continence and 
feeding (Katz et al., 1963). IADL refers to activities that need more cognition and are 
essential to live independently within the community, such as the ability to use a 
phone or to do the groceries (Lawton and Brody, 1969; Wiener et al., 1990; 
Mamikonian-Zarpas and Lagana, 2015). 

To perform ADL, the brain’s ability to extract, organize and process information is 
called upon. Information is received through the senses, processed and associated with 
prior memories, experiences, and knowledge in order to produce a focused response. 
This phenomenon is known as sensory integration (Lipsitz, 2002; Freiherr et al., 2013; 
Carriot et al., 2015). The integration of multiple sensory signals from the environment 
which need to be combined into a unique and coherent percept is known as 
multisensory integration (MSI) (Stein and Meredith, 1990; Freiherr et al., 2013; 
Mudrik et al., 2014; Bolognini et al., 2015; Talsma, 2015). Different brain areas have 
been shown to be involved in the process of MSI, and particularly the superior 
temporal sulcus (STS) (Calvert and Thesen, 2004; Clemo et al., 2012). This part of 
the brain is located in the temporal lobe, one of the regions primarily affected by brain 
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volume loss associated with aging (Peters, 2006). Accurate MSI is crucial for 
perception, cognitive processing and control of action (Stein and Meredith, 1990; 
Freiherr et al., 2013), processes that are essential for mobility, ADL performance and 
to a greater extent, to live independently (Freiherr et al., 2013; Chiba et al., 2016). As 
a consequence, problems in MSI processes could lead to restrictions in performing 
ADL and prevent OA to age in place and independently.  

1.3 Scope and expected contribution 

Aging is known to be associated with deterioration in our senses and body functions, 
such as vision (Owsley, 2011), joint mobility (Yeh et al., 2015), muscle force (Cruz-
Jentoft et al., 2010) and balance (Teasdale et al., 1991; Bugnariu and Fung, 2007), 
leading to sensory integration degradation (Mozolic et al., 2012; Freiherr et al., 2013). 
However, as far as we know, the impact of changes in MSI on age-related weakening 
in ADL has not been extensively studied, although our environment never contains 
only stimuli of one modality but always several ones from different modalities at the 
same time. Therefore, the integration of these stimuli together is necessary to have a 
proper perception of the surroundings and the possible actions that an individual could 
perform (i.e. ADL). As described earlier, the aging process leading to ADL difficulties 
starts with the degradation of brain regions that are highly associated with MSI. 
Therefore, MSI degradation in performance likely starts before ADL difficulties, 
which means that the diagnostic of changes in performance in MSI tasks may be a 
more sensitive and earlier predictor for future ADL difficulties than in unisensory 
tasks. If a reliable relation between the decline in MSI and the performance of the 
ADL can be shown, a measure of MSI may be used as an early diagnostic tool for 
ADL problems in individual OA. The aim of this thesis is to start the development of 
a diagnostic tool assessing MSI deficits related to the ADL in OA. Such a tool is 
clinically relevant since decline in ADL may be slowed down or prevented using 
different physical exercise approaches targeting specific ADL problems. Such 
approaches are already available and commonly used in clinical practice, for example 
strength training (Hazell et al., 2007), functional training (Liu et al., 2014; Siemonsma 
et al., 2018) and balance training (Bellomo et al., 2009). Training of MSI in the OA 
population has been developed as well, such as in the studies of Merriman et al. (2015) 
and Setti et al. (2014). These studies investigated the effects of training interventions, 
such as balance training or training in judging temporal order of visual or auditory 
events, on the performance of OA in the sound induced flash illusion. However, no 
diagnostic tool assessing MSI deficits related to the ADL performance exists (de 
Dieuleveult et al., 2017). Consequently, existing training approaches are blind to 
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potential sources of the deficit, and training cannot be specifically tailored to 
individual OA’s MSI issues during daily life.  

1.4 Research questions and thesis outline 

The aim of this thesis is to contribute to the development of a clinically useful 
diagnostic tool that could help early diagnosis of MSI problems in OA. MSI problems 
in OA can lead to ADL difficulties in the future and are therefore relevant to diagnose 
and treat early. Such measure could allow clinicians to indicate and personalize 
interventions with the aim to help OA to stay independent and maintain their quality 
of life. Training interventions exist but, as far as we know, there is no diagnostic tool 
of MSI problems and the impact of MSI on age-related deterioration in ADL has not 
been investigated extensively.  

The work done in this thesis started with a systematic review of the literature. To have 
the best possible diagnostic tool, it was necessary to have an overview of the methods 
assessing the effect of age on MSI in healthy OA that had already been used in 
previous work. The results of this review formed the basis for the development of a 
series of experiments that were aimed at developing the diagnostic tool. In this thesis, 
we used an interception task with a task-irrelevant background motion that creates an 
illusion of motion to investigate whether we can measure differences in MSI between 
OA and YA, as expected from the literature. This experiment was first developed with 
a large screen and performed with healthy OA and YA. In line with previous literature, 
we hypothesized that OA would perform less well in the task in general and would 
show a larger illusion effect as compared to YA. We added multisensory dual tasks to 
examine whether these differences between OA and YA are modulated by dual 
tasking and hypothesized that multisensory dual tasks would amplify the illusion 
effect created by the background motion. Additionally, we wanted to investigate if the 
interception task could be suitable as a diagnostic tool of MSI degradation. Therefore, 
we explored whether we could find correlation between the results of our task and the 
results of well-known ADL-related pretests to investigate if these differences between 
OA and YA are related to ADL scores. However, the OA participating in this 
experiment did not have any problem to perform ADL, which hindered us from 
finding any correlation. To answer this issue, we developed a second experiment and 
recruited OA with a range of ADL difficulties to perform the task in order to be able 
to explore if correlations between the results of the task and ADL scores in the pretests 
exist. For this experiment, we moved the task to a more portable setup, a tablet, to 
further adapt the experiment to clinical practice needs. For this experiment, we 
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hypothesized that OA with ADL difficulties would perform less well in the task in 
general and would have a larger illusion effect as compared to OA without ADL 
difficulties that could lead to clear correlations between the results of the task and the 
results of the pretests. The results showed strong correlations but also seemed to 
indicate that the task was more difficult on the tablet than on the large screen, 
particularly for OA. Therefore, we developed a third experiment and moved the setup 
to another mobile version, which comprised a large screen comparable to the one used 
in the first experiment. We recruited OA with a range of ADL difficulties similar to 
the group recruited in the second experiment. We hypothesized that the task would be 
easier on the large screen but would still show similar correlations between the results 
of the task and the results of the pretests. In this experiment, the background velocity 
was 24 cm/s instead of 12 cm/s in the tablet version. We hypothesized that this 
increased background velocity would increase the differences between OA and YA 
and clarify the results of the illusion effect found in the previous experiment. The 
three experiments presented in this thesis resulted in the development of a transitional 
model of the age-related effects affecting the performances of OA in our task. 

This thesis contains five chapters.  

Chapter 2 is a systematic review on the available tests present in the literature that 
measured MSI in the healthy elderly population and compared them to YA (de 
Dieuleveult et al., 2017). This chapter helps to understand what has been tested before 
to develop the best diagnostic tool possible.  

Chapter 3 describes the test that we developed to assess MSI in OA in relation with 
ADL (de Dieuleveult et al., 2018). Participants had to intercept, with their index 
finger, disappearing targets moving downwards on a screen while a horizontally 
moving background created an illusory direction of motion of the target. They had to 
perform the task under three conditions. First a baseline condition, seated in front of 
the screen. Second, a condition perturbing balance, standing in front of the screen on 
foam. Third, a cognitively more demanding condition, seated in front of the screen 
and counting tones. The main parameter that we were interested in was the deviations 
of the participants’ taps due to the moving background. 

In Chapter 4, we investigate whether the results found in Chapter 3 could be replicated 
using a tablet instead of a large screen in YA. A tablet is more suitable for clinical 
practice as it can serve to test participants that cannot easily move from their house. 
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In this chapter, we also investigated the differences between OA and YA in the task 
on the tablet and proposed a transitional model of the aging process reflected by our 
task.  

In Chapter 5, we investigate whether correlations could be found between the results 
of our test and the results of well-know and broadly used clinical tests that relates to 
the ADL in order to attest that our task is relevant for the development of a diagnostic 
tool and could be used in clinical practice. 

In Chapter 6, we investigate whether we can clarify the effects of the illusion produced 
by the background motion in our task with OA varying in respect to ADL difficulties 
and with YA. We used a larger screen to reduce the setup visual difficulty effect and 
the higher background velocity allowed us to increase the multisensory integration 
demand on participants. In this chapter, we investigated if a faster background 
increases the differences in results between OA and YA and show the three different 
effects of the illusion in OA (normal, reverse and no effect) as seen in the previous 
chapters. In this chapter, we investigated as well if the correlations found in Chapter 
3 could be replicated with the different mobile setup. 

The last part of the thesis is a general discussion on the results of the different chapters 
synthesized altogether and the possible implications of these results for the 
development of a diagnostic tool and for clinical practice. In this chapter, we also 
discuss the limitations of the work and the future possible directions of research. 
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2 Chapter 2: Effects of aging in multisensory integration: A 
systematic review 

This chapter has been published in the journal Frontiers in Aging Neuroscience (de 
Dieuleveult et al., 2017). 

Abstract 

Multisensory integration (MSI) is the integration by the brain of environmental 
information acquired through more than one sense. Accurate MSI has been shown to 
be a key component of successful aging and to be crucial for processes underlying 
activities of daily living. Problems in MSI could prevent older adults (OA) to age in 
place and live independently. However, there is a need to know how to assess changes 
in MSI in individuals. This systematic review provides an overview of tests assessing 
the effect of age on MSI in the healthy elderly population (aged 60 years and older). 
A literature search was done in Scopus. Papers from the earliest records available to 
January 20, 2016, were eligible for inclusion if assessing effects of aging on MSI in 
the healthy elderly population compared to younger adults (YA). These papers were 
rated for risk of bias with the Newcastle-Ottawa quality assessment. Out of 307 
identified research articles, 49 articles were included for final review, describing 69 
tests. The review indicated that OA maximize the use of multiple sources of 
information in comparison to YA (20 studies). In tasks that require more cognitive 
function, or when participants need to adapt rapidly to a situation, or when a dual task 
is added to the experiment, OA have problems selecting and integrating information 
properly as compared to YA (19 studies). Additionally, irrelevant or wrong 
information (i.e. distractors) has a greater impact on OA than on YA (21 studies). OA 
failing to weigh sensory information properly, has not been described in previous 
reviews. Anatomical changes (i.e. reduction of brain volume and differences of brain 
areas’ recruitment) and information processing changes (i.e. general cognitive 
slowing, inverse effectiveness, larger time window of integration, deficits in 
attentional control and increased noise at baseline) can only partly explain the 
differences between OA and YA regarding MSI. Since we have an interest in 
successful aging and early detection of MSI issues in the elderly population, the 
identified tests form a good starting point to develop a clinically useful diagnostic tool 
to assess MSI in healthy OA. 
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2.1 Introduction 

MSI changes happening with healthy aging have been studied quite intensively with, 
mainly, tests measuring the interaction between the visual and auditory modalities 
(i.e. Townsend et al. (2006), Hugenschmidt et al. (2009a), Peiffer et al. (2009)). We 
found two reviews on MSI and aging but no systematic review on the tests measuring 
MSI in the elderly population. In order to develop a diagnostic tool of MSI issues 
related to ADL issues, it is necessary to know what have been studied earlier and 
published in the literature. Therefore, this chapter aims at, first, giving an overview of 
measures that have been used to compare MSI between the healthy elderly population 
and YA and, second, summarizing the results of these studies to see the effect of aging 
on MSI. The results found in this systematic review could serve to develop a clinically 
useful diagnostic tool for assessing the extent of MSI in healthy older individuals by 
selecting the most relevant tests, methods and modalities studied.  

2.2 Material and Methods 

This systematic review was written using the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al., 2009). 
PRISMA is a 27-item checklist that aims to improve the reporting of systematic 
reviews and meta-analysis (Moher et al., 2009).  

2.2.1 Participants 

The target population of this systematic review is the healthy elderly population of 60 
years old and above. Since OA are likely to experience decline in functions, may have 
some limitations, or develop chronic diseases during their life, healthy OA were 
defined as OA not primarily labelled as having a disease. A comparison group of 
younger participants was included to investigate the effects of aging or a single group 
of participants including a range of participants from young to older individuals. The 
younger participants should be healthy, i.e. no current acute, severe or chronic disease. 

2.2.2 ADL selection 

We focus on changes that have an impact on the motor performance of all three 
aspects of ADL: mobility, basic ADL and IADL. We are primarily interested by 
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activities or senses that are crucial to perform ADL such as vision or balance, 
therefore, we decided to not include tests on speech (although needed for interaction 
with others, speech in itself is not essential for performance of ADL), emotion 
perception, taste, olfaction and semantic processes. 

2.2.3 Study selection 

The systematic review contains four selection phases (See Figure 1), as suggested by 
PRISMA. The first phase is the identification of the records through database 
searching. The second phase is the screening of the records. During this phase, 
duplicates are removed, and records are checked for the selection criteria. The third 
phase is the eligibility phase, where the full-text articles are rated for eligibility 
criteria. And finally, in the inclusion phase, suitable articles are included in the 
systematic review.  

 

Figure 1: Flow of information through the different phases of the systematic review 
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The identification phase was performed in Scopus, an abstract and indexing database 
with full-text links produced by the Elsevier Co. (Burnham, 2006). It is the largest 
abstract and citation database of peer-reviewed literature dating back to 1970 (Scopus 
Content Coverage Guide, 2016). This database covers 100% of MEDLINE, 100% of 
EMBASE and 100% of Compendex (Burnham, 2006).  

Articles were included if they investigated an effect of aging on MSI in the healthy 
elderly population. Records were searched from the earliest records available to 
January 20, 2016. The search strategy was developed reading relevant reviews and 
articles on MSI. Keywords found in these papers were adapted to be used in Scopus. 
The keywords used for the search in Scopus are detailed in the Table 1. Limits were 
set to restrict the search results to elderly humans and to the document type (articles). 
Finally, we excluded studies focusing on speech, emotion perception, taste, olfaction, 
semantic processes and studies concerning several common diseases in the elderly 
population (See Table 1). Three hundred and eight articles were found with the 
combination of these criteria. 
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Table 1: Table of the research strategy done in the Scopus database to find tests of 
MSI in the healthy elderly population. 

Scopus Query Research 
in: 

Items 
found 

#1 "Sensory integration" OR "multisensory 
integration" OR "crossmodal integration" OR 
"cross-modal integration" OR "intersensory 

integration" OR "multimodal integration" OR 
"crossmodal illusion*" OR "cross-modal illusion*" 
OR multisensory OR crossmodal OR cross-modal 
OR "crossmodal sensory integration" OR "cross-

modal sensory integration" OR "multisensory 
interaction*" 

Article 
Title, 

Abstract, 
Keywords 

11,005 

#2 Measurement* OR Test* OR performance OR 
assessment* OR "Test development" OR "task 
performance" OR "disability evaluation" OR 

"Feasibility studies" OR validity OR reliability OR 
study* OR results* 

Article 
Title, 

Abstract, 
Keywords 

14,411,633 

#3 Combine #1 AND #2  5127 

#4 Limit to (Humans OR human) AND (Limit to 
(DOCTYPE , article )) 

 3241 

#5 Limit to ("aged", "aging")  394 

#6 Exclude ("Speech perception", "Speech 
Perception", "Speech") 

 351 

#7 Exclude ("Alzheimer Disease", "Alzheimer 
disease", "Parkinson Disease", Parkinson disease", 
"Aphasia", "Dementia", "Disease severity", "Brain 

damage", "Brain injury", "Stroke", "Neglect", 
"Brain damage, chronic", "Cerebrovascular 

accident", "Cognition disorders", "Neurologic 
disease", "Schizophrenia") 

 308 
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During the screening phase, duplicates were removed (n=1) and records were checked 
for the selection criteria to include MSI, healthy elderly population (60 years old and 
older) and investigation of the aging effects in the multisensory task. This resulted in 
the inclusion of 74 out of the 308 articles for further assessment in the eligibility 
phase. Criteria for eligibility were: measurement of MSI in the elderly population and 
a comparison group of YA. Articles on speech that were still in the resulting articles, 
on emotion perception, taste, olfaction and semantic processes were also excluded 
from the systematic. Finally, 53 studies were included in the systematic review (See 
Figure 1).  

2.2.4 Quality assessment 

All 53 studies were rated for quality to evaluate the risks of bias in the results (See 
Appendix 1). The Newcastle-Ottawa quality assessment scale (NOS) was used to rate 
the articles (Table 3 in Appendix 1) (Wells et al., 2012). The NOS assessment was 
designed to rate nonrandomized studies, including case-control and cohort studies and 
consists of eight items grouped into three sections: selection, comparability and 
exposure. Each item was rated for a maximum score of one star. The maximum 
summed score was eight stars. In line with other systematic reviews (Qi et al., 2015; 
Zhang et al., 2015; Ma et al., 2016) we used five stars out of eight as cut-off in this 
systematic review. The studies that failed to reach five stars in the NOS were excluded 
from the summary of the results (four studies).  

2.2.5 Groups 

The resulting studies were grouped according to the specific combination of 
modalities that were tested. The studies were described for their key study 
characteristics: Title, first author, year of publication, participants recruited, material 
used, experiments done and the results found of aging (See Appendix 2).  

2.2.6 Analysis of the results 

For each group of modalities, articles were sorted by type of test performed (for 
example detection tasks, temporal order judgment tasks or sound-induced flash 
illusion tasks). The results of aging for each type of test were summarized for each 
group. 
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2.3 Results 

2.3.1 Quality assessment 

According to the NOS (Table 3 in Appendix 1) (Wells et al., 2000), most of the studies 
included in this systematic review show good scores of quality (n=49). Only four 
studies have been rated less than five stars out of eight (Woollacott et al., 1988; Prioli 
et al., 2005; Chan et al., 2014b; Cohen et al., 2014) and were excluded from the 
analysis of the results. 

2.3.2 Groups of modalities 

The groups of modalities found according to the specific combination of modalities 
that were tested were the following: visual and auditory modalities tests (n=22 articles 
including a total of 32 tests), visual, vestibular and somatosensory modalities tests 
(n=13 articles including a total of 20 tests), visual and somatosensory modalities tests 
(n=8 articles including a total of 11 tests) and other modalities (n=6 articles including 
a total of 6 tests). 

2.3.3 Participants  

Almost all the studies included in the systematic review investigated the effects of 
aging by comparing the response of a group of OA to a group of YA (sometimes with 
other groups of participants as well). Only two studies explored the effects of aging 
within one group of participants, Cham and collaborators (2007) with a group from 
41 to 83 years old participants (mean age 65) and Strupp and collaborators (1999) 
with a group from 21 to 81 years old participants (mean age 46). The group size and 
age range per groups of modalities for the other 47 studies are summarized below in 
Table 2. In most of the studies (n=44), the group of YA was a control of the OA group 
for additional factors to unsure that the groups are comparable: Gender, education, 
intelligence and/or level of cognition. 
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Table 2: Size and age range of the different groups of modalities 

Group of modalities Group size (range number of 
participants, mean number) 

Age range of the group 
(years) 

 OA YA OA YA 

Visual and auditory 8-30, 18 6-30, 18 60-89 18-41 

Visual, vestibular and 
somatosensory 

7-48, 17 7-24, 15 60-85 18-65 

Visual and somatosensory 12-30, 20 9-30, 18 60-92 16-37 

Other 10-20, 16 10-20, 15 61-85 16-37 

 

2.3.4 Summary of the results on aging  

A description of key features and results for the individual articles is presented in 
Appendix 2. 

2.3.5 Tests on the visual and auditory modalities  

2.3.5.1 Types of visual and auditory tests 

Tests on the visual and auditory modalities (n=32 tests) explored vision and audition 
based on participants’ reaction times when responding to unimodal or bimodal stimuli 
to investigate their impact on MSI compared to unisensory performance. Distractors 
have been added to some experiments. Several types of tests were used in these 
experiments. Some authors used a simple unimodal or bimodal detection task 
(Townsend et al., 2006; Hugenschmidt et al., 2009a; Peiffer et al., 2009). Other 
authors investigated reaction times during unimodal or bimodal localization tasks 
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(Hugenschmidt et al., 2009b; Campbell et al., 2010; Stephen et al., 2010; Dobreva et 
al., 2012; Wu et al., 2012) with spatial cueing (Guerreiro et al., 2012) or using 
peripheral vision (Cui et al., 2010; Dobreva et al., 2012) or the ability to remember or 
localize a stimulus in one modality while ignoring another modality (Diederich et al., 
2008; Guerreiro et al., 2014; Guerreiro et al., 2015). Other authors used judgment 
tasks; audiovisual temporal order judgment task (Setti et al., 2011b; Fiacconi et al., 
2013; de Boer-Schellekens and Vroomen, 2014), audiovisual asynchrony judgment 
(Chan et al., 2014a) or audiovisual n-back task (Guerreiro and Van Gerven, 2011; 
Guerreiro et al., 2013). Finally, in some articles, participants had to perform a sound-
induced flash illusion task (Setti et al., 2011a; DeLoss et al., 2013; McGovern et al., 
2014). 

2.3.5.2 Findings on the visual and auditory modalities 

Three main findings emerged from the results of the experiments (for detail see 
Appendix 2).  

First, OA seemed to integrate more multisensory (audiovisual) information compared 
to YA. In other words: OA used all audiovisual information present in the 
environment (Townsend et al., 2006; Diederich et al., 2008; Hugenschmidt et al., 
2009b; Peiffer et al., 2009; Stephen et al., 2010; Guerreiro et al., 2012; Wu et al., 
2012; DeLoss et al., 2013; Guerreiro et al., 2014; Guerreiro et al., 2015). Both groups 
showed better performance in multisensory tasks compared to unimodal tasks but OA 
seemed to benefit more from enriched multisensory information than YA (Diederich 
et al., 2008; Hugenschmidt et al., 2009b; DeLoss et al., 2013; de Boer-Schellekens 
and Vroomen, 2014; Guerreiro et al., 2014; Guerreiro et al., 2015). When performing 
detection tasks, OA showed similar responses to MSI as YA (Townsend et al., 2006; 
Hugenschmidt et al., 2009a; Hugenschmidt et al., 2009b; Guerreiro et al., 2012; 
Fiacconi et al., 2013; Guerreiro et al., 2014; Guerreiro et al., 2015) or even faster 
responses to multisensory information compared to YA (Peiffer et al., 2009). 
However, OA were still impaired at performing correctly in the task compared to YA. 
They needed more time to perform accurately in selective attention tasks compared to 
YA (Diederich et al., 2008; Hugenschmidt et al., 2009b; Stephen et al., 2010; DeLoss 
et al., 2013; Guerreiro et al., 2014; Guerreiro et al., 2015) and were less accurate at 
localizing a target in space or detecting asynchrony compared to YA (Stephen et al., 
2010; Dobreva et al., 2012; Wu et al., 2012). The effects of age on audiovisual 
temporal order judgment were not clear. Some authors found a decline of sensitivity 
in this task from 50 years of age (de Boer-Schellekens and Vroomen, 2014), others 
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found no age-related differences in this task (Fiacconi et al., 2013) and other authors 
found increased age-related differences (Setti et al., 2011b). Furthermore, de Boer-
Schellekens and Vroomen (2013) showed that additional noise compensated the loss 
of sensitivity that they found, particularly in OA.  

Second, distractors or inaccurate information (e.g. visual bias) tended to have a greater 
influence on the performance of OA compared to YA, thus OA had more trouble 
ignoring irrelevant information (Hugenschmidt et al., 2009a; Guerreiro and Van 
Gerven, 2011; Dobreva et al., 2012; Wu et al., 2012; DeLoss et al., 2013; Guerreiro 
et al., 2013; McGovern et al., 2014).  

Third, a broader time window of audiovisual integration was found in OA compared 
to YA (Diederich et al., 2008; Peiffer et al., 2009; Wu et al., 2012). The time window 
of integration is the time period for possible integration. A first stimulus “opens the 
window” and, to be integrated, a second stimulus must happen inside this time 
window (Colonius and Diederich, 2004a).  

2.3.5.3 Tests on the visual, vestibular and somatosensory modalities  

2.3.5.3.1 Types of visual, vestibular and somatosensory tests 

Tests on the visual, vestibular and somatosensory modalities (n=20 tests) investigated 
the combination of modalities while disturbing the sensory inputs, for example by 
introducing a perturbation or introducing wrong information that needs to be ignored 
in order to perform the task accurately. According to the authors, this assists in 
identifying the modalities that are preferentially used by the participants and how 
accurately they use the information available. Visual inputs have been perturbed in 
different ways. First of all, visual input has been suppressed by some authors by 
asking participants to simply close their eyes (Stelmach et al., 1989; Teasdale et al., 
1991; Cham et al., 2007; Bellomo et al., 2009). Other authors limited the visual input 
using active shutter googles (Allison et al., 2006; Eikema et al., 2014) or blurry vision 
(Deshpande and Patla, 2007). Others used optic flows to introduce a visual movement 
while participants were performing a task (Allison et al., 2006; Eikema et al., 2014). 
Finally, some authors introduced conflicting visual inputs that were not consistent 
with the information from the other modalities, such as a sway-referenced visual scene 
(Redfern et al., 2001; Allison et al., 2006; Cham et al., 2007; Redfern et al., 2009) or 
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an optic flow with the center of expansion gradually deviating to the left or to the right 
while subjects had to walk straight (Berard et al., 2012). 

Somatosensory inputs have been perturbed, using devices such as a compliant surface 
(Deshpande and Zhang, 2014), bilateral Achilles tendon vibration (Eikema et al., 
2014), and a movable touch plate where the fingertip is placed (Allison et al., 2006). 
Most authors used a movable platform or a moving room to produce a referenced 
sway to the floor (Stelmach et al., 1989; Redfern et al., 2001; Allison et al., 2006; 
Cham et al., 2007; Redfern et al., 2009). 

Vestibular inputs have been perturbed using galvanic vestibular stimulation 
(Deshpande and Patla, 2007; Deshpande and Zhang, 2014; Eikema et al., 2014) or a 
rotatory chair (Bates and Wolbers, 2014).  

2.3.5.3.2 Findings on the visual, vestibular and somatosensory modalities 

Four main findings can be summarized from the results of the experiments (for detail 
see Appendix 2).  

First, both groups of participants showed better performance in navigation tasks when 
more information was available in the environment (Deshpande and Patla, 2007; 
Redfern et al., 2009; Berard et al., 2012; Bates and Wolbers, 2014; Deshpande and 
Zhang, 2014; Eikema et al., 2014). However, OA showed a poorer and more variable 
performance in navigation tasks compared to YA, even if their performance was 
improved under multisensory conditions (Deshpande and Patla, 2007; Redfern et al., 
2009; Berard et al., 2012; Bates and Wolbers, 2014; Deshpande and Zhang, 2014; 
Eikema et al., 2014).  

Second, the perturbations of modalities and dual task-conditions led to an increase of 
body sway dispersion in all groups, but this effect was larger in OA, leading to more 
losses of balance (Stelmach et al., 1989; Teasdale et al., 1991; Deshpande and Patla, 
2007; Redfern et al., 2009; Berard et al., 2012). This effect on body sway was even 
larger when more than one modality was disrupted or when a dual task was added 
(Redfern et al., 2001; Deshpande and Patla, 2007; Redfern et al., 2009; Deshpande 
and Zhang, 2014; Eikema et al., 2014).  
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Third, when the accuracy of modalities was restored, OA failed to weigh and use 
properly the accurate information. This results in OA being even more perturbed, 
while the YA adapted rapidly (Teasdale et al., 1991; Berard et al., 2012; Eikema et 
al., 2014).  

Fourth, OA relied less than predicted, by Bayesian models, on visual landmarks in a 
navigation task when they needed to find the right direction in a room to reach a 
specific location (Bates and Wolbers, 2014). This failure of using information was 
also seen when galvanic vestibular stimulation (GVS) was added to help the subjects 
reduce postural sway (Eikema et al., 2014), OA were unable to properly use the 
information. 

2.3.5.4 Tests on the visual and somatosensory modalities  

2.3.5.4.1 Types of visual and somatosensory tests 

Tests on the visual and somatosensory modalities (n=11 tests) investigated the degree 
to which participants can recognize the same object in two different modalities. Others 
investigated the visual and somatosensory modalities based on participants’ reaction 
times when responding to unimodal or bimodal stimuli to investigate the impact of 
MSI compared to unisensory integration. Perturbations of the modalities’ inputs were 
added to some experiments (n=4 tests). 

Some authors tested visual-to-tactual recognition or tactual-to-visual recognition 
(Oscar-Berman et al., 1990; Norman et al., 2006), others did temporal order judgment 
tasks with or without distractors in the same or other modality (Poliakoff et al., 2006a; 
Poliakoff et al., 2006b), and a tactual transfer task (Cote and Schaefer, 1981). Other 
authors looked at the effects of the suppression or disturbance of the input of a 
modality; Brodoehl and collaborators (2015) investigated the changes in 
somatosensory detection threshold when participants opened and closed their eyes; 
Strupp and collaborators (1999) investigated the effects of somatosensory 
perturbation using dorsal muscle vibration on the performance in a task where 
participants were asked to move a laser spot to the position they perceived as straight 
ahead. 
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2.3.5.4.2 Findings on the visual and somatosensory modalities 

Two main findings can be summarized from the results of the experiments (for detail 
see Appendix 2).  

First, it seems that aging affected cross modal (visual-somatosensory) shape 
discrimination but not unimodal discrimination. OA needed more time to accurately 
perform the two kinds of task compared to YA.  

Second, OA seemed to be more affected in their performance by visual and 
somatosensory distractors or perturbations compared to YA.  

2.3.5.5 Tests on other combinations of modalities 

2.3.5.5.1 Types of tests on other combinations of modalities 

Tests on the visual, auditory and somatosensory modalities (n=2 tests) explored the 
effects of orienting and alerting through unimodal and multimodal cues in reaction 
time tasks. This was done to assess the effectiveness of the different unisensory and 
multisensory cues. Mahoney and collaborators (2011, 2012) tested the multisensory 
facilitation of multisensory information as compared to unisensory information in a 
simple reaction task. They also tested the effects of orienting and alerting unimodal 
and multimodal cues in a forced-choice reaction time task. 

Test on the auditory and somatosensory modalities (n=1 test) investigated the capacity 
of the participants to follow with finger tapping a metronome presented unimodally 
or bimodally, again to explore the differences between unisensory and MSI (Elliott et 
al., 2011).  

Test on the visual, auditory and vestibular modalities (n=1 test) studied the reaction 
time of the participants after the visual and vestibular inputs were perturbed separately 
or simultaneously. The authors identified the modalities that were preferentially used 
by the subjects and how they used the information available. Furman and collaborators 
(2003) did three different tasks, a simple reaction time task, a disjunctive reaction time 
task and a forced-choice reaction time task done while participants were sitting on a 
rotational chair with vision only, vestibular only or both. 
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Tests on the auditory, somatosensory and vestibular modalities (n=2 tests) explored 
the control of posture while participants performed a dual task. These tests enabled 
the authors to explore the effects of an attention task on the integration of sensory 
inputs. Mahboobin and collaborators (2007) used a posture platform to assess postural 
control of the participants while doing an auditory choice reaction time task or an 
auditory vigilance task. 

2.3.5.5.2 Findings on other combinations of modalities 

Two main findings can be summarized from the results of the experiments (for detail 
see Appendix 2).  

First, both groups showed faster and more accurate responses under multisensory 
conditions than under unisensory conditions and in every experiment, OA showed 
longer RT compared to YA (Furman et al., 2003; Elliott et al., 2011; Mahoney et al., 
2011; Mahoney et al., 2012; Bisson et al., 2014). The multisensory facilitation seemed 
to be modality specific depending on age group; OA showed a greater RT benefit 
when processing visual-somatosensory information while YA showed greater benefits 
from audiovisual and audio-somatosensory information (Mahoney et al., 2011). OA 
seemed to benefit more from audiovisual orienting cues and YA seemed to benefit 
more from audio-somatosensory orienting cues compared to other unisensory or 
multisensory cues (Mahoney et al., 2012).  

Second, modality perturbations (e.g. temporal irregularity of the auditory metronome) 
or the addition of a dual task led to a degradation of task performance in both groups 
of subjects, but this effect was larger in OA (Mahboobin et al., 2007; Elliott et al., 
2011; Bisson et al., 2014). 

2.3.6 Summary of findings 

Below we summarize the main findings of our literature study. 

2.3.6.1 OA maximize MSI 

The studies included in this review show that OA rely more on all their senses 
compared to YA. OA benefit more from multisensory enrichment in the environment. 
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They use all information available to them to perform a task and benefit more from 
bimodal stimuli compared to unimodal stimuli (Furman et al., 2003; Townsend et al., 
2006; Deshpande and Patla, 2007; Diederich et al., 2008; Hugenschmidt et al., 2009b; 
Peiffer et al., 2009; Redfern et al., 2009; Stephen et al., 2010; Elliott et al., 2011; 
Mahoney et al., 2011; Berard et al., 2012; Guerreiro et al., 2012; Mahoney et al., 2012; 
Wu et al., 2012; DeLoss et al., 2013; Bates and Wolbers, 2014; de Boer-Schellekens 
and Vroomen, 2014; Deshpande and Zhang, 2014; Eikema et al., 2014; Guerreiro et 
al., 2014; Guerreiro et al., 2015). They also demonstrate a broader time window of 
integration compared to YA (Diederich et al., 2008; Peiffer et al., 2009; Wu et al., 
2012), meaning that the time period used by OA to integrate information from 
different senses as a unique multisensory percept is larger compared to YA. This gives 
OA the opportunity to integrate more multisensory information. Furthermore, OA 
show the same or faster responses to multisensory information than YA during 
selective attention tasks (Townsend et al., 2006; Hugenschmidt et al., 2009a; 
Hugenschmidt et al., 2009b; Peiffer et al., 2009; Guerreiro et al., 2012; Fiacconi et al., 
2013; Guerreiro et al., 2014; Guerreiro et al., 2015). These results suggest that 
selective attention remains intact in the elderly population in simple cases and that 
MSI can help driving attention particularly for elderly people. All these results show 
that OA maximize the use of MSI by taking into account every information of the 
environment. 

2.3.6.2 OA’ performance in the tasks is impaired compared to YA 

Despite the shown enhanced use of MSI and intact selective attention, OA perform 
less well than YA in tasks that require more cognitive function than simple stimulus 
detection tasks. OA need more time to accurately perform more complex tasks in 
comparison to YA and show longer reaction times (e.g. selective attention task or 
space localization task) (Furman et al., 2003; Diederich et al., 2008; Hugenschmidt et 
al., 2009b; Stephen et al., 2010; Elliott et al., 2011; Mahoney et al., 2011; Dobreva et 
al., 2012; Mahoney et al., 2012; Wu et al., 2012; DeLoss et al., 2013; Guerreiro et al., 
2014; Guerreiro et al., 2015). In addition, OA are less accurate and more variable at 
performing tasks like navigation or localizing a target in space (Deshpande and Patla, 
2007; Redfern et al., 2009; Berard et al., 2012; Bates and Wolbers, 2014; Deshpande 
and Zhang, 2014; Eikema et al., 2014).  
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2.3.6.3 OA are impaired in properly weighing sensory information 

Additionally, OA were found to be impaired in properly weighing relevant and 
irrelevant sensory information from one’s own body and from the environment. 
Specifically, data suggest that, in comparison to YA, they do not properly adjust 
information that is unreliable (disrupted or taken away) or non-informative 
(distractors). They continue to use all environmental information when they should 
not (Stelmach et al., 1989; Teasdale et al., 1991; Strupp et al., 1999; Redfern et al., 
2001; Allison et al., 2006; Poliakoff et al., 2006a; Deshpande and Patla, 2007; 
Hugenschmidt et al., 2009a; Redfern et al., 2009; Elliott et al., 2011; Guerreiro and 
Van Gerven, 2011; Berard et al., 2012; Dobreva et al., 2012; Wu et al., 2012; DeLoss 
et al., 2013; Guerreiro et al., 2013; Bisson et al., 2014; Deshpande and Zhang, 2014; 
Eikema et al., 2014; McGovern et al., 2014). These results were seen in several tests 
assessing integration of all combinations of modalities found in this review. These 
tests include the sound-induced flash illusion, n-back tasks with distractors, walking 
and navigation tasks, postural tasks with or without cognitive dual task, selective 
attention task with distractors, visual straight-ahead tasks, control of movement timing 
tasks and visual-vestibular task with cognitive dual task. When the accuracy of a 
modality was restored in the trials, OA failed to use the correct information properly 
and as a result, they were even more perturbed while the YA adapted rapidly (Teasdale 
et al., 1991; Berard et al., 2012; Eikema et al., 2014). They are thus impaired in rapidly 
adapting their behavior to the environment which can be an issue for the performance 
of ADL. As far as we know, the fact that OA are impaired at properly weighing 
sensory information has not been described earlier in the literature. 

2.3.6.4 A dual task decreases task performance 

Dual tasking involves the concurrence of two different activities and requires high 
attentional demand. The results show that the addition of a dual task decreases the 
performance of both age groups, and that this effect is larger in the elderly population 
(Redfern et al., 2001; Mahboobin et al., 2007; Redfern et al., 2009; Bisson et al., 
2014). It seems that OA are unable to compensate for the increase in attentional 
demands and have difficulties to accurately perform multiple tasks at the same time. 
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2.4 Discussion of findings 

Together, all of these results point at an inclination of OA to integrate all information 
available to them in the environment while YA tend to weigh information present in 
the environment in order to use the relevant ones. In the following, views and theories 
that have been put forwards in the literature to explain MSI differences between OA 
and YA will be discussed: (1) anatomical differences, (2) information processing 
differences, and (3) the view that OA have trouble to weigh sensory information. 
Finally, speculations on the potential causes of this age-related change will be 
described.  

2.4.1 Anatomical view 

This view has two part: the reduction of brain volume and the differences in brain 
recruitment strategies which reveal anatomical differences between OA and YA and 
could be a part in the explanation of the differences found between these two groups 
of participants regarding MSI. 

2.4.1.1 Reduction of brain volume 

A volume reduction of the temporal lobe has been hypothesized to be an anatomical 
cause of the changes in MSI found in the elderly population. Several brain areas have 
been found to contribute to the process of MSI, the impact of one sensory modality 
on the brain activity produced by another sensory modality. The superior temporal 
sulcus (STS) and the superior colliculus (SC) have been found to be major actors of 
this process (Calvert and Thesen, 2004; Clemo et al., 2012). The STS and the SC have 
been shown to receive projections from areas involved in visual processes, auditory 
processes, and somatosensory processes (Clemo et al., 2012). Other regions of the 
brain have been found to be involved in multisensory processing, for instance, the 
claustrum, the suprageniculate and medial pulvinar nuclei of the thalamus and the 
amygdaloid complex (Calvert and Thesen, 2004).  

After 35 years of age, brain volume starts to reduce (Hedman et al., 2012). While 
several parts of the brain are affected by this volume loss, the prefrontal cortex and 
the striatum are the most affected (Peters, 2006). The volumes of the temporal lobe, 
cerebellar vermis, cerebellar hemispheres, and hippocampus are also decreased by age 
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as well as the prefrontal white matter (Peters, 2006). The STS, which is highly 
involved in MSI processes as seen above, is situated in the temporal lobe of the brain.  

The reduction of brain volume observed in the elderly population has been claimed to 
be the cause of major changes in OA’ capacities (Hedman et al., 2012) and changes 
on brain activation (Peters, 2006).  

2.4.1.2 Brain recruitment strategies 

It has been shown that brains of OA tend to show more symmetrical activation than 
younger brains (Cabeza, 2002; Peters, 2006; Greenwood, 2007; Park and Reuter-
Lorenz, 2009). This hemispheric asymmetry reduction in OA is called HAROLD 
(Cabeza, 2002). Different explanations have been explored to explain these findings. 
A failure to recruit the specific areas needed for the task and inhibition of the non-
relevant areas, an attenuation of the response seen in YA or a compensation strategy 
of the aging process have been proposed (Peters, 2006; Park and Reuter-Lorenz, 
2009). HAROLD was found to be correlated with higher performances in task 
execution in the elderly population, leading to the hypothesis that these changes occur 
to preserve the good functioning of cognition in OA (Greenwood, 2007; Park and 
Reuter-Lorenz, 2009). Additionally, during multisensory tasks, OA were shown to 
recruit more brain areas than YA (Townsend et al., 2006; Heuninckx et al., 2008; 
Venkatraman et al., 2010).  

These changes of brain areas recruitment during MSI could serve as a compensation 
strategy for age-related deteriorations in individual sensory and motor systems and 
permit the elderly population to detect the stimuli as accurately as the YA (Cabeza, 
2002). A dedifferentiation effect has also been proposed as an explanation (Baltes et 
al., 1980; Cabeza, 2002). Learning causes localized changes in specific areas of the 
brain needed for the task (Baltes et al., 1980; Bransford, 1999; Greenwood, 2007; 
Lovden et al., 2013). Initially, several brain areas are recruited but as soon as the 
participant becomes an expert in the task, the expansion is followed by a 
renormalization of the activation map in which the most efficient circuits are selected 
(Lovden et al., 2013). In the elderly population, this differentiation and specialization 
could be lost and OA start recruiting again a higher number of brain areas, the MSI 
control is unlearned (Baltes et al., 1980; Cabeza, 2002). 
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These anatomical modifications could be part of the changes that occur with aging 
regarding MSI by modifying the information processing in the brain of OA compared 
to YA. Although evidences of a link between anatomical changes and cognitive 
function have been described in the literature (Glisky, 2007), the exact nature of this 
relationship is not yet known and complex to investigate (Glisky, 2007).  

2.4.2 Information processing view 

This view describes the affected sensory integration of OA compared to YA and five 
hypotheses found in the literature attempting to explain these differences: the general 
cognitive slowing, the inverse effectiveness, a larger time window of integration, 
deficits in attentional control and the increased noise at baseline.  

2.4.2.1 Affected sensory integration 

MSI involves both top–down and bottom–up processes (Guerreiro et al., 2010; 
Talsma, 2015). MSI occurs pre-attentively in an automatic bottom-up process and is 
driven by the stimulus salience (Guerreiro et al., 2010; Talsma, 2015). The control of 
MSI is a top-down process driven by several components, expectations and goals for 
instance (Guerreiro et al., 2010; Talsma, 2015). However, an object integrated by 
more than one sensory system captures one’s attention more efficiently and proves 
that bottom-up integration can ‘drive’ attention (Talsma, 2015). Additionally, the 
integration of stimuli depends on its relevance, for instance, a task-irrelevant sound 
associated with an attended visual stimuli will be more likely to be integrated 
compared to a task-irrelevant sound associated with an unattended visual stimulus 
(Guerreiro et al., 2010; van Erp et al., 2013; Talsma, 2015). Similar effects are found 
for visual and tactile stimuli (Philippi et al., 2008; Werkhoven et al., 2009; van Erp et 
al., 2014). These results show that top-down and bottom-up multisensory processes 
are closely interlinked. This systematic review shows that both top-down and bottom-
up processes of MSI are affected by age. OA fail to use properly the bottom-up 
multisensory process of weighing information using their salience. Selective 
integration (top-down) is also hampered with age. As seen in the results above, OA 
are more affected than YA by dual tasks and especially cognitive tasks (Redfern et 
al., 2001; Mahboobin et al., 2007; Redfern et al., 2009; Bisson et al., 2014).  
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Different theories have been explored to explain the results found in this systematic 
review in other reviews, particularly the increased use of MSI in the elderly population 
(Mozolic et al., 2012; Freiherr et al., 2013). These theories are explained below. 

2.4.2.2 General cognitive slowing 

OA were usually slower and impaired in task performance, particularly when the task 
was cognitively demanding or more difficult (Furman et al., 2003; Diederich et al., 
2008; Hugenschmidt et al., 2009b; Stephen et al., 2010; Elliott et al., 2011; Mahoney 
et al., 2011; Dobreva et al., 2012; Mahoney et al., 2012; Wu et al., 2012; DeLoss et 
al., 2013; Guerreiro et al., 2014; Guerreiro et al., 2015). Mozolic et al. (2012) argued 
that a unisensory presentation of a stimulus is a more demanding task than the 
multisensory presentation of this stimulus because the multisensory task provides 
redundant information (same stimuli in different modalities).  

It could then be assumed that the high multisensory gain shown in the elderly 
population would be caused by MSI being a less demanding task than using 
unisensory information (Mozolic et al., 2012). However, when general cognitive 
slowing was reduced by the use of a simple task such as an audiovisual detection task 
(Peiffer et al., 2009), the higher MSI gain was still visible in OA compared to YA. 
Thus, general cognitive slowing cannot explain by itself the differences in 
multisensory processing between OA and YA.  

2.4.2.3 Inverse effectiveness 

The inverse effectiveness is the principle that “decreasing the effectiveness of 
individual sensory stimuli increases the magnitude of multisensory enhancements” 
(Mozolic et al., 2012). It means that multisensory stimuli presented at a low level of 
salience (less intense or weak and ambiguous) are more likely to be integrated than 
unisensory stimulus presented at a high level of salience (Freiherr et al., 2013).  

It is known that OA experience a functional decline in individual sensory systems 
(Teasdale et al., 1991; Bugnariu and Fung, 2007; Cruz-Jentoft et al., 2010; Owsley, 
2011; Yeh et al., 2015). According to this principle of inverse effectiveness, this could 
lead to an increased multisensory benefit. However, in some studies included in this 
review, OA showed the same reaction times as the YA for unisensory stimuli 
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(Townsend et al., 2006; Hugenschmidt et al., 2009a; Hugenschmidt et al., 2009b; 
Peiffer et al., 2009; Guerreiro et al., 2012; Fiacconi et al., 2013; Guerreiro et al., 2014; 
Guerreiro et al., 2015). This means that for some tasks, OA didn’t experience a 
functional decline effect in individual sensory systems compared to YA but still 
showed a multisensory facilitation. As a consequence, the inverse effectiveness 
cannot be the only process involved in the multisensory enhancement shown in the 
elderly population.  

2.4.2.4 Larger time window of integration 

OA were found to have a “larger period for potential interaction” compared to YA as 
a consequence of broader distribution and increased response times (Diederich et al., 
2008; Peiffer et al., 2009; Mozolic et al., 2012).  

However, despite this larger time window of integration, increased reaction times and 
increased response variability actually reduce the probability of the overlapping of 
stimuli from different modalities in this time window (Diederich et al., 2008; Freiherr 
et al., 2013). Therefore, this hypothesis cannot explain why the use of MSI is higher 
in OA compared to YA (Mozolic et al., 2012; Freiherr et al., 2013).  

2.4.2.5 Deficits in attentional control 

Selective attention is the ability to focus on one stimulus or one modality while 
ignoring others (Mozolic et al., 2012; Freiherr et al., 2013). The brain activity of OA 
during selective attention for MSI has been shown to be different than the one of YA, 
who have an increased brain activity in areas associated with the attended modality 
and decreased brain activity in areas associated with unattended modalities (Mozolic 
et al., 2012).  

Deficits in attentional control in the elderly population could then be assumed to take 
part in the increased amount of multisensory information being processed. OA fail to 
focus on one stimulus but rather integrate all the information available to them. 
However, several studies found that OA were still able to engage selective attention 
in simple tasks (Townsend et al., 2006; Hugenschmidt et al., 2009a; Hugenschmidt et 
al., 2009b; Guerreiro et al., 2012; Fiacconi et al., 2013; Guerreiro et al., 2014; 
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Guerreiro et al., 2015). As a consequence, selective attention cannot solely explain 
the increased MSI in OA.  

Nevertheless, deficits in selective attention could explain the fact that OA were more 
distracted by stimuli within the same modality or in another modality as the attended 
stimulus (Furman et al., 2003; Poliakoff et al., 2006a; Townsend et al., 2006; 
Diederich et al., 2008; Hugenschmidt et al., 2009a; Peiffer et al., 2009; Guerreiro and 
Van Gerven, 2011; Setti et al., 2011a; Guerreiro et al., 2012; DeLoss et al., 2013; 
Guerreiro et al., 2013; Guerreiro et al., 2014; McGovern et al., 2014; Guerreiro et al., 
2015). 

2.4.2.6 Increased noise at baseline 

None of the hypotheses described above are entirely able to explain the increased MSI 
in the elderly population (Mozolic et al., 2012; Freiherr et al., 2013). Mozolic and 
collaborators (2012) developed another hypothesis explaining the differences between 
OA and YA: increased noise at baseline. The authors argued that when OA engaged 
in selective attention, multisensory areas activity was reduced but remained higher 
than the YA, leading to sensory noise. When YA engaged in selective attention, the 
multisensory areas enhancements in their brain were suppressed to successfully ignore 
non-relevant information. The authors explained that because of this noise, OA were 
less able to ignore distractors but when information from the environment became 
relevant, they benefited from this higher baseline and showed larger MSI responses. 
This is beneficial when all information is reliable, and a disadvantage when part of 
the information should be ignored. This hypothesis could explain why OA maximized 
the use of MSI but are still impaired regarding their performances in the task or when 
the task is more difficult (e.g. cognitively demanding). This hypothesis fits best to the 
results described in the systematic review.  

2.4.2.7 Additional results not described by other reviews 

Five different hypotheses have been put forward by other authors to explain the 
differences between younger and OA regarding MSI: a general cognitive slowing, the 
inverse effectiveness, a larger time window of integration, deficits in attentional 
control and the one that fits best the results, the increased noise at baseline. However, 
this systematic review pointed to an age-related change that has not been described in 
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the previous systematic reviews: a deficit in the weighing of sensory information in 
the elderly population compared to YA. 

2.4.3 Weighing of sensory information 

This part describes the differences in the weighing of sensory information between 
OA and YA, the normal Bayesian integration occurring in the brains of YA, brain 
areas involved in weighing sensory information in YA, and finally, the relationship 
between weighing sensory information and OA. 

2.4.3.1 Differences in the weighing of sensory information 

In this systematic review, we found that OA were impaired at properly weighing 
sensory information from the environment compared to YA (Stelmach et al., 1989; 
Teasdale et al., 1991; Strupp et al., 1999; Redfern et al., 2001; Allison et al., 2006; 
Poliakoff et al., 2006a; Deshpande and Patla, 2007; Hugenschmidt et al., 2009a; 
Redfern et al., 2009; Elliott et al., 2011; Guerreiro and Van Gerven, 2011; Berard et 
al., 2012; Dobreva et al., 2012; Wu et al., 2012; DeLoss et al., 2013; Guerreiro et al., 
2013; Bisson et al., 2014; Deshpande and Zhang, 2014; Eikema et al., 2014; 
McGovern et al., 2014; Brodoehl et al., 2015). The experiments that revealed this 
finding encompassed tests in which the sensory information was disrupted or taken 
away or when distractors were included. These age-related changes have not been 
described in the reviews that we found on age-related effects on MSI (Mozolic et al., 
2012; Freiherr et al., 2013), probably because the previous reviews mostly focused on 
audiovisual tasks with a static position (Mozolic et al., 2012; Freiherr et al., 2013) 
while this effect was particularly observable when wrong information was presented 
during postural tasks involving visual, somatosensory and vestibular information. For 
example, Bates and Wolbers (2014) showed that OA relied less than predicted on 
visual landmarks in a navigation task. This was also seen when a GVS was added to 
help the subjects reduce postural sway: OA were unable to properly use the added 
information (Eikema et al., 2014).  

The changes in the weighing of the information could be caused by a failure in 
detecting that the information is important or unreliable, and/or in a failure in 
inhibiting the use of unreliable information. This would be consistent with Mozolic et 
al.’s hypothesis, the increased noise at baseline in the elderly population leads to 
sensory noise and could hinder them judging if the information is irrelevant or 
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unreliable. OA were shown to recruit more multisensory brain areas than YA 
(Townsend et al., 2006; Heuninckx et al., 2008; Venkatraman et al., 2010), 
specifically frontal areas (Freiherr et al., 2013). These areas are known to be related 
to the selection of multisensory stimuli (Talsma, 2015) and connected to each other, 
leading to difficulties to downregulate individual modalities and irrelevant 
information (Berard et al., 2012; Mozolic et al., 2012). Besides, using all information 
available could be a good strategy for OA in whom one or more sensory sources have 
become unreliable due to bad unimodal processing, as this strategy could compensate 
for lower level sensory degradation (Berard et al., 2012).  

2.4.3.2 Bayesian integration 

The brain process of weighing sensory information from the environment follows the 
principle of Bayesian integration (Ernst, 2006; Bates and Wolbers, 2014; Ursino et 
al., 2014). This process aims to increase the accuracy of the percept by reducing its 
uncertainty (Bates and Wolbers, 2014). Stimulus information comes to a person 
through different modalities, for instance, the size of an object can be estimated 
through vision and haptics. The Bayesian model assumes that the brain weighs each 
signal optimally with respect to its variance and combines them into one estimate with 
a smaller variance than the variance of the individual estimates (Ernst, 2006; Ursino 
et al., 2014). According to the maximum likelihood estimation, the reliability of the 
combined estimate is the sum of the individual estimates (Ernst, 2006), i.e., it is 
generally valuable to integrate stimuli from different modalities as OA seem to do.  

2.4.3.3 Brain areas involved in weighing sensory information 

It has been shown that the human brain seems to integrate cue information in a 
Bayesian optimal manner. Computational studies have been done considering 
different areas of the brain (Anastasio et al., 2000; Colonius and Diederich, 2004b; 
Gu et al., 2008; Ursino et al., 2014). The authors found that the neurons present in the 
SC and the dorsal medial superior temporal area use the Bayesian rule to integrate and 
weigh multisensory information to arrive at a least variable percept. 
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2.4.3.4 Weighing sensory information and OA 

The results described earlier suggest that OA are impaired at properly weighing 
sensory information from the environment. Additionally, Bates & Wolbers (2014) 
showed that OA relied less than optimally expected on visual information in a 
navigation task by using Bayesian modelling as described above. Age-related changes 
in the brain, for instance, gray or white matter losses (Peters, 2006; Hedman et al., 
2012) or differences in brain activity (Cabeza, 2002; Peters, 2006; Greenwood, 2007; 
Park and Reuter-Lorenz, 2009) could have led to this degradation in the integration 
of the sensory cues present in the environment of OA. However, this level of 
integration could still be optimal for the performance of elderly people given their 
degradation of unisensory perception (Teasdale et al., 1991; Bugnariu and Fung, 
2007; Owsley, 2011).  

These findings will need further investigation with new experiments in order to better 
understand age-related changes in MSI in the healthy elderly population.  

2.5 Strengths and limitations 

This systematic review has been written following the guidelines of the PRISMA 
statement (Moher et al., 2009) that aims to improve the reporting of systematic 
reviews. The literature research has been done in Scopus, a database covering 
Medline, Embase and Compendex (Burnham, 2006) increasing the number of 
potentially relevant articles. Furthermore, the articles had to have sufficient quality 
according to the NOS (Wells et al., 2000) to be included in the analysis of the results. 
Finally, this review shows results that have not been reported before, to our 
knowledge, in other reviews. 

However, some articles on MSI in the healthy elderly population might not be 
included in the search results. This is due to the search limits such as timeframe of the 
search. These articles are likely to concern more recent publication dates. Another 
reason might be that researchers did not consider their research as MSI research, and 
therefore did not label it as such. We know of at least two articles, which we have 
previously read, that were interesting for our aim, but did not come up in the search 
results (Mazaheri et al., 2015; Yeh et al., 2015), and were therefore not included in 
the systematic review.  
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Another potential limitation is that only one reviewer (AD) did the search of articles 
in Scopus and the selection of the full-text articles in the systematic review. A double 
checking by another reviewer (or reviewers) might help to avoid mistakes and bias in 
the screening and in the selection of the articles.  

2.6 Conclusion and future directions 

The main finding of this systematic review is the fact that OA encounter difficulties 
in properly weighing information from different sensory modalities or in selective 
MSI and are more hindered by a second task. OA use all information available, even 
if they should not (e.g. distractors, disrupted information). These results were found 
for all combinations of modalities described in this review and in several tests, 
including the sound-induced flash illusion, n-back tasks with distractors, walking and 
navigation tasks, postural tasks with or without cognitive dual task, selective attention 
task with distractors, visual straight-ahead tasks, control of movement timing tasks 
and visual-vestibular task with a cognitive dual task. In these tests, sensory 
information was disrupted or taken away, or distractors were included. The hypothesis 
of increased noise at baseline described by Mozolic and collaborators (2012) 
explaining the differences between OA and YA in MSI seems most accurate to explain 
why OA have trouble in properly weighing sensory information. Other explanations 
are plausible as well but cannot explain the full set of results or are too general to be 
of use in a clinical setting. 

The results of the review suggest that accurately diagnosing MSI issues in the elderly 
population could be helpful to predict and understand problems in ADL in the elderly 
population which could have an impact on their everyday life and on society. Since 
the tests reviewed here were applied in laboratory settings on small groups, they are 
not readily available or applicable for clinical practice. The large number of available 
tests (n=69) identified in this review is a good starting point to develop a clinically 
useful diagnostic tool assessing MSI in the healthy elderly population with the aim to 
aid early diagnosis. In the future, this diagnostic tool could help in early detection and 
to develop a more targeted intervention in clinical practice.   
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3 Chapter 3: Aging and sensitivity to illusory target motion 
with or without secondary tasks 

This chapter has been published in the special issue on “Multisensory Processing 
and Aging” in the journal Multisensory Research (de Dieuleveult et al., 2018). 

Abstract 

Older individuals seem to find it more difficult to ignore inaccurate sensory cues than 
younger individuals. We examined whether this could be quantified using an 
interception task. Twenty healthy young adults (age 18–34) and twenty-four healthy 
older adults (age 60–82) were asked to tap on discs that were moving downwards on 
a screen with their finger. Moving the background to the left made the discs appear to 
move more to the right. Moving the background to the right made them appear to 
move more to the left. The discs disappeared before the finger reached the screen, so 
participants had to anticipate how the target would continue to move. We examined 
how misjudging the disc’s motion when the background moves influenced tapping. 
Participants received veridical feedback about their performance, so their sensitivity 
to the illusory motion indicates to what extent they could ignore the task-irrelevant 
visual information. We expected older adults to be more sensitive to the illusion than 
younger adults. To investigate whether sensorimotor or cognitive load would increase 
this sensitivity, we also asked participants to do the task while standing on foam or 
counting tones. Background motion influenced older adults more than younger adults. 
The secondary tasks did not increase the background’s influence. Older adults might 
be more sensitive to the moving background because they find it more difficult to 
ignore irrelevant sensory information in general, but they may rely more on vision 
because they have less reliable proprioceptive and vestibular information. 

3.1 Introduction 

The systematic review done in the previous chapter reveals interesting differences of 
MSI between OA and YA, particularly when the participants’ senses were disturbed. 
Indeed, adding sensory perturbations such as visual illusions or unstable floor can 
reveal how participants use their senses to perform a task. We used all this information 
to develop a test that could serve as a diagnostic tool of MSI problems that relate to 
ADL. We decided to test MSI in OA by perturbing their senses as well. The systematic 
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review showed that OA maximize MSI and are impaired at properly weighing sensory 
information. Hence, we decided to perturb the visual system by adding visual 
information that were irrelevant to the task. The systematic review also showed that 
OA were more affected by the addition of dual tasks. Therefore, we included dual 
tasks in our test. We wanted to see if these problems increase with the rise of ADL 
problems. 

Vision guides goal-directed reach movements towards moving targets (Brouwer et al., 
2002; Brouwer et al., 2003; Kavcic et al., 2011; Brenner and Smeets, 2015). When 
judging the target’s motion, one could simply rely on the target’s retinal slip together 
with extra-retinal information about eye, head and body movements, but one might 
be able to improve the precision by assuming that the environment is stable. The 
relative motion between target and background provides information about target 
motion that is insensitive to eye or body rotations, with background motion possibly 
being interpreted as optic flow due to our own motion (Brenner and van den Berg, 
1996). However, if the background is moving, relying on such relative motion will 
lead to systematic errors. When it is clear that the background is moving, and feedback 
provides evidence that relying on motion relative to the background is not justified, it 
would therefore be beneficial to refrain from relying on relative motion to increase 
precision. Berard and collaborators found differences between younger and OA in the 
ability to down-regulate the influence of such visual information (Berard et al., 2012) 
in a walking task. OA and YA were asked to walk in a straight line in physical space 
while viewing a 3D scene in a helmet-mounted display unit. Three conditions were 
presented: one in which the visual scene corresponded with their motion without any 
visual perturbation, one with no visual input at all, and one with a visual perturbation 
whereby the focus of expansion of the scene in the visual device gradually rotated to 
the right or left. They found that YA were able to down-regulate the visual information 
in the perturbed condition, while OA were not and consequently showed larger 
deviations in their walking trajectory even though performance was as good as young 
adults when no or only correct visual information was presented. They concluded that 
old age affects the ability to ignore wrong visual information.  

Here we investigate whether this effect generalizes to another paradigm, namely the 
paradigm of Brouwer et al. (2003). In that study, young participants were asked to hit 
a disc as quickly and accurately as possible with a rod. The disc was going downward 
on the screen in one of 5 different directions. In half of the trials the disc disappeared 
after 150ms. In half of those trials the background was static. In the other half the 
background moved to the left or to the right. The background’s movement created an 
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illusion of motion called the Duncker illusion (or induced motion) (Duncker, 1929). 
The object appears to move differently due to movement in its surrounding (Soechting 
et al., 2001; Zivotofsky, 2004). Brouwer and collaborators showed that the moving 
background induced systematic interception errors in accordance with partially 
relying on the relative motion between the target and the background (systematic 
errors opposite the direction of background motion). These results are similar to the 
ones of Berard et al. (2012) in that motion of a large scene induces a deviation of the 
participants’ responses.  

As far as we know, the effect of age on the influence of a moving background in 
interception has not been investigated before. We expect the background motion in 
our experiment to induce systematic interception errors in the opposite direction to 
the background motion (as seen in Brouwer et al. 2003) if the background is moving 
when the target appears. We might expect this effect to be larger for OA than for YA, 
because, as explained earlier, OA seem to have trouble ignoring irrelevant visual 
information (Berard et al., 2012; de Dieuleveult et al., 2017). However, it is well 
known that OA have poorer visual object recognition, acuity and contrast sensitivity 
(Bennett et al., 2007; Pilz et al., 2010; Owsley, 2011). OA also have higher motion 
detection thresholds and they are less accurate in direction and speed discrimination 
(Trick and Silverman, 1991; Atchley and Andersen, 1998; Norman et al., 2003; 
Snowden and Kavanagh, 2006; Bennett et al., 2007; Pilz et al., 2010; Conlon et al., 
2017). Thus, OA might rely less on vision than YA (as seen in (Ramkhalawansingh 
et al., 2017). This makes it, not a priori obvious that OA will respond more to visual 
information in all situations. Aging is also known to affect various cognitive, 
somatosensory and muscular systems (Cruz-Jentoft et al., 2010; Yeh et al., 2015; 
Vernooij et al., 2016), resulting in a loss of behavioral adaptability and a decline in 
the range of movements that can be made (Newell et al., 2006; Vernooij et al., 2016). 
It also affects cognitive functions such as attention and memory (Christensen et al., 
1994; Glisky, 2007), and OA have been shown to have difficulties accurately 
performing multiple tasks at the same time (Redfern et al., 2001; Mahboobin et al., 
2007; Redfern et al., 2009; Bisson et al., 2014; de Dieuleveult et al., 2017). We 
therefore expected OA to also show degraded overall performances in our task, 
especially when confronted with a secondary balance or cognitive task.  

Our main interest was whether OA would be more susceptible to background motion, 
and whether any such deficit correlates with performance on well-known clinical tests 
that we also performed, such as the Modified Clinical Test of Sensory Interaction on 
Balance (m-CTSIB) and the Short Physical Performance Battery (SPPB), or with their 
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score on the Instrumental Activities of Daily Living scale (Lawton and Brody, 1969). 
A larger effect of background motion in the presence of a secondary task might reveal 
compensatory mechanisms that normally help to reduce deficits caused by being 
unable to ignore irrelevant information.  

Finally, we examined susceptibility to a second influence of moving the background: 
a tendency to temporarily move in the same direction as the background if the 
background abruptly starts to move when the arm movement is already underway. 
This effect does not depend on the direction of target motion or whether the target is 
moving at all (Brenner and Smeets, 1997; Saijo et al., 2005; Brenner and Smeets, 
2015). In our experiment, such background motion would give rise to a deviation in 
the opposite direction than that caused by a background that is moving when the target 
appears. Finding no difference in susceptibility between young and old adults for such 
background motion would indicate that the difference in performance between older 
and YA in the interception task is specific to judgments of the target’s motion.  

3.2 Material and methods 

3.2.1 Participants 

Twenty-four OA (60-82 years old, mean age 67 ± 6.40 years, 9 women) and twenty 
YA (18-34 years old, mean age 25.2 ± 5.45 years, 11 women) participated in the study. 
They were recruited via the participant pool of TNO Soesterberg and received a 
monetary compensation for their participation and travel costs. All participants were 
naïve with respect to the purpose of the experimental manipulation (background 
motion) and signed an informed consent form. Participants self-reported being right-
handed, having normal or corrected-to-normal vision (participants were asked to put 
on their glasses or contact lenses if needed) and hearing (hearing was checked by the 
examiner before doing the experiment by asking the participants whether they heard 
the low and high tones), and not having been diagnosed as having a vestibular or 
balance dysfunction, psychiatric symptoms, or musculoskeletal or neurological 
problems. They self-reported to be in relatively good health during the two weeks 
prior to the experiment and on the day of the experiment. None of the participants had 
cognitive impairments as verified by the Mini Mental State Examination (MMSE) 
used as a screening test with a cut off score of 24 (Dick et al., 1984). The score range 
of participants in the MMSE was from 24/30 to the ceiling score (30/30) with a total 
of 15 participants that did not reach the ceiling level. The study is part of the European 



37 
 

Union’s Horizon 2020 research and innovation program and was approved by the 
TNO Institutional Review Board.  

3.2.2 Stimuli and materials 

 

Figure 1: (A) Schematic lay-out of the stimuli and mean hitting positions for 
background motion starting as soon as the target appeared (horizontal target 
velocities: -24, -12, 12 or 24 cm/s). The black disc represents the position at which 
the target appeared. Participants needed to put their finger on the home position, 
indicated by the grey disc, to start each trial. The solid lines represent the part of the 
path during which the target was visible. The dashed lines represent the part of the 
path during which the target was invisible. The 150ms horizontal line indicates where 
the targets disappeared. Other symbols represent the average positions of taps for 
each group of participants, target direction, experimental condition and direction of 
background motion (B) Schematic lay-out of the stimuli and mean hitting positions 
for background motion starting at 250ms (horizontal target velocity: 0 cm/s). As in 
Figure 1A, the black and grey discs represent the starting position of the target and 
the home position, the solid and dashed lines represent the parts of the path for which 
the target was visible and invisible. The 150ms horizontal line indicates where the 
targets disappeared. The 250ms horizontal line indicates where the targets would 
have been at the moment that the background started to move. Other symbols are the 
same as in Figure 1A (C) Depiction of the experimental display. As in Figure 1A and 
B, the black and grey discs represent the starting position of the target and the home 
position. 
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During the experiment, the stimuli were projected (InFocus DepthQ Projector; 
resolution: 800 x 600 pixels, 120 Hz) onto a 117.9 x 89.5 cm back-projection screen 
(Techplex 150, acrylic rear projection screen) that was tilted backward by 30°. At the 
beginning of each trial, participants started with their finger on a home position, which 
was a green disc with a diameter of four centimeters situated 30 centimeters below 
the center of the screen (i.e. at coordinates (0,-30) in cm from the center of the screen; 
see Figure 1 for an overview of the stimulus lay-out). After a random time between 
600ms and 1200ms a target (a black disc with a diameter of six centimeters) appeared 
on the screen. The target started 20 centimeters above the center of the screen (0, 20) 
and moved towards the bottom of the screen with a vertical velocity of 50 cm/s and 
one of five different horizontal velocities (-24, -12, 0, 12 or 24 cm/s). The target was 
visible for 150ms and then disappeared. For the five different target motion directions, 
the disappearing points relative to the center of the screen (0,0) were: (-3.6,12.5), (-
1.8,12.5), (0,12.5), (1.8,12.5) and (3.6,12.5). The targets and the home position were 
presented on a background of white and blue squares that formed a checkerboard that 
filled the whole screen. The square’s sides were five centimeters long. For the targets 
moving in an oblique direction (horizontal velocities: -24, -12, 12 or 24 cm/s), the 
background started to move at 12 cm/s to the right or the left as soon as the target 
appeared. For targets going straight downwards (horizontal velocity: 0 cm/s), the 
background started to move with a speed of 12 cm/s to the right or the left, 250ms 
after the target had appeared, which was 100ms after the target had disappeared. An 
infrared emitting diode (IRED) was placed on the participant’s right index finger and 
was tracked at 500Hz by an Optotrak (Northern Digital, Waterloo, ON, Canada). Taps 
were detected using a threshold deceleration of 50 m/s2, which has proven to be a very 
reliable method (Brenner and Smeets, 2015). 

Auditory stimuli were presented to the participants by a computer situated to their 
right. The computer presented sequences of low and high tones (250Hz for 100ms for 
60% of the tones; 1kHz for 500ms for the remaining 40%). The intervals between the 
tones were drawn from a uniform distribution from 2 to 6 seconds. These stimuli were 
always presented, but participants only had to pay attention to them in the condition 
in which they had to count the tones. The block of foam on which participants had to 
stand in the balance condition and in one of the pretests had a length and width of 
40 cm, a height with no load of 15 cm, a height of about 10 cm when compressed by 
the weight of a participant, and a density of 35 kg/m3.  
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3.2.3 Design 

The interception task in the baseline condition was similar to the task in Brouwer et 
al (2003). Participants were free to move their head, but they were either sitting on a 
high chair or standing on a block of foam. The chair and the foam were placed at a 
position from which the participant could easily reach all relevant parts of the screen. 
Consequently, the participants' eyes were at a distance of about 60cm from the screen 
(so 1cm is about one degree of visual angle). They had to hit the moving virtual targets 
(that had disappeared after being visible for 150ms) as quickly and as accurately as 
possible with their right index finger. Participants received feedback about their 
performance after hitting the screen. If they hit the target, the target reappeared and 
remained static at the position that it had reached at the time of the hit. If they missed, 
the target reappeared and moved in the opposite direction of the error. Thus, for 
instance, if the participant hit to the right and below the real position of the target, the 
target would reappear and move upwards and to the left. Such feedback might help 
participants learn not to rely on the background. Beside the baseline condition, there 
were two other conditions:  

In the balance condition participants were standing on a compliant surface (the above-
mentioned block of foam) rather than sitting. This makes it more challenging to 
maintain one’s posture while making the required hitting movement. In the counting 
condition, participants were sitting but had to remember the number of high and low 
tones that they heard. These two secondary tasks are expected to stress different 
processes of integration; one is mainly cognitive (counting) and one is more 
proprioceptive (balance). We examined whether the additional challenges affect older 
participants more than younger participants.  

3.2.4 Protocol  

Participants first performed four standardized clinical tests that are currently used to 
gauge mental and physical fitness of OA. Participants were screened for cognitive 
impairments with the MMSE (Dick et al., 1984), for sensory integration and balance 
deficits with the m-CTSIB (Shumway-Cook and Horak, 1986; Horn et al., 2015), for 
lower limb physical functioning dysfunctions with the SPPB (Guralnik et al., 1994; 
Pavasini et al., 2016) and for difficulties in performing instrumental activities of daily 
living with the Instrumental Activities of Daily Living scale (Lawton and Brody, 
1969). The pretests were done in the same order for all participants, with the 
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physically demanding tasks done before the non-physically demanding ones to avoid 
fatigue effects carrying over to the interception task. The order was the following: m-
CTSIB, SPPB, MMSE and instrumental activities of daily living questionnaire. A 
regular chair was used for chair stand tests, the above-mentioned block of foam to 
perturb balance and a four-meter-long walking course (indicated by pieces of tape on 
the floor) to assess gait speed in the SPPB.  

Before doing the interception task, participants were provided with written 
instructions regarding the entire task and procedures. The task was to hit the targets 
with their finger as quickly and accurately as possible. After reading the instructions, 
the examiner showed the participants how to do the interception task. Participants then 
performed a practice session while sitting in front of the screen. The practice session 
consisted of ten trials (two trials for each of the five possible directions of target 
motion) with the target remaining visible during the entire trial and an unlimited 
number of randomized trials with the target disappearing after 150ms. They were 
asked to practice until they felt comfortable with the task. Once they indicated that 
they had practiced enough the actual experiment was done. The examiner ensured that 
participants were able to hear the tones before starting the experiment. The computer 
delivering the tones was moved closer for participants having trouble to hear the tones 
(two participants). The three conditions (baseline, balance, counting) were presented 
in random order. Each condition contained 95 trials: five additional practice trials 
without any background motion (one trial per direction of target motion, presented in 
random order) and 90 experimental trials. In the 90 experimental trials, the 
background moved to the left in 45 trials (nine trials per direction of target motion) 
and the background moved to the right in the other 45 (nine trials per direction of 
target motion). The three blocks were separated by short breaks during which 
participants read the instructions for the following condition. Participants were also 
allowed to take breaks at any time during the experiment. At the end of the counting 
block, participants had to report the number of high and low tones they had heard 
during the block. We used these values to ensure that they were doing the secondary 
task properly.  

3.2.5 Data analysis 

Several dependent variables were extracted from the Optotrak data. In the data 
analysis, YA were compared to OA; left background motion was compared to right 
background motion; and the balance and counting conditions were compared to the 
baseline condition. 
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3.2.5.1 Direction error 

 

Figure 2: Definition of the direction error. The direction error is the angle in degrees 
between the direction of motion of the target (the line between the target position at 
the start and the target position at the time of hitting) and a line between the position 
of the target after 150ms presentation time (i.e., disappearing point) and the hit 
position. When the hit position was to the left of the target position, as in the example 
here, the direction error was considered to be negative.  

The direction error is the angle in degrees between the direction in which the target 
was actually moving and the direction in which we infer that the participant 
considered it to be moving. The latter direction was judged from the position of the 
target after 150ms, when it disappeared, and the position that was tapped (see Fig. 2). 
A tapping error to the left (as shown in the example given in Fig. 2) was considered 
to be negative. We determined the mean direction error for each participant, 
experimental condition and direction of background motion. The direction error is our 
main dependent variable. 

3.2.5.2 Standard deviation of direction error 

To examine whether there were any differences in performance variability between 
the age groups and conditions we also examined the standard deviations of the 
direction errors. To avoid considering biases that depend on the direction of target 
motion as additional variability, we determined the standard deviation for each 
subject, condition, direction of background motion and direction of target motion 
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(horizontal velocities of -24, -12, 12 and 24 cm/s), and then averaged the standard 
deviations across the four directions of target motion. 

3.2.5.3 Hit, miss and ‘no tap’ trials 

As an additional overall measure of performance, we determined the number of hits 
and misses. Trials were considered to be hits if the relevant part of the participant’s 
finger hit the screen within 3cm of the center of the target. They were considered to 
be misses if the participant failed to hit the target. In ‘no tap’ trials the screen was 
either not hit by the participants’ finger at all, was tapped after the target left the screen 
(more than 1100ms after it disappeared), or was not tapped hard enough. 

3.2.5.4 Average time to tap, reaction time and movement time 

The reaction time is the time between the presentation of a stimulus (target 
appearance) and the moment we were certain that the finger was moving (speed 
threshold of 0.3m/s). The movement time is the time between this moment and the 
moment that the finger hit the screen. The time to tap is the sum of these two times: 
the time between the presentation of a stimulus and when the finger hit the screen.  

3.2.6 Statistical analysis 

We considered effects of age group (OA and YA), background motion (left and right) 
and condition (baseline, counting and balance). For our main question we used a three-
way ANOVA to evaluate how the direction error depends on age group, experimental 
condition and background motion. We expected to find a main effect of background 
motion, but were interested in determining whether there was a significant interaction 
between age group and background motion (possibly indicating that the background 
motion had a stronger effect on OA), whether there was a significant interaction 
between condition and background motion (indicating that the secondary tasks 
influence the effect of the background motion), and whether there was a three-way 
interaction (possibly indicating that OA are more susceptible to the background 
motion under certain conditions). Some additional tests were conducted to evaluate 
the other variables.  
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The normality of distribution of the residuals and the equality of the variances between 
the groups and conditions were tested with the MATLAB functions, qqplot and 
vartest2 respectively. If these parameters appeared to be normally distributed, we used 
ANOVAs to examine main effects and interactions and t-tests to evaluate specific 
comparisons (such as whether a significant effect of condition was due to a difference 
between the baseline and the counting condition or to a difference between the 
baseline and the balance condition). If the residuals were not normally distributed or 
the variances were not equal, non-parametric tests were used: the Mann-Whitney U 
test (unpaired samples, two tailed p-value) for differences due to age, and the 
Wilcoxon signed-rank test (paired samples) for differences between conditions. 
Bonferroni corrections were used to adjust p-values when doing multiple 
comparisons. All significant effects (p<0.05) are reported. Significant differences are 
represented with asterisks in the figures; *: p < 0.05; **: p < 0.01; ***: p < 0.001.  

3.3 Results 

3.3.1 Participants 

No participant was excluded from the study because of a low MMSE score or failing 
on any of the other clinical tests. Three participants, one younger adult and two OA, 
were excluded from the analysis because they had not counted the tones during the 
counting condition. Three OA were excluded from the analysis because their 
performance was very different from the others. While the other participants’ 
direction errors were all between -10 and +15 degrees, these participants’ mean 
direction errors were up to -25 and +70 degrees, although they did not score differently 
from the other OA in the pretests. Looking at the tap positions per participant revealed 
that these three OA tended to tap were the target disappeared rather than where it 
would be at the time of the tap. We interpret this as them not having understood the 
task properly.  

3.3.2 Counting tones 

Participants were asked to report the number of tones at the end of the counting block. 
The reported number provided the examiner with an impression of how well the 
participant had adhered to the secondary task. The task must have been challenging, 
because almost all of the subjects gave a slightly incorrect answer. Further evidence 
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that the counting task was challenging is that the number of no taps was larger for the 
counting task condition than for the other conditions (see later in the results).  

3.3.3 Direction errors  

 

Figure 3: Average direction error in degrees according to age group, experimental 
condition (baseline, balance and counting) and background direction of motion (left 
or right) merged between the different directions of the target’s motion (horizontal 
velocities: -24, -12, 12 and 24 cm/s). Error bars represent the standard error of the 
mean between subjects. Especially, older subjects hit more to the right when the 
background moved to the left and more to the left when the background moved to the 
right. This is consistent with an illusory direction of motion caused by the moving 
background. 

Figure 3 shows direction errors in degrees. The expected effect of the direction of 
background motion is clearly visible: participants have a more positive direction error 
when the background moves to the left than when the background moves to the right 
(F(1,216)=39.71, p<0.001). This effect is stronger for OA than YA (interaction 
between age and background motion: F(1,216)=9.63, p=0.002). Increasing the 
difficulty of maintaining balance (standing on foam rather than sitting) and having to 
count tones while performing the task had no systematic effect on the direction error: 
there was no significant interaction between condition and background motion 
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(F(2,216)=0.39, p=0.68) or between condition, age and background motion 
(F(2,216)=0.32, p=0.72).  

3.3.4 General performance measures 

3.3.4.1 Standard deviation of direction error 

 

Figure 4: Standard deviation of direction error in degrees according to age, 
experimental condition (baseline, balance and counting) and background direction of 
motion (left or right) averaged between the different directions of the target’s motion 
(horizontal velocities: -24, -12, 12 and 24 cm/s). Error bars represent the standard 
error of the mean between subjects. Asterisks represent significant differences: ***: 
p≤0.001. The standard deviations of OA are larger compared to YA showing that OA 
are more variable than YA in their direction errors. 

The standard deviations of the direction errors were significantly larger for the OA in 
all experimental conditions and both for leftward and rightward background motion 
(Mann-Whitney U test: all p<0.01), indicating that the older participants’ performance 
was more variable than that of the younger participants. The standard deviations of 
direction error did not differ significantly between the experimental conditions for 
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either the leftward or rightward background motion for either group (Wilcoxon 
signed-rank tests: p>0.05), except in the older adult group where the standard 
deviation was significantly larger in the counting condition than in the baseline 
condition for leftward background motion (Z=-2.95, p=0.025). 

3.3.4.2 Tapping positions 

Figure 1 shows the average position of the tap for each group of participants (young, 
old), experimental condition (baseline, balance, counting), background motion (left 
or right) and background timing (starting to move immediately or after 250ms). The 
figure shows that OA move less far from the starting point and tap closer to the center 
of the screen than YA. If this undershooting bias results from the older participants 
moving less far than they intended to move, independently of any judgment of target 
motion, we will even be underestimating the influence that the background had on the 
older participants’ responses, because any direction differences are reduced by such a 
bias (for our starting point).  

3.3.4.3 Percentage of hits and number of ‘no tap’ trials 

 

Figure 5: Percentage of hits according to age and experimental condition (baseline, 
balance and counting) merged between the different directions of the target’s motion 
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(horizontal velocities: -24, -12, 12 and 24 cm/s). Error bars represent the standard 
error of the mean between subjects. Asterisks represent significant differences: **: 
p≤0.01, ***: p≤0.001. Older participants hit fewer targets than younger participants. 
The percentage of hits was lower in the counting condition than in the baseline 
condition for both age groups.  

Not surprisingly, considering the tendency to undershoot the target’s path (Fig. 1), the 
larger systematic errors introduced by the background motion (Fig. 3) and the larger 
variability (Fig. 4), older participants hit fewer targets than younger participants (Fig. 
5). A significant effect of age (two-way ANOVA: F(1,108)=37.1, p<0.001) was 
accompanied by a significant effect of condition (F(2,108)=3.46, p=0.035), but no 
interaction between age and condition (F(2,108)=0.34, p=0.7). The effect of condition 
was due to the percentage of hits being lower in the counting condition than in the 
baseline condition (t(38)=3.3, p=0.002). There was no difference between the baseline 
and the balance conditions (t(38)=-0.94, p=0.36). OA also had a higher number of ‘no 
tap’ trials than YA (this was significant in the balance and counting conditions; Mann-
Whitney U test: both p<0.001; but not in the baseline condition; p=0.11).  

3.3.4.4 Average times 

 

Figure 6: Average time to tap (s) split into reaction time (RT) and movement time 
(MT) according to age and experimental condition (baseline, balance and counting) 
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merged between the different directions of the target’s motion (horizontal velocities: 
-24, -12, 12 and 24 cm/s). Error bars represent the standard error of the mean 
between subjects.  

The average time to tap was shorter in the balance condition and longer in the counting 
condition than in the baseline condition. The reaction time and movement time 
showed a similar pattern of results between the conditions. The movement time was 
shorter for OA. 

The average time to tap depended on the condition (F(2,113)=13.11, p<0.001) but 
there was no significant effect of age (F(1,113)=2.69, p=0.104) or significant 
interaction between age and condition (F(2,113)=0.2, p=0.82). The average time to 
tap was shorter in the balance condition (t(37)=3.35, p=0.002) and longer in the 
counting condition (t(37)=-6.17, p<0.001) than in the baseline condition. The reaction 
time alone showed a similar pattern of results. The movement time depended on age 
(F(1,113)=6.53, p=0.012) as well as condition (F(2,113)=5.97, p=0.004). There was 
no interaction between age and condition (F(2,113)=0.61, p=0.5). The movement time 
was shorter for OA, and it too was shorter in the balance condition and longer in the 
counting condition than in the baseline condition. 

3.3.5 Late background motion  

3.3.5.1 Direction errors  
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Figure 7: Direction error in degrees according to age group, experimental condition 
(baseline, balance and counting) and background direction of motion (left or right) 
for targets moving vertically (horizontal velocity: 0 cm/s) and for a background 
motion starting at 100ms after the target had disappeared. Error bars represent the 
standard error of the mean between subjects. Subjects hit too far to the right when the 
background moved to the right and too far to the left when the background moved to 
the left, i.e. an effect opposite of the illusory direction of motion effect. Here there is 
no difference between age groups. 

Figure 7 shows the direction errors in degrees for the condition in which the target 
moved straight downward and the background started to move 250ms after the target 
appeared, 100ms after it had disappeared. The expected effect of the direction of 
background motion is clearly visible: participants have a more positive direction error 
when the background moves to the right and more negative errors when the 
background moves to the left (Wilcoxon signed-rank test: all p<0.01 except for the 
comparison of left and right background motion for the balance condition in OA, 
where p=0.053). This effect is clearly not stronger for OA than for YA, but the 
converse is also not significant (Mann-Whitney U test: p>0.05 for all the three 
conditions). Increasing the difficulty of maintaining balance (standing on foam rather 
than sitting) and having to count tones while performing the task had no systematic 
effect on the direction error, no significant differences were found for OA nor for YA 
between the balance and baseline conditions and between the counting and baseline 
conditions for left and right moving backgrounds (Wilcoxon signed-rank test: all 
p>0.05). 
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3.3.5.2 Hand velocity 

 

Figure 8: Average lateral hand velocities of the subjects (cm/s) relative to the time of 
background motion onset (ms) for younger and OA. OA’ responses to the late 
background motion are not larger than the ones of YA. 

Figure 8 shows the timing of the response of the hand to abrupt background motion 
250ms after the target appeared. This figure shows that the initial response to the 
background’s motion is also no larger for OA than YA. OA might have slightly longer 
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latencies. There is no evident difference between the responses for the different 
conditions.  

3.3.6 Pretests results 

All the participants were at ceiling level for the m-CTSIB (score 120/120). The score 
range of participants in the SPPB was from 10/12 (one participant) to the ceiling score 
(12/12). Seven participants had a score of 11/12. The differences between participants 
in this test were due to the chair stand test. All the participants were at ceiling level in 
the instrumental activities of daily living questionnaire (score 8/8) meaning that they 
had no problems performing the activities of daily life. 

3.4 Discussion 

3.4.1 Effects of age 

The present study aimed at investigating whether OA were affected more by task-
irrelevant background motion in an interception task than young adults, and whether 
this difference became more prominent under more demanding conditions. OA were 
indeed more susceptible to the background motion. Their overall performance was 
also poorer: their direction errors were more variable, they successfully hit the target 
in fewer trials and they had a higher number of ‘no tap’ trials. OA responded as 
quickly as YA and moved slightly faster. Moving faster might partly explain OA’ 
larger variability of direction errors. However, the fact that OA were not faster than 
YA in the counting condition while they had the same difference in variability as for 
the other conditions, suggests that a speed accuracy trade-off can only play a rather 
minor role. The age-related differences in the effects of background motion on the 
interception task are consistent with the results of previous studies (for a review see 
de Dieuleveult et al. (2017) and particularly with the results of Berard and 
collaborators (2012) who found a similar increase in sensitivity to inappropriate optic 
flow. However, in our experiment, both young adults and OA were affected 
significantly by the background motion, while only OA were affected in Berard’s 
experiment.  

In the present study we focused on the use of information that was clearly inaccurate 
as indicated by the feedback. This intuitively leads to the expectation that participants 
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should have avoided using any information that is affected by the background motion. 
The effect of background motion presumably arises from the way in which 
information for judging the target’s direction of motion is acquired. In principle, 
motion of the target in space could be acquired by combining motion of the target’s 
image on the retina with information about changes in the eye’s orientation in the head 
and changes in the orientation of the head (Nakayama, 1985; Schweigart et al., 2003). 
However, one could also rely on the surrounding being static, as it usually is, and also 
use the relative motion of the target’s retinal image and that of its surrounding to 
estimate the target’s motion in space. Using the relative motion in this way, rather 
than only using information that relies heavily on extra-retinal information, means 
that one will be fooled if the background is moving (Brenner and van den Berg, 1994), 
because background motion will be interpreted as optic flow due to our own motion, 
but it will increase the precision whenever the background is not moving. With age, 
the decline in the resolution of information from the eye muscles and from the 
vestibular system might be more severe than the decline in the visual resolution. If so, 
giving more weight to relative motion when one is older might be optimal in terms of 
minimizing the variability in performance (van Beers et al., 1999; Ernst and Banks, 
2002). Thus, the stronger influence of the background in OA may be due to a decline 
in the resolution of proprioception and of the vestibular system, rather than to a deficit 
in combining sensory information. One might be surprised that even our younger 
participants continued to rely on the background being static despite the feedback. 
However, in a study in which providing feedback certainly shifted the weights given 
to cues (van Beers et al., 2011), the cue that was inconsistent with the feedback was 
still not ignored altogether.  

Figures 7 and 8 show that OA are not always more susceptible to the effects of 
background motion than are YA, which supports the idea that the difference in 
performance is specific to judgments of the target’s motion. Still, given earlier studies 
that support the idea of OA generally having trouble down-regulating non relevant or 
misleading information (Teasdale et al., 1991; Berard et al., 2012; Eikema et al., 2014; 
McGovern et al., 2014; de Dieuleveult et al., 2017), we do not think that the effects 
of aging are specific to judging the direction of target motion.  

3.4.2 Effects of additional tasks 

The two secondary tasks had no effect on the direction error or the variability of 
direction error in either age group. This is not in accordance with our hypothesis and 
previously reported effects (Redfern et al., 2001; Mahboobin et al., 2007; Redfern et 
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al., 2009; Bisson et al., 2014; de Dieuleveult et al., 2017). The time that it took to 
make the movements was shorter in the balance condition than in the baseline 
condition. Perhaps the movement was easier to make when standing, or perhaps there 
was more reason to be fast when one’s posture was less stable. It took longer to make 
the movements in the counting condition, in which the percentage of hits was smaller 
and there were more ‘no tap’ trials. That the counting condition was more difficult 
than the two other conditions is supported by the observation that in this condition 
some older participants tended to tap the home button instead of keeping their finger 
on it, even after the experimenter remarked about this. The older participants may 
have been unduly affected by this task because we did not systematically adjust the 
volume to the subjects’ hearing. Although the volume was quite high, some people 
reported having difficulties hearing the sounds, in which case we moved the computer 
that generated the sounds closer to them. In sum, our results were not indicative of a 
(resource dependent) mechanism in the older participants that could help counteract 
the effect of background motion.  

3.4.3 Correlations with clinical measures 

This study is a first step towards using the influence that background motion has on 
manual interception as an indicator of problems or upcoming problems in activities 
of daily living. All our participants turned out to have very high scores in the pretests, 
so at present we cannot look into correlations between performance on this task and 
problems in activities of daily living. This is partly due to the way we selected our 
participants. First of all, most of them were in their sixties, so they were quite young 
OA. Secondly, in order to perform the experiment, participants needed to be able to 
come to the testing location (VU, Amsterdam), which required a good level of 
mobility. Considering that we did find an overall effect of aging on the susceptibility 
to background motion in the present study, future research will use a portable setup to 
be able to include a group of OA with difficulties in the clinical measures in addition 
to healthy, mobile OA to test for correlations. A reliable correlation opens the way to 
develop a diagnostic tool for the early detection of problems in the OA population.  

3.4.4 Limitations 

One observation that has to be taken into account when interpreting some of the 
differences in performance is that most of the OA tapped the screen with their hand 
completely open, while all of the YA tapped with their fist clenched and only their 
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index finger extended towards the screen. This might be because OA are less used to 
interacting with touch screens (even though the screen used in the present study was 
not a touch screen, the interaction is the same). Most of the OA initially tapped really 
hard on the screen, and we had to tell them that they did not need to tap that hard (to 
avoid injuries and fatigue). Changing the way they tapped may have increased the 
difficulty of the task for OA compared to YA. Moreover, some of the younger 
participants were students of human movement science, who may be particularly good 
at performing this kind of task. Thus, both groups of participants may not be 
completely representative of the age group, with a possible bias towards good 
performance. However, while these differences in strategy between younger and OA 
may have affected the main effect of participant group, they cannot explain the 
differences in background motion effects between the groups. 
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4 Chapter 4: A Simple Target Interception Task as Test for 
Activities of Daily Life Performance in Older Adults 

This chapter has been submitted to Frontiers in Neuroscience, Perception Science 
(2018). 

Abstract 

Previous research showed that a simple target interception task reveals differences 
between younger adults (YA) and older adults (OA) on a large screen under laboratory 
conditions. In this task. participants intercept downward moving objects while a 
horizontally moving background creates an illusion of the object moving in the 
opposite direction of the background. OA are shown/known to be more influenced by 
this illusory motion than YA. OA seem to be less able to ignore irrelevant sensory 
information than YA. Since sensory integration relates to the ability to perform 
Activities of Daily Living (ADL), this interception task can potentially signal ADL 
issues. Here we investigated whether the results of the target interception task could 
be replicated using a more portable setup, i.e. a tablet instead of a large touch screen. 
For YA from the same, homogeneous population, the main effects were replicated 
although the task turned out more difficult in the tablet set-up. After establishing the 
tablet’s validity, we analyzed the response patterns of OA that were less fit than the 
OA in previous research. We identified three different illusion patterns: a (large) 
illusion effect (indicating over integration), a reverse illusion effect, and no illusion 
effect. These different patterns are much more nuanced than previously reported for 
fit OA who only show over integration. We propose that the patterns are caused by 
differences in the samples of OA (OA in the current sample were older and had lower 
ADL scores), possibly modulated by increased task difficulty in the tablet setup. We 
discuss the effects of illusory background motion as a function of ADL scores using 
a transitional model. The first pattern commences when sensory integration capability 
starts to decrease, leading to a pattern of over-integration (illusion effect). The second 
pattern commences when compensatory mechanisms are not sufficient to counteract 
the effect of the background motion, leading to direction errors in the same direction 
as the background motion (reverse illusion). The third pattern commences when the 
task requirements are too high, leading OA to implement a probabilistic strategy by 
tapping towards the center of the screen. 
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4.1 Introduction 

The development of new health technologies and advancements in medicine have 
helped extending life expectancy of the global population (Dey, 2017). This increased 
life expectancy has led to a rise of the population of sixty years old and older, 
considered as older adults (OA) by the World Health Organization (Dey, 2017). In 
order to help solve future societal challenges and decrease for instance health care 
costs, age-related changes in physical abilities and functioning need to be studied.  

Assisting OA to live independently for a longer time can help to reduce the age-related 
costs for the society and to increase their quality of life. In order to live independently, 
an individual needs to be able to perform both the basic (Katz et al., 1963) and 
instrumental (Lawton and Brody, 1969) activities of daily living (ADL), such as 
dressing and shopping. To do so, OA need a good level of mobility (Lowry, Vallejo, 
& Studenski, 2012) and need to be able to properly integrate the sensory information 
from the surroundings (Lowry et al., 2012). Sensory integration is known to change 
during the lifespan (Mozolic et al., 2012; Freiherr et al., 2013; de Dieuleveult et al., 
2017). In a recent review (de Dieuleveult et al., 2017), we concluded that OA seem to 
integrate as much information as possible in their surroundings without properly 
weighing the information, thus also using irrelevant or unreliable information (Berard 
et al., 2012; Brodoehl et al., 2015; de Dieuleveult et al., 2017). Also, the addition of a 
dual task was shown to decrease the performance of OA to a greater level than that of 
YA indicating that OA seem to be less able to compensate for the increased attentional 
and sensory demand (Redfern et al., 2001; Mahboobin et al., 2007; Redfern et al., 
2009; Bisson et al., 2014; de Dieuleveult et al., 2017). 

In an original experiment (de Dieuleveult, Brouwer, Siemonsma, van Erp, & Brenner, 
2018), we showed that OA were more affected by an illusion of motion created by a 
horizontally moving background than YA when trying to intercept disappearing 
targets on a large screen. OA’s interception points (called taps) were more deviated 
to the left for a right background motion and to the right for a left background motion 
than those of YA. These results could reflect a reduced ability to ignore or 
downregulate irrelevant sensory information and/or a greater reliance on vision 
because of unreliable somatosensory and proprioceptive systems (de Dieuleveult et 
al., 2018). If the ability to ignore or downregulate irrelevant sensory information is 
indeed reduced in OA, our interception task maybe a useful diagnostic tool to 
diagnose sensory integration problems that could underlie (future) problems in ADL.  
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Aging-related decline in perception and multisensory integration has been studied 
before, but the relation between this decline and ADL performance and its possible 
interaction with dual tasks is less well researched. If a reliable relation can be shown, 
the measure of multisensory integration may be used as an early diagnostic tool for 
ADL problems in individual OA. Such a tool is clinically relevant since decline in 
ADL can be slowed down or prevented using different exercise approaches targeting 
specific ADL problems. Such approaches are already available and commonly used 
in clinical practice, for example strength training (Hazell et al., 2007), functional 
training (Liu et al., 2014; Siemonsma et al., 2018), and balance training (Bellomo et 
al., 2009). Training of multisensory integration in the OA population has been 
developed as well (de Vreede et al., 2005; Setti et al., 2014; Merriman et al., 2015). 
However, no diagnostic tool assessing multisensory integration deficits related to the 
ADL exists (de Dieuleveult et al., 2017). Consequently, existing training approaches 
are blind to potential sources of the deficit, and training cannot be specifically tailored 
to individual OA’s multisensory integration issues during daily life. Self-report ADL 
questionnaires such as the NEADL can suffer from bias in memory and social 
demands and are not suited to find the cause of the ADL problem. The interception 
task may be able to do so in a direct and fun way, assessing a person’s sensory 
integration functioning by means of performance rather than self-report. It could be a 
good starting point to develop a clinically useful diagnostic tool of multisensory 
integration issues related to ADL. This could help clinicians to better tailor training 
programs to the individual’s underlying problems. An important step towards the 
development of a diagnostic tool is to develop and validate a mobile set-up of the task, 
that is practical and affordable and can be used for OA with different degrees of ADL 
performance. 

The current interception task was adjusted from its original large screen (49 inch) set-
up to a smaller tablet (12,3 inch) set-up in order to increase clinical applicability: a 
smaller setup is more convenient for clinical practice and could also be transported to 
measure people that are less fit and cannot easily travel to a clinician. The experiment 
reported here was roughly the same as in de Dieuleveult et al. (2018). OA and YA 
intercepted disappearing targets moving downwards on the tablet with a horizontally 
moving background. The interception task was performed either with or without one 
of two secondary tasks. The secondary tasks were chosen to impinge on different 
processes that are expected to relate to sensory perception and integration, namely 
proprioception and cognition. A larger background effect when adding dual tasks 
might reveal compensatory mechanisms that normally help to decrease deficits caused 
by the earlier reported over integration in OA. First, this experiment aims at 
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investigating whether we can replicate the results found in our original experiment 
(de Dieuleveult et al., 2018) with a small, portable tablet instead of a large screen. 
Therefore, we test a sample of YA from the same population as in the original 
experiment, and we hypothesize that the effect of the moving background would be 
similar for YA in both experiments (H1). The second aim was to investigate task 
performance of OA with problems to perform ADL. Previously, the sample of OA 
was relatively homogeneous with high ADL scores indicating only few limitations in 
physical functioning. Therefore, we recruited OA from a fall prevention project with 
a varying level of physical functioning (varying scores on clinical ADL-related tests). 
We hypothesize that this group of OA with ADL issues would be even more 
influenced by the background motion and would perform less well in the interception 
task than OA with no problems to perform the ADL (H2). Finally, we wanted to 
investigate the influence of dual tasks on the performance of OA with ADL issues. In 
our previous work (de Dieuleveult et al., 2018), the two additional tasks did not 
influence the illusion effect of OA and YA without ADL issues. We hypothesize that 
OA with ADL issues would be more influenced by the additional tasks as compared 
to YA (H3) and that OA with ADL issues would show differences in illusion effect 
between single and dual task conditions that could be associated with a decline in 
compensatory mechanisms that are still effective in OA without ADL problems (H4). 

4.2 Material and methods 

4.2.1 Participants 

Twenty-four OA (70-88 years old, mean age 75.9 ± 4.65 years, 14 women) and 
nineteen YA (20-32 years old, mean age 25.6 ± 3.52 years, 12 women) participated 
in the study. Younger participants were recruited from the TNO participant pool 
(Soesterberg, Netherlands) and older participants were recruited from a fall 
prevention program in the health center Marne (Amstelveen, Netherlands). 
Participants self-reported being right-handed and having normal or corrected-to-
normal vision (participants were asked to use their normal vision aids if needed). 
Participants’ hearing was checked by the examiner by asking them whether they could 
distinguish a high from a low tone used later in the experiment. Participants self-
reported not to have vestibular or balance dysfunction, psychiatric symptoms, or 
musculoskeletal or neurological problems. They self-reported to be in relatively good 
health during the two weeks prior to the experiment and on the day of the experiment. 
The Mini Mental State Examination (MMSE) was used as a screening test for 
cognitive impairments. A cut off score of 24 or lower was used for exclusion (Dick et 
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al., 1984). The experimental protocol was reviewed and approved by the TNO Internal 
Review Board on experiments with human participants (Ethical Application Ref: 
TNO-2017-015) and was in accordance with the Helsinki Declaration of 1975, as 
revised in 2013 (World Medical Association, 2013) and the ethical guidelines of the 
American Psychological Association. Participants received a monetary compensation 
for their participation and their travel expenses were reimbursed. All participants 
signed an informed consent form prior to the experiment.  

4.2.2 Task 

The interception task was the same as the task described in de Dieuleveult et al. 
(2018). In the baseline condition, participants sat on a chair. The participants were 
asked to intercept, as quickly and as accurately as possible, moving targets that had 
disappeared after 150ms, with the tip of their right index finger. If participants hit the 
target correctly, it reappeared on the screen in green and stayed still at the position of 
the hit. If they missed the target, it reappeared in red on the screen and moved in the 
opposite direction of the error. For instance, if the participant hit a position on the 
screen that was below the actual position of the target and too much to the left, the 
target moved upwards to the right. This feedback informed participants about their 
performance in the task and might help them learn to ignore the motion of the 
background. If they did not tap at all, the trial was counted as a no tap trial and the 
participant had to put his index finger again on the home button to start a new trial. 
The balance and counting conditions included a secondary task. In the balance 
condition, participants were to keep balance, standing on a block of foam rather than 
sitting (see below in the stimuli and materials section for more information on the 
foam). In the counting condition, participants were sitting, as in the baseline, but had 
to count the number of high and low tones that they heard during the experiment. 
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4.2.3 Stimuli and materials 

 

Figure 1: (A) Schematic lay-out of the stimuli for left (L), straight (S) and right (R) 
target’s direction of motion. The target is depicted at its appearance position as a 
black disc. The finger’s home position is represented by the grey disc. The solid lines 
represent the part of the path where the target was visible, and the dashed lines 
represent the part of the path where the target was invisible. The horizontal line 
indicates where the targets disappeared after 150ms (target has travelled 1,6cm). (B) 
Depiction of the experimental display. As in Figure 1A, the black and grey discs 
represent the starting position of the target and the home position. The grey and white 
squares represent the background. 

In contrast to the original study (de Dieuleveult et al., 2018) the interception task was 
now performed on a 12,3 inch tablet rather than a 49 inch screen. Parameters were 
scaled down from the original experiment to best fit the tablet’s screen (see details in 
Table 1). Furthermore, in this experiment, the target was moving in three rather than 
five different directions (see below in the stimuli and materials section for further 
details).  
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Table 1: Differences in parameters between the original experiment (de Dieuleveult 
et al., 2018), and the current experiment. 

Parameters 
Original 

experiment 
Current 

experiment 

Screen 
Size (inch) 49 12,3 

Resolution (pixels) 600 x 800 2736 x 1824 
Home 

position 
Size (cm) 4 1,6 

Coordinates (cm) (0,-30) (0,-6) 

Target 

Size (cm) 6 2 
Coordinates at start (cm) (0,20) (0,8.65) 
Vertical velocity (cm/s) 50 12 

Horizontal velocities (cm/s) -24, -12, 0, 12, 24 -7.2, 0, 7.2 

Background 
Size squares (cm) 5 2 

Horizontal velocity (cm/s) 12 9,6 

During the experiment, the stimuli were presented on a 12,3-inch tablet (Microsoft 
Surface, size: 29,21 x 20,14 cm, resolution: 2736 x 1824 pixels) positioned on a table 
in a vertical orientation but tilted backward by 30°. The eyes of the participants were 
at a distance of approximately 60cm from the screen during the experiment (so 1cm 
is about one degree of visual angle). For the balance condition, where participants 
were standing instead of sitting, the height of the tablet was increased to keep the 
height of the shoulders relative to the tablet approximately the same across conditions. 
To start each trial, participants had to place their index finger on the home position, a 
green disc with a diameter of 1.6 centimeters situated 6 centimeters below the center 
of the screen (i.e. at coordinates (0,-6); see Figure 1 for an overview of the stimulus 
lay-out). After a random time between 600ms and 1200ms, the target, a black disc 
with a diameter of two centimeters, appeared 8.65 centimeters above the center of the 
screen (0, 8.65) and moved towards the bottom of the screen. The target moved with 
a vertical velocity of 12 cm/s and one of three different horizontal velocities (-7.2, 0, 
or 7.2 cm/s). The three different direction of target motion are referred to as “S” for 
targets moving straight downwards, “L” for targets deviating to the left, and “R” for 
targets deviating to the right. The targets were visible for 150ms and then disappeared. 
The disappearing points relative to the center of the screen (0,0) were: (-0.51,7.05), 
(0.00,7.05) and (0.51,7.05). The targets and the home position were presented on a 
full screen background of white and blue squares (2 centimeters sides) that formed a 
checkerboard. The background started to move at 9.6 cm/s to the right or the left as 
soon as the target appeared. Auditory stimuli were presented to the participants by a 
computer through speakers situated behind the tablet. The computer presented 
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sequences of high (1kHz for 500ms, 40% of the tones) and low tones (250Hz for 
100ms, 60% of the tones). The intervals between the tones were randomly generated 
between 2 to 6 seconds. The tones were present during the three conditions of the 
interception task, but participants only had to pay attention to them in the counting 
condition. The block of foam used in one of the pretests and in the balance condition 
had a length and width of 40 cm, a height with no load of 15 cm, a height of about 
10 cm when compressed by the weight of a participant, and a density of 35 kg/m3.  

4.2.4 Procedure 

The session started with four standardized clinical tests used to estimate the mental 
and physical functioning of participants. The Mini-Mental State Examination 
(MMSE) (Dick et al., 1984), a 30 points questionnaire comprising short questions and 
simple tasks, was used to screen for cognitive impairments (cut off score of 24). The 
modified-Clinical Test of Sensory Interaction and Balance (m-CTSIB) (Shumway-
Cook and Horak, 1986; Horn et al., 2015), a performance test in which participants 
have to stand on a firm and a foam surface with their eyes open or closed for 30 
seconds each, was used to test sensory integration and balance deficits. The block of 
foam mentioned in the stimuli and materials section was used to perturb balance in 
the m-CTSIB. This test was also used to assess if the participants were fit enough to 
perform the balance condition safely. In order to participate in this condition, they had 
to be able to stand on the foam with their eyes open for 30 seconds without losing 
balance. The Short Physical Performance Battery (SPPB) (Guralnik et al., 1994; 
Pavasini et al., 2016) was used to assess lower limb physical functioning. It includes 
balance tests (side-by-side stand, semi tandem stand and tandem stand), chair stand 
tests and gait speed test (the ten meters gait speed test was used instead of the three- 
or four-meters tests). Finally, the Nottingham Extended ADL scale (NEADL) (Nouri 
and Lincoln, 1987) was used to assess difficulties in performing the ADL. This test is 
more precise than the Instrumental Activities of Daily Living scale (Lawton and 
Brody, 1969) used in the original experiment (de Dieuleveult et al., 2018). This 
questionnaire includes 22 questions separated in four categories, mobility (six items), 
kitchen (five items), domestic (five items) and leisure (six items) activities. Items can 
be rated from 0 (not capable of performing this activity) to 3 (easy to perform) as 
compared to eight items rated 0 (not capable of performing this activity) to 1 (capable 
of performing this activity) in the Lawton & Brody scale. 

The test on the tablet was preceded by a presentation of standardized instructions by 
means of a PowerPoint presentation explaining the entire task and procedure to the 
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participants. The examiner ensured that participants were able to hear the tones before 
starting the experiment. Participants first performed a practice session in the sitting 
position consisting of six trials with the target remaining visible (two trials for each 
of the three possible directions of target motion in randomized order) and randomized 
trials with the target disappearing after 150ms until participants felt comfortable with 
the task. When the participants indicated that they understood the task, the experiment 
started. The three experimental conditions (baseline, balance, counting) were 
presented in random order. Each condition was presented in a block consisting of 57 
trials: three practice trials without any background motion at the start (one trial per 
direction of target motion, presented in random order), followed by 54 experimental 
trials. In the 54 experimental trials, the background moved to the left in 27 trials (nine 
trials per direction of target motion) and the background moved to the right in the 
other 27 (nine trials per direction of target motion). The three blocks were separated 
by short breaks. Participants could take breaks at any time during the experiment. 
Participants were asked to report the number of high and the number of low tones they 
heard during the counting block at the end of it so that the examiner had an impression 
as to whether they adhered to the secondary task. Participants were considering 
adhering if they gave a plausible answer even if it was not the correct one. The data 
of the participants who reported that they did not count or gave an answer very far 
from the correct one were excluded from the data analyses for the counting condition.  

4.2.5 Data analyses 

4.2.5.1 Replication of the original experiment on a tablet with YA 

The analysis of the replication of the original experiment on a tablet will be done only 
in the YA group because they were recruited from the same population enabling the 
comparison between the two studies. The participating YA were recruited through the 
same participant pool as in the original experiment.  
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4.2.5.2 Direction error and illusion effect 

 

Figure 2: Definition of the direction error according to the tap position. The direction 
error is the angle in degrees between the line from the target position at start to the 
target position at the time of tap and a line from the position of the target when it 
disappeared to the tap position. The direction error were assigned a negative value 
when, as in the example here, the hit position was to the left of the target position at 
the time of tap (de Dieuleveult et al., 2018). 

The direction error is defined as the angle in degrees between the direction that the 
target was moving in and the direction that the participant considered it to be moving 
after disappearing according to the position of tap (see Fig. 2). When the tapping 
position was to the left compared to the actual position of the target at tap (as shown 
in the example given in Fig. 2), the direction error was assigned a negative value; if it 
was on the right, the direction error was assigned a positive value. The mean direction 
error was calculated for each participant, experimental condition and direction of 
background motion. The direction error is our main dependent variable. The illusion 
effect is defined as the direction error for left background motion effect minus the 
direction error for the right background. 

4.2.5.3 Hit, miss and ‘no tap’ trials 

Trials were considered to be hit trials if the participant’s finger hit the screen within 
2cm from the center of the target. If the participant’s hit exceeded the 2 cm range, the 
trial was considered a miss trial. Trials in which participants did not hit the screen at 
all were considered ‘no tap’ trials. 
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4.2.5.4 Average time to tap 

The time to tap is the time between the appearance of the target and the moment that 
the participant’s finger hit the screen.  

4.2.5.5 Statistical analyses 

The MATLAB functions qqplot and vartest2 were used to assess the normality of 
distribution of the residuals and the equality of the variances between the groups and 
conditions. With normal distributions and variances, one-way ANOVAs and paired t-
tests were used to evaluate interaction effects of the different independent variables. 
With non-normal distributions and/or variances, non-parametric tests were used: the 
Mann-Whitney U test for differences due to age (unpaired samples) and the Wilcoxon 
signed-rank test for differences due to conditions (paired samples). Effects are 
considered to be significant if p<.05. 

The analysis of the replication of the original experiment on a tablet (H1) will be done 
only in the YA group. These participants were recruited from the same population and 
through the same participant pool as in the original experiment enabling the 
comparison between the two studies. To investigate task performance of OA with 
problems to perform ADL (H2), the performance of this population in the task will be 
compared to the performance of (relatively fit) OA of the original experiment. To 
investigate the influence of dual tasks on the performance of OA with ADL issues, 
the performance of this population in the task will be compared to YA (H3) and to 
(relatively fit) OA (H4). To answer these four hypotheses, we tested for effects of 
direction of background motion (left and right), experimental condition (baseline, 
counting and balance) on the interception task variables between the groups. We 
compared whether the effects in the balance condition were different than in the 
baseline condition and whether the effects in the counting condition were different 
than in the baseline condition.  

4.3 Results 

YA (n=19) performed all the pretests and conditions of the experiment. Most of the 
OA (n=15) were able to perform all conditions of the experiment (baseline, balance 
and counting). Five participants were unable to stand on the foam with eyes open for 
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30 seconds in the m-CTISB and therefore were not asked to perform the balance 
condition. Three of these five participants also failed at counting the tones in the 
counting condition. Four additional OA did not count the tones in the counting 
condition but did perform the m-CTSIB properly. The data of the seven participants 
that did not properly perform the counting task (all of them OA) were not included 
for the analysis of the counting condition results. Additionally, two OA were excluded 
from the analyses because their performance on the interception task was very 
different from the other participants (high number of no tap trials or long times to tap). 
One of these two participants performed only the baseline condition, the other one 
performed the baseline and counting condition. In total, 19 YA were included for the 
analyses of the data for the three experimental condition, 22 OA in the baseline 
condition, 19 OA in the balance condition and 16 OA in the counting condition. 
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4.3.1 Replication of the original experiment on a tablet in YA (Hypothesis 1) 

Table 2: Comparison of different results of the current experiment (n=19) with the 
results of the original experiment (n=19) in YA (illusion effect, target direction effect, 
percentage of hits, number of no tap trials and time to tap). 

Measure Effect p-value of Mann-Whitney U tests 

(one for each of the three 

conditions) 

Illusion 

Effect 

Replicated. The direction of the Illusion effect is 

the same.  

However, its size is significantly larger as 

compared to the original experiment.  

All p<.001 

Target 

direction 

effect 

Replicated. The target direction effect is similar to 

that of the original experiment: participants tapped 

following the target direction of motion.  

However, the current experiment showed a (non-

significant) tendency of participants to tap towards 

the center of the screen that was not found in the 

original experiment. 

All p<.001 

Percentage 

of hits 

Not replicated. The average percentage of hits in 

the current experiment was significantly lower as 

compared to the original experiment  

All p<.01 

Number of 

no tap trials 

Replicated. The numbers of no tap trials were not 

significantly different between the current and the 

original experiment 

All p>.05 

Time to tap Partly replicated. Times to tap in the baseline and 

balance conditions were longer as compared to the 

original experiment but not different between the 

two experiments for the counting condition 

Baseline and balance conditions, 

p<.01; Counting condition, 

U=180.5, p=.102 
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Figure 3: Average direction error in degrees for YA in the original experiment (Exp1, 
n=19) and in the current experiment (Exp2, n=19), for each experimental condition 
(baseline, balance and counting) and for each background direction of motion (left 
or right) merged between the different directions of the target’s motion (horizontal 
velocities: −7.2, 0 and 7.2cm/s). Error bars represent the standard error of the mean 
between subjects.  

The group of YA in the current experiment was not different from the group of YA 
of the original one in terms of age (F(1,36)=0.39, p=.537), gender (F(1,36)=0.41, 
p=.524), m-CTSIB scores (U=180.5, p=.344), gait speed (F(1,36)=0.08, p=.785), 
chair stand speed (F(1,36)=1.87, p=.180), and MMSE scores (F(1,36)=2.23, p=.144). 
These results therefore allowed comparison of the current experiment with the original 
one for YA. Table 2 shows the comparison between the lab setup of the original 
experiment to the mobile setup of the current experiment for the different performance 
measures, for YA. Figure 3 shows an effect of the background motion in YA with 
direction errors more positive for a left background motion and more negative for a 
right background motion in all three conditions (baseline, balance and counting). This 
effect of the background motion is larger than the one we found in the original 
experiment (Student’s paired T-Tests: all p<.01). These results were not different 
between the three conditions for YA (Student’s paired T-Tests: all p<.01). The main 
performance patterns (i.e. the presence and direction of the illusion effect and the 
direction error) are similar in both experiments, but the tendency to hit towards the 
center, the lower percentage of hits and longer times to tap in baseline and balance 
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condition (Table 2) suggest that task difficulty increased in the tablet set-up compared 
to the original laboratory setup. 

4.3.2 Performance of OA with ADL problems in the baseline condition as 
compared to (relatively fit) OA measured in the original experiment 
(Hypothesis 2) 

As expected and intended, the group of OA was different from the group used in the 
original experiment, with OA in the current experiment having a higher mean age 
(F(1,42)=25.55, p<.001) and lower pretests scores: m-CTSIB scores (U=242, p<.001), 
gait speed scores (U=231, p<.001), chair stand speed (U=264, p=.004), and MMSE 
scores (F(1,42)=11.12, p=.002). The two groups of OA were not different in terms of 
gender (F(1,42)=2.33, p=.134).  

4.3.2.1 Illusion effect 

 

Figure 4: Average direction error in degrees for OA in the original experiment (Exp1, 
n=19) and in the current experiment (Exp2, (baseline: n=22, balance: n=19, 
counting: n=16)), for each experimental condition (baseline, balance and counting) 
and for each background direction of motion (left or right) merged between the 
different directions of the target’s motion (horizontal velocities: −7.2, 0 and 7.2cm/s). 
Error bars represent the standard error of the mean between subjects.  
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Figure 4 shows the direction errors of the OA’ taps according to the experimental 
condition and background direction of motion for the original and current 
experiments. For H2 we focus on the results of OA. The figure suggests a reverse 
effect of the background for the OA in the baseline condition, however, the 
background motion did not affect the direction errors significantly (Z=-.146, p=.884). 
These results are different than the ones found for (relatively fit) OA in the original 
experiment in which OA had a large illusion effect caused by the background motion, 
larger than the effect observed for YA. However, the illusion effect of the (relatively 
fit) OA in the original experiment and OA with ADL problems in the current 
experiment do not differ statistically (Mann-Whitney U test: all p>.05). 

The absence of an illusion effect in OA found in the current experiment was not in 
accordance with our hypothesis (H2). The variability in the direction errors of OA is 
relatively large, which matches the impression of the leader of the experiment, who 
observed that some participants seemed to tap following the background motion rather 
than the target’s direction of motion, and that other participants seemed to tap 
continuously towards the center of the screen instead of following the target’s 
direction of motion. These patterns may cancel each other and result in the lack of an 
overall effect. Therefore, we decided to look at the illusion effect for individual 
participants. The results are presented in Figure 4. 
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Figure 5: Illusion effect (left minus right background motion effect) in degrees for 
each participant in each age group (YA (n=19), OA (baseline: n=22, balance: n=19, 
counting: n=16)) and each experimental condition (baseline, balance and counting). 
Younger adults are represented in black. Older adults are represented in grey. The 
white asterisks represent significant differences between the left and right background 
motion effect. 

Figure 5 shows the illusion effect for each participant in each experimental condition. 
In the baseline condition, YA tended to have a positive illusion effect, meaning that 
they tapped more to the left for a right background motion and more to the left for a 
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right background motion. This is in accordance with results found in the original 
experiment and in the literature (de Dieuleveult et al., 2018). The group of OA showed 
larger variability. In the baseline condition, three different patterns of OA could be 
observed with at least 6 participants in each: participants with an illusion effect similar 
but larger to the one found in YA (‘over integration’ pattern), participants with no 
illusion effect (‘minimal use of visual information’ pattern), and participants with a 
reverse illusion effect who tapped more to the right for a right background motion and 
more to the left for a left background motion (‘dragged by the background’ pattern).  

These results are different from the results of the original experiment for OA. In the 
baseline condition of the original experiment, only one OA showed a reverse effect 
of the illusion (‘dragged by the background’ pattern). All the other OA showed either 
a positive illusion effect (‘over integration’ pattern) or no effect of the illusion 
(‘minimal use of visual information’ pattern).  

4.3.2.2 Performance of OA with the three patterns in the ADL-related pretests 
and in the interception task in the baseline condition 

The results above showed three different patterns of tapping in the OA of the current 
experiment (’over integration’ pattern, ‘minimal use of visual information’ pattern 
and ‘dragged by the background’ pattern). The ADL-related pretests results were not 
significantly different between these three patterns of OA in the baseline condition 
(Mann-Whitney U test: all p>.05). However, the ‘over integration’ pattern of OA had 
less no tap trials than the ‘dragged by the background’ pattern (W=42, p=.029) and 
had longer times to tap as compared to the ‘minimal use of visual information’ pattern 
(W=80, p=.031) in the baseline condition. The other results of the interception task 
were not significantly different between the three patterns of OA in the baseline 
condition. 
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4.3.2.3 Percentage of hits 

 
Figure 6: Average percentage of hits for each group (YA (n=19), OA (baseline: n=22, 
balance: n=19, counting: n=16)) and for each experimental condition (baseline, 
balance and counting); averaged over the target’s motion direction (horizontal 
velocities: −7.2, 0 and 7.2cm/s). Error bars represent the standard error of the mean 
between subjects. Significant differences are represented with asterisks in the figures; 
*: p<.05; ***: p < .001. 

Figure 6 shows a higher percentage of hits for YA compared to OA in the baseline 
condition (U=209, p<.001). This difference between OA and YA followed the same 
trend as the one found in the original experiment, however, the participants in the 
current experiment hit less targets as compared to the (relatively fit) OA of the original 
experiment in the baseline (U=209, p=.001). 

4.3.2.4 Number of no tap trials 

OA had a higher number of no tap trials compared to YA in the baseline (U=209, 
p<.001). This difference between OA and YA followed the same trend as the one 
found in the original experiment. The number of no tap trials of OA in this experiment 
did not differ from the number of no tap trials of (relatively fit) OA in the original 
experiment (U=220, p=.203). 
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4.3.2.5 Time to tap 

The time participants took to hit the screen was different between the age groups in 
the baseline condition with OA being slower than YA (U=209, p=.043). This trend 
was different than the results of the original experiment that showed no difference 
between OA and YA in terms of times to tap (de Dieuleveult et al., 2018). 
Additionally, the times to tap of OA in this experiment were different than the results 
of (relatively fit) OA in the original experiment. Indeed, the participants in the current 
experiment had longer time to tap as compared to the (relatively fit) OA of the original 
experiment in the baseline (U=209, p<.001). 

4.3.3 Influence of dual tasks on interception task performance for OA and 
YA with ADL problems (Hypothesis 3) 

4.3.3.1 Illusion effect 

As seen in Figure 4, the overall illusion effect was not different between the three 
conditions for OA (Wilcoxon signed-rank test on the illusion effect: all p>.05). The 
illusion effect was significantly smaller for OA as compared to YA in the balance and 
counting conditions (respectively U=180.5, p=.007 and U=152, p=.006). This did not 
reach significance in the baseline condition (U=209, p=.078). 

The introduction of additional tasks had an effect on the number of OA showing the 
three illusion effect patterns (‘over integration’ pattern, ‘dragged by the background’ 
pattern and ‘minimal use of visual information’ pattern). For this analysis, only the 
data of OA that performed the three experimental conditions were taken into account 
to compare the changes of patterns in the participants. In the balance condition, the 
percentage of participants with the ‘minimal use of visual information’ pattern was 
larger than the one for the baseline condition (73,3% as opposed to 53,3%) decreasing 
the percentage of participants with the ‘over integration’ pattern as compared to the 
baseline condition (13,3% as opposed to 33,3%). The percentage of participants with 
the ‘dragged by the background’ pattern was the same between the baseline and 
balance conditions (13,3%). In the counting condition, all of the OA showed the 
‘minimal use of visual information’ pattern except one participant that had a reverse 
illusion effect. This condition decreased the percentages of participants with the 
‘dragged by the background’ pattern (6,7%) and with the ‘over integration’ pattern 
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(0%) and increased the percentage of participants with the ‘minimal use of visual 
information’ pattern (93,3%) as compared to the baseline and balance conditions. 

4.3.3.2 Percentage of hits 

Figure 6 shows a higher percentage of hits for YA compared to OA in each condition 
(Mann-Whitney U test: all p<.001). This graph also shows that OA hit less targets in 
the counting condition compared to the baseline (W=89 p=.020).  

4.3.3.3 Number of no tap trials  

OA had a higher number of no tap trials compared to YA in all three conditions 
(Mann-Whitney U test: all p<.001). For both groups the number of no tap trials was 
higher for the counting condition compared to the baseline condition (YA: W=0, 
p=.03; OA: W=7.5, p=.005).  

4.3.3.4 Time to tap 

The time participants took to hit the screen was different between the age groups in 
the baseline and balance condition with OA being slower than YA (baseline: U=209, 
p=.043; balance: U=180.5, p=.018). This was not observed in the counting condition 
(U=152, p=.253). The times participants took to hit the screen were not different 
between the baseline condition and the two other experimental conditions in either of 
the age groups (Wilcoxon signed-rank test: p>.05). 

4.3.4 Influence of dual tasks on interception task performance for (relatively 
fit) OA measured in the original experiment and OA with ADL 
problems (Hypothesis 4) 

4.3.4.1 Illusion effect 

Similar to what we found for the baseline condition, the overall illusion effects in the 
balance and counting conditions for OA in the current experiment were not different 
than the ones measured in the original experiment for (relatively fit) OA (balance: 
U=180.5, p=.161; counting: U=152, p=.297). 
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However, when looking at how the types of illusion effects are distributed across 
participants, we observe that while this depends on the condition in OA in the current 
experiment (right of Figure 5), this is virtually constant across conditions for the 
(relatively fit) OA in the original experiment (Baseline: 47.4% ‘over integration’ 
pattern, 47.4% ‘minimal use of visual information’ pattern, 5.2% (one participant) 
‘dragged by the background’ pattern; Balance: 47.4% ‘over integration’ pattern, 
52.6% ‘minimal use of visual information’ pattern). The increased cognitive demand 
of the counting task had the same effect in the two experiments increasing slightly the 
number of participants with the ‘minimal use of visual information’ pattern and 
decreasing slightly the number of participants with the ‘over integration’ pattern 
compared to the baseline (Counting: 31.6% ‘over integration’ pattern, 68.4% 
‘minimal use of visual information’ pattern, 0% ‘dragged by the background’ pattern).  

4.3.4.2 Percentage of hits 

Similar to what we found for the baseline condition, OA in the current experiment hit 
less targets than OA in the original experiment in both the balance and counting 
conditions (percentages of hits balance: U=180.5, p<.001; counting: U=152, p<.01). 
OA in both experiments hit less targets in the counting condition as compared to the 
baseline condition. 

4.3.4.3 Number of no tap trials 

Similar to what we found for the baseline condition, the overall number of no tap trials 
did not differ between the two groups of OA in both the balance and counting 
conditions (balance: U=180.5, p=.759; counting: U=152, p=.987). OA in both 
experiments had more no tap trials in the counting condition compared to the baseline 
condition. 

4.3.4.4 Time to tap 

Similar to what we found for the baseline condition, OA in the current experiment had 
longer times to tap than OA in the balance condition of the original experiment 
(U=180.5, p<.001). The same trend was observed for the counting condition but the 
difference did not reach significance (U=152, p=.061). The times OA in the current 
experiment took to hit the screen were not different between the conditions. These 
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results are different from what we found in the original experiment where OA hit the 
screen faster in the balance condition and slower in the counting condition compared 
to the baseline condition. 

4.4 Discussion 

This study first aimed at investigating whether we can replicate the results found in 
an earlier experiment in which bulky lab-grade equipment was used with a mobile 
setup in order to develop a diagnostic tool of sensory integration issues for OA. 
Second, this study aimed at investigating the differences between healthy OA and YA 
with varying levels of physical functioning in the interception task.  

4.4.1 Replication of the original experiment on a tablet in YA (Hypothesis 1) 

Our first hypothesis was that the effect of the moving background would be similar in 
both experiments (H1). As Table 2 indicates, the main effects were replicated, but 
there were also differences between both experiments: taps deviated to the center of 
the screen, the percentage of hits was lower, and the times to tap the screen were 
longer in two of the three conditions as compared to the original experiment. 
Differences in task difficulty may have caused these dissimilarities. By scaling down 
the setup to the tablet size, three adjustments were necessary that likely increased the 
general task difficulty: target size, trajectory visibility, and target speed as discussed 
below. We argue that the increased task difficulty is the underlying cause of all above 
mentioned effects. 

The size of the target was significantly smaller in the current experiment compared to 
the original one with a diameter of two centimeters (2° of visual angle) instead of six 
centimeters (6° of visual angle) while the distance between the eyes and the screen 
was about the same (see Table 1). This may have increased the difficulty of the overall 
task for all participants. Indeed, it is known that a decrease in target size negatively 
impacts its detection (Kincaid et al., 1960; Johnson et al., 1978). Additionally, the size 
of the target was larger in proportion to its visible travelled trajectory. In the original 
experiment, the five different direction of target motion were easily distinguishable. 
In the current experiment, the deviations were smaller and, with the addition of the 
target being proportionally larger, it might have been harder to distinguish the three 
directions of target motion because of larger overlapping in trajectories at the 
beginning of the path. 
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Another difference that may have been essential was the changed speed of the target; 
12cm/s in the current as opposed to 50 cm/s in the original experiment (de Dieuleveult 
et al., 2018). The larger illusion effect with slower targets is in accordance with results 
found by Brenner and Smeets (2015) who showed that the influence of the moving 
background was larger for slower targets (Brenner and Smeets, 2015). The exact cause 
of this effect has to be examined in order to understand why the influence of the 
moving background is smaller when the target or, associated to that, the hand is 
moving faster. Apart from differences in task difficulty, we cannot exclude that other, 
unknown differences between the two experiments have played a role, such as 
environmental and demographical differences (besides gender and age which we 
checked for).  

4.4.2 Performance of OA with ADL problems in the baseline condition as 
compared to (relatively fit) OA measured in the original experiment 
(Hypothesis 2) 

We hypothesized that the OA in the current experiment (with ADL problems) would 
be more influenced by the background motion and would perform less well in general 
in the interception task than the OA of the previous study who had no problems to 
perform the ADL. However, the study shows that the OA in the current study showed 
three different patterns of illusion effect: a (large) illusion effect (‘over integration’ 
pattern), a reverse illusion effect (‘dragged by the background’ pattern) and no illusion 
effect (‘minimal use of visual information’ pattern). The ‘dragged by the background’ 
pattern was not present in the (relatively fit) OA of the original experiment (only one 
participant in the baseline condition). Additionally, and in accordance with our 
expectations, OA in the current experiment hit less targets and were slower to tap the 
screen compared to OA of the original experiment. This is in accordance with the 
general increase in task difficulty as also seen in the data of the YA and discussed in 
the previous section. 

We have the following explanation for the first two effects. In general, OA in the 
current study were less fit and therefore may have had more difficulties to properly 
perform the task, i.e. the effects are caused by differences in the samples of OA. In 
addition, task difficulty may have modulated the effects of age for specific samples. 
Therefore, both factors (increased task difficulty and OA group differences) are 
elaborated upon below.  
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4.4.2.1 Increased task difficulty for OA with ADL issues compared to (relatively 
fit) OA 

Generally, performance of both OA and YA suggest that the task is more difficult in 
the current setup (See Section 5.1. that explain the increased task difficulty). With 
advancing age, sensorimotor performance is altered. OA have, for example, 
difficulties in coordination, an increased variability of movement, and slower 
movements (Contreras-Vidal et al., 1998; Seidler et al., 2010; Lee et al., 2013). As a 
consequence, with age, OA are less and less able to perform accurate movements. The 
smaller target of the current experiment (two centimeters instead of six centimeters) 
required participants to be more accurate when intercepting the target as compared to 
the original one. These changes might have increased the difficulty of the task for OA 
with ADL issues compared to OA without ADL issues.  

As described by Hubel and Wiesel in 1962, perception of objects and motion is driven 
by feed forward connections between the lateral geniculate nucleus (LGN), layer IV 
simple cells and layer II/III complex cells leading to orientation and direction-
selective receptive fields in the primary visual cortex neurons (V1) (Hubel and Wiesel, 
1962; Alitto and Dan, 2010). Gamma-aminobutyric acid (GABA) mediated inhibition 
is necessary for neuronal responsiveness and selectivity in V1 in order to suppress 
neuronal responses for irrelevant stimuli (Alitto and Dan, 2010). These 
excitation/inhibition processes have been shown to be less effective in OA (Leventhal 
et al., 2003; Francois et al., 2011; McDougall et al., 2018). This may underlie our 
original finding (De Dieuleveult et al., 2018) that OA are less able to ignore the 
(irrelevant) background motion in the interception task. McDougall et al. recently 
discovered that the receptive fields of V1 neurons in OA could expand due to changes 
in GABAergic functioning leading to a summation enhancement of the neurons 
responses (McDougall et al., 2018). As a consequence, signals from different small 
moving stimuli (the target and the squares of the background in the interception task) 
are pooled together, leading to erroneous percept and additional motion noise 
(McDougall et al., 2018). The target and the squares of the background being smaller 
in the current experiment as compared to the original one, might have increased this 
summation enhancement issue and increased the difficulty of OA to dissociate these 
two stimuli. 

Age-related decline in motion sensitivity is also known to be particularly strong for 
central vision as compared to peripheral vision (Wojciechowski et al., 1995; Owsley, 
2011). The target in the current experiment was smaller than the one in the original 
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experiment (2° of visual angle instead of 6°). OA had to rely more on their 
(compromised) central vision to distinguish the target from the background in the 
present study, thus increasing their tendency to tap in the center of the screen as a 
more probabilistic strategy, reducing the illusion effect and decreasing their 
percentage of hits.  

4.4.2.2 OA group differences 

 

Figure 7: Graph representing the three hypothesized age-related transitions in 
patterns happening in the interception task. In the early phase of age-related changes 
(transition 1), there is a tendency to integrate all available information with a lack of 
proper weighting less reliable information (‘over integration’ pattern). In a second 
phase of the age-related process, OA become unable to downregulate the task-
irrelevant background and are dragged by it, showing a reverse effect of the illusion 
(transition 2) (‘dragged by the background’ pattern). In a later phase of age-related 
changes, multisensory integration becomes too difficult, and older adults change their 
pattern again (transition 3), basically turning the interception task into Reaction Time 
task (‘minimal use of visual information’ pattern). 

Differences between the two groups of OA might add up to the increased task 
difficulty as a cause of differences in the task performance. Compared to the original 
experiment, the OA in this experiment were selected such as to also include 
individuals who would score below ceiling level on the conventional ADL-related 
tests. They were also on average older than the participants of the original experiment 
(mean age: 75.9 ± 4.65 years compared to 67 ± 6.40 years). Thus, the degradations 
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described earlier (motion discrimination problems), as well as other age related 
decline such as increased variability of movements, slowing movements, coordination 
problems and balance problems (Seidler et al., 2010; Lee et al., 2013), may have 
become more noticeable and lead to different results between the current compared to 
the original experiment. The combined results of the original experiment and the 
current one, lead us to propose a transitional model of the aging process happening in 
our task (model depicted in Figure 7).  

In this model, YA are depicted first. This group of participants puts a high weight on 
the target and small or no weight on the background, resulting in a small illusion effect 
caused by the moving background. In other words: YA can largely (but not 
completely) ignore the task irrelevant background motion. 

The original experiment showed an increased illusion effect for OA as compared to 
YA. The group of OA that participated in that experiment did not have any problem 
to perform the ADL. Similar results were found for some of the OA in the current 
experiment. In our previous article, we hypothesized that the strong illusion effect was 
caused by OA having more trouble to ignore irrelevant sensory information in general 
(Teasdale et al., 1991; Berard et al., 2012; Eikema et al., 2014; McGovern et al., 2014; 
de Dieuleveult et al., 2017). With age, proprioceptive and vestibular information 
become less reliable and may force OA to rely more on vision, they put more weight 
on the visual cues, leading to an over integration of the background motion and larger 
direction error (Brenner and van den Berg, 1994; de Dieuleveult et al., 2018). 
Therefore, this early stage of the aging-related degradation process might be the cause 
of a first transition in performance patterns (transition 1 in Figure 7) with participants 
over-integrating the background motion as compared to YA. This is in line with 
previously found results of the literature that showed that OA tend to integrate all the 
information present in the environment (Teasdale et al., 1991; Berard et al., 2012; 
Eikema et al., 2014; McGovern et al., 2014; de Dieuleveult et al., 2017). 

The OA in the current experiment had on average more problems to perform the ADL 
as compared to OA of the original experiment. They had lower scores in the pretests 
as well, were older, hit less targets and were slower. Some of the OA in the current 
experiment had similar results as the ones that participated in the original experiment 
(’over integration’ pattern). However, some had a reverse illusion effect (tapped more 
to the left for a left background motion and more to the right for a right background 
motion, ‘dragged by the background’ pattern) and some did not show any effect of 
the illusion (‘minimal use of visual information’ pattern). 
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In the second pattern described in this experiment (‘dragged by the background’ 
pattern), the OA showed a reverse illusion effect as compared to the ‘over integration’ 
pattern. This effect was not observed in the original experiment. This could reveal a 
second pattern of the aging process happening in our task, the age-related degradations 
in the sensory systems might become larger and hinder participants from 
downregulating the task-irrelevant, but relatively salient, background. Participants put 
more and more weight on the background to the extent that the background outweighs 
the target. They start then to be dragged by the background motion that they cannot 
ignore and tap following this background instead of following the target’s direction 
of motion. These results are supported by the fact that the OA with the ‘dragged by 
the background’ pattern had more no tap trials than the ones with the ‘over integration’ 
pattern, showing that the task was more difficult for them. 

For the last pattern (‘minimal use of visual information’ pattern), the illusion effect 
found in the original experiment was not present since these participants tapped 
towards the center of the screen instead of following the target or background 
direction of motion. These results suggest that when the task becomes too difficult, a 
third transition in patterns and therewith performance occur in OA (transition 3 in 
Figure 7). Participants don’t try to intercept the targets anymore. The interception task, 
which required sensory integration, became a simple RT task with participants taping 
in the center of the screen in a more probabilistic strategy. These results are supported 
by the fact that the participants with the ‘minimal use of visual information’ pattern 
had shorter times to tap as compared to the ‘over integration’ pattern, showing that 
they tend to tap as fast as possible. This is in line with findings of the literature that 
showed that OA present a slowing of the integrative systems and difficulties to 
integrate sensory information into the central nervous system (Stelmach et al., 1989; 
Teasdale et al., 1991; Furman et al., 2003; Diederich et al., 2008; Hugenschmidt et 
al., 2009b; Stephen et al., 2010; Elliott et al., 2011; Mahoney et al., 2011; Dobreva et 
al., 2012; Mahoney et al., 2012; Mozolic et al., 2012; Wu et al., 2012; DeLoss et al., 
2013; Guerreiro et al., 2014; Guerreiro et al., 2015). This transition to a different 
(easier) pattern, driven by task difficulty, might be a good indicator for ADL 
performance.  

Additionally, the OA of the current experiment were older than the ones of the original 
experiment, and thus might have been more affected by age-related movement 
deficits. Indeed, with age, OA experience a decline in sensorimotor control and 
functioning which can be attributed to changes in the central and peripheral nervous 
systems and the neuromuscular system (Seidler et al., 2010). These changes lead to 
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motor performance deficits often associated with a diminished ADL performance 
(Seidler et al., 2010). These deficits might be an additional cause of difficulties to 
reach the screen accurately for these participants as compared to the participants of 
the original experiment and might add to the causes of this change in pattern. 

We did not find any differences in the performance of the ADL-related pretests for 
the three patterns of illusion. This is not in accordance with the expected decrease in 
performance across the patterns. These results might be explained by the small 
number of participants with each of the three patterns. Additionally, as opposed to the 
interception task, the ADL-related pretests do not focus on vision and upper limb 
movements, which can explain why we found no relation between the results of the 
tasks.  

4.4.3 Influence of dual tasks on interception task performance for OA and 
YA with ADL problems (Hypothesis 3) 

We hypothesized that OA with ADL issues would be more influenced by the 
additional tasks as compared to YA (H3). The results of the experiment did not 
confirm this hypothesis. Indeed, we presented two dual tasks in this experiment, one 
that perturbed mainly the proprioceptive and vestibular inputs (balance condition) and 
one that perturbed mostly cognition (counting condition). Figures 4 and 5 showed that 
these additional tasks have a negative impact on the performance of both OA and YA 
but did not show a larger effect of the dual tasks in OA compared to YA. This is in 
accordance with previously reported results showing that dual tasks decrease task 
performance (Redfern et al., 2001; Mahboobin et al., 2007; Redfern et al., 2009; 
Bisson et al., 2014; de Dieuleveult et al., 2017). 

Standing on the foam in the balance condition influenced the illusion effect in OA and 
YA. Indeed, this additional task increased the number of participants that tapped 
towards the center of the screen without following the actual direction of the target 
motion in both age groups as compared to the baseline condition. However, the 
percentages of hits, numbers of no tap trials and times to tap were not different 
between the balance and baseline conditions for both age groups. 

The counting condition seemed to be more challenging for both age groups. In this 
condition, none of the OA had an effect of the background motion except one 
participant that had a reverse illusion effect. None of these participants had an ‘over 
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integration’ illusion effect. Additionally, both age groups had a larger amount of no 
tap trials in the counting condition as compared to the baseline condition and the OA 
intercepted less targets in the counting condition than in the baseline condition.  

4.4.4 Influence of dual tasks on interception task performance for (relatively 
fit) OA measured in the original experiment and OA with ADL 
problems (Hypothesis 4) 

We hypothesized that OA with ADL issues would show differences in illusion effect 
between dual and single task conditions as opposed to OA without ADL problems 
(H4). These differences could be associated with a decline in compensatory 
mechanisms in OA with ADL issues that are still effective in OA without ADL 
problems. The results of the experiment confirmed this hypothesis. Indeed, OA with 
ADL problems measured in the current experiment showed differences between the 
experimental conditions. Both additional tasks increased the number of OA with the 
‘minimal use of visual information’ pattern while only the counting condition did in 
the original experiment. Additionally, the group of OA in the current experiment 
comprised a large proportion of OA with the ‘dragged by the background’ pattern in 
both the baseline and balance conditions while only one participant showed this 
pattern in the baseline in the original experiment.  

The changes observed in OA with ADL problems in the presence of secondary tasks 
might reveal proprioceptive/vestibular and cognitive compensatory mechanisms that 
normally help to reduce deficits caused by being unable to ignore the background 
motion in our task. With age, these compensatory mechanisms might become no 
longer sufficient. This could explain the degradation in performance in the 
interception task observed in OA. Aging participants rely more and more on the visual 
system and are less and less able to ignore the task-irrelevant background and tend to 
be dragged by it when tapping (reverse effect of the illusion). This decline in 
compensatory mechanisms might then be responsible for transition 2 and could be a 
factor of poorer performance in the ADLs. 

4.5 Conclusions and future directions 

We transferred the previously tested interception task from a large screen to a portable 
tablet version. Although there were differences between both setups, the tablet version 
showed similar effects of the background illusion for comparable samples (i.e. the 
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YA) and was able to reveal differences between age groups (three different patterns). 
This warrants further investigation of the tablet as potential diagnostic tool in clinical 
practice, for instance by linking task performance (patterns) on the interception task 
to ADL scores on an individual basis. 

Further experiments are necessary to link participants’ characteristics (i.e. age and 
ADL score) to their pattern on the interception task, and to explore the modulating 
effect of task difficulty. For example, varying task difficulty may help to reveal 
individual transition points (transition 1, 2 and 3 in Figure 7) that in turn might 
correlate with ADL score. Such an approach would benefit from a wide range in age 
and ADL issues. This way, it would be possible to identify more clearly the different 
key transitional points in terms of age and ADL scores, understand better the causes 
of these changes and choose best interventions in order to train ADL performance.  

If the transitional model is valid and specific patterns correlate well with ADL scores, 
it would have an impact for clinical practice. To train individuals to help them live 
independently for a longer time, clinicians would need to identify where their patients 
are in our model. Pattern one of the aging process reveals problems in multisensory 
integration (more specifically in appropriately weighing sensory inputs). Clinicians 
would then want to decrease these problems using specific multisensory integration 
training programs such as training programs to ignore irrelevant information in a 
multisensory environment. Pattern two of the aging process reveals multisensory 
integration issues as well and weaknesses in sensory compensatory mechanisms. 
Clinicians would want to decrease these problems using specific multisensory 
integration training programs, as in the first pattern of the aging process, and specific 
proprioceptive/vestibular and cognitive training programs to restore the compensatory 
mechanisms. Pattern three of reveals target detection issues and motor problems. 
Clinicians would then want to target these specific problems using simple detection 
tasks and upper limb physical training programs. The interception task would be a 
valuable diagnostic tool to distinguish the three patterns in clinical practice. 
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5 Chapter 5: A Simple Interception Task Correlates with 
Activities of Daily Living scores in Aging 

Abstract 

This experiment aims to investigate potential correlations between the results of a 
simple target interception task and well-known Activities of Daily Living (ADL) tests. 
In this task, participants intercepted objects moving downwards on a screen while a 
horizontally moving background created an illusion of horizontal motion of the object. 
It has previously been shown that older adults (OA) with high ADL scores (no 
problems to perform ADL) were more influenced by this illusion of motion than 
younger adults (YA). OA seem to be less able to ignore irrelevant sensory information 
(i.e. the horizontal movement) than YA. Healthy YA (n=19, 20-32 years old) and OA 
with a large range of ADL scores (n=24, 70-88 years old) participated in the 
experiment. Strong correlations were found between the results of the interception 
task and the participants’ pretests scores (m-CTSIB, SPPB, MMSE and NEADL that 
are performance tests and a self-reported questionnaire). The interception test may be 
useful as a diagnostic test and help clinicians to choose targeted interventions for 
individuals to help them live better and stay independent for longer.  

5.1 Introduction 

The development of new health technologies and advancements in medicine have 
helped extending life expectancy of the global population (Dey, 2017). In the 
meantime, the global world fertility has steadily declined (Beard et al., 2016; 
Crampton, 2009; Dey, 2017), leading to a rise of the population of sixty years old and 
older, considered as older adults (OA) by the World Health Organization (Dey, 2017). 
The growth of this population has an impact on our society; on labor markets, housing, 
health and welfare services for example (Harper, 2014).  

Assisting OA to live independently for a longer time can help to reduce the age-related 
costs for the society and to increase their quality of life. To age in place and continue 
to actively participate in society for a longer time, OA need to properly perform the 
activities of daily living (ADL). Indeed, physical inactivity has been shown to be the 
fourth leading risk factor contributing to deaths and disease in the population (Lee et 
al., 2012). According to the World Health Survey performed between 2002 and 2004 
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in 70 countries (World Health Organization, 2002) and the Study on Global AGEing 
and adult health performed between 2007 and 2010 in six major transitional countries 
(World Health Organization, 2010), around 20% of OA between 60 and 69 years old 
do not meet the physical activity guideline minimum threshold for health. This 
percentage increased to around 35% of OA between 70 and 79 years old, and to around 
50% of OA older than 80 years old.  

ADL comprises basic ADL, such as bathing and dressing (Katz, Ford, Moskowitz, 
Jackson, & Jaffe, 1963). More complex activities called instrumental ADL, for 
example shopping and using a phone (Lawton & Brody, 1969). The performance of 
these activities requires a good level of mobility defined as ‘‘the ability to move one’s 
own body through space’’, for instance during walking (Lowry, Vallejo, & Studenski, 
2012), as well as proper integration of the sensory information available from the 
environment in order to produce a focused response (de Dieuleveult, Siemonsma, van 
Erp, & Brouwer, 2017; Freiherr, Lundstrom, Habel, & Reetz, 2013; Lipsitz, 2002).  

ADL degradations can be slowed down or prevented with training programs. The 
majority of training programs currently implemented in clinical practice focus on 
mobility. Examples are balance training programs (Bellomo et al., 2009), strength 
training programs (Hazell, Kenno, & Jakobi, 2007), and functional training programs 
(Liu, Shiroy, Jones, & Clark, 2014). Some training programs for multisensory 
integration exist as well (de Vreede, Samson, van Meeteren, Duursma, & Verhaar, 
2005; Merriman, Whyatt, Setti, Craig, & Newell, 2015; Setti et al., 2014) but these 
programs could not be used as diagnostic tools as they do not measure the level of 
multisensory integration deficits in individuals. As far as we know, no diagnostic tool 
assessing multisensory integration deficits in relation to the ADL has been developed 
to this day. Without proper diagnosis, the training programs given to the individuals 
cannot be specifically focused on the causes of the limitations that they have for the 
performance of the ADL. In addition, the majority of the ADL diagnostic tools 
commonly used in clinical practice are questionnaires. These tests are self-reported, 
they may be influenced by bias in memory and social demands. Additionally, they 
cannot diagnose the cause of the ADL problem. 

It has been shown that sensory integration changes with age (de Dieuleveult et al., 
2017; Freiherr et al., 2013; Mozolic, Hugenschmidt, Peiffer, & Laurienti, 2012). OA 
tend to integrate a maximum of the sensory information from their surroundings 
instead of selecting the relevant ones for the task they intend to perform (Berard, Fung, 
& Lamontagne, 2012; Brodoehl, Klingner, Stieglitz, & Witte, 2015; de Dieuleveult et 
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al., 2017). As a consequence, they could be misled by irrelevant or unreliable 
information (Berard et al., 2012; de Dieuleveult et al., 2017). Additionally, dual tasks 
tend to impact the performance of OA to a greater extend as compared to younger 
adults (YA) (Bisson, Lajoie, & Bilodeau, 2014; de Dieuleveult et al., 2017; 
Mahboobin, Loughlin, & Redfern, 2007; Redfern, Jennings, Martin, & Furman, 2001; 
Redfern, Jennings, Mendelson, & Nebes, 2009).  

We showed previously that OA with no ADL issues were more affected by a 
background motion than YA when they had to intercept disappearing targets (de 
Dieuleveult et al., 2018). These differences between OA and YA reflected either a 
reduced ability to ignore or downregulate the visual information that was irrelevant 
for the task (i.e., the background motion) or an increased reliance on visual 
information as compared to YA (de Dieuleveult et al., 2018). These age-related 
changes could contribute to the problems that OA encounter while performing the 
ADL. Therefore, the goal of this study is to investigate the relationship between a 
similar interception task, as the one used in previous studies, and ADL issues in order 
to develop an early diagnostic and/or predictive tool for ADL problems in individual 
OA. As opposed to existing tests, our interception task focusses on multisensory 
integration deficits that could relate to the ADL. It is a quick task using upper limbs 
only which is an advantage to measure people with balance deficits. Plus, our task is 
more fun and less subjective than self-reported questionnaires. Using our diagnostic 
tool, clinicians would then be more able to tailor training programs to these specific 
problems for the individual.  

To investigate the possible relationship between multisensory integration and ADL 
issues, OA with a wide range of ADL issues participated in this experiment. The 
experiment was similar to the one used in de Dieuleveult et al. (2018) which only 
included OA with a (close to) maximum performance on ADL tests. YA and OA had 
to intercept disappearing targets moving downwards on a display with a background 
moving horizontally to the left or to the right. The main research question of this work 
is whether the results of the interception task relate to ADL problems as estimated 
using other well-known clinical tests, the Modified Clinical Test of Sensory 
Interaction on Balance (m-CTSIB), the Short Physical Performance Battery (SPPB), 
and the Nottingham Extended ADL scale (NEADL). ADL questionnaires have their 
disadvantages (as discussed above), particularly, they are self-reported. Plus, mobility 
and physical performance assessed with the m-CTSIB and SPPB are related to 
essential to perform ADL. Therefore, we decided to use these three different pretests, 
each having their strengths and weaknesses, to investigate potential correlations with 
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our task in order to have more reliable results. We hypothesize that a larger illusion 
effect (caused by the background motion) is associated with lower self-reported ADL 
functioning and poorer performance on balance tests and functional tests. To 
investigate this research question, OA were recruited from a pool of OA who had 
registered for an upcoming falls prevention project and who were expected to have a 
variety in their ability to physical function (varying scores on clinical ADL-related 
tests).  

5.2 Material and Methods 

5.2.1 Participants 

Twenty-four OA (70-88 years old, mean age 76.2 ± 1.0 years, 12 women) and 19 YA 
(20-32 years old, mean age 25.6 ± 3.5 years, 12 women) participated in the study. 
Younger participants were recruited from the TNO participant pool (Soesterberg, The 
Netherlands) and older participants were recruited from a fall prevention program in 
the health center Marne (Amstelveen, The Netherlands). They had not started with the 
fall’s prevention training activities yet. Older participants were community-dwelling 
adults. Ten of them had a history of falls. To be included in the experiment, 
participants had to self-report being right-handed, having a normal or corrected-to-
normal vision (and used their vision aids if needed), having no vestibular or balance 
dysfunction, psychiatric symptoms, or musculoskeletal or neurological problems, and 
being in relatively good health in the past two weeks. The examiner checked the 
participants’ hearing by asking them to identify two different tones that were used 
later in the experiment. To be included, participants had to score above the cut off 
score of 24 in the Mini Mental State Examination (MMSE), a screening test for 
cognitive impairments (Dick et al., 1984; Kochhann, Varela, Lisboa, & Chaves, 
2010).  

This study is part of the European Union’s Horizon 2020 research and innovation 
program. The TNO Internal Review Board on experiments with human participants 
reviewed and approved the experimental protocol (Ethical Application Ref: TNO-
2017-015). The experimental protocol was in accordance with the Helsinki 
Declaration of 1975, revised in 2013 (World Medical Association, 2013) and the 
ethical guidelines of the American Psychological Association. For their participation 
in the experiment, participants received a monetary compensation including travel 
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expenses. All participants signed an informed consent before the start of the 
experiment.  

5.2.2 Task 

Participants sat on a chair and were asked to intercept, as quickly and as accurately as 
possible with their right index finger, targets that were moving in a downward 
direction on a tablet screen. The targets disappeared after 150 ms, forcing participants 
to estimate where the target was and hit this position. Feedback was provided to the 
participants regarding their performance. After a successful hit, the target reappeared 
in green at the hit position and stayed still. After a miss trial, where participants did 
not hit at the position of the target, the target reappeared in red and moved in the 
direction opposite of the error. For instance, for a hit that was too much to the left and 
below the target actual position, the target would reappear in red and move upwards 
and to the right on the screen. This feedback was there to help participants adjusting 
their hits and learning to ignore the background. Trials in which participants did not 
tap the screen at all were counted as no tap trials.  

5.2.3 Stimuli and Materials 

 

Figure 1: (A) Schematic lay-out of the stimuli for left (L), straight (S) and right (R) 
target direction of motion. The black disc represents the target at its appearance 
position. The grey disc represents the participants’ finger home position. The solid 
lines represent the part of the target’s trajectory where it was visible, and the dashed 
lines represent the part of the target’s trajectory where it was invisible. The 150 ms 
horizontal line represents the moment of the target’s disappearance after a travel of 
1,6 cm. (B) Figure representing the experimental display. As in Figure 1A, the starting 
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position of the target and the home position are represented by the black and grey 
discs. The grey and white squares represent the moving background (blue and white 
on the real screen). 

A 12.3-inch tablet (Microsoft Surface, size: 29.21 x 20.14 cm, resolution: 2736 x 1824 
pixels) positioned on a table (height: 90 cm) in a vertical orientation and tilted 
backward by 30° was used to present the stimuli to the participants. During the 
experiment, participants had their eyes at about 60 cm from the screen (so 1 cm is 
about one degree of visual angle). In order to start each trial, participants had to 
position their right index finger on the home position, a 1.6 cm diameter green disc 
that was situated 6 cm below the center of the screen (coordinates (0,-6); see Figure 1 
for a schematic lay-out of the stimulus). The target appeared after a random time 
between 600 ms and 1200 ms. The target was a 2 cm diameter black disc that appeared 
8.65 cm above the center of the screen (coordinates (0, 8.65); see Figure 1) and moved 
downwards to the bottom of the screen at a vertical velocity of 12 cm/s and in one of 
three different horizontal velocities (-7.2, 0, or 7.2 cm/s). The direction of motion of 
targets deviating to the left is referred to as “L”, the direction of motion of targets 
moving straight forwards is referred to as “S” and the direction of motion of targets 
deviating to the right is referred to as “R”. The targets stayed visible for 150 ms and 
then disappeared. The disappearing points were: L (-0.51,7.05), S (0.00,7.05) and R 
(0.51,7.05). A full screen checkerboard background composed of 2 cm sides white 
and blue squares was present during the trials. At appearance of the target, the 
background moved randomly to the right or to the left with a velocity of 9.6 cm/s. 
During the entire runs, a computer presented sequences of high (1 kHz for 500 ms, 
40% of the tones) and low tones (250 Hz for 100 ms, 60% of the tones), separated by 
random time intervals between 2 and 6 seconds, through speakers that were situated 
behind the tablet. The tones were non-informative to the interception task and had to 
be ignored. 

5.2.4 Procedure 

The session started with four commonly used clinical tests to estimate the mental and 
physical functioning of the participants. All of these pretests measure parameters 
necessary to correctly perform the ADL. Cognitive impairments were assessed using 
the Mini-Mental State Examination (MMSE) with a cut off score of 24 (Dick et al., 
1984). This test is a 30-points questionnaire comprising simple questions and tasks. 
Sensory interaction and balance deficits were assessed using the modified-Clinical 
Test of Sensory Interaction and Balance (m-CTSIB) (Horn et al., 2015; Shumway-
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Cook & Horak, 1986). In this performance test, participants have to stand for 30 
seconds on a firm or a foam surface with their eyes open or closed. Two examiners 
were standing next to the participant during this test to ensure the safety of the 
participants. A block of foam with a length and width of 40 cm, a height with no load 
of 15 cm, a height of about 10 cm when compressed by the weight of a participant, 
and a density of 35 kg/m3 was used in this test. The lower limb physical functioning 
of the participants was assessed using the Short Physical Performance Battery (SPPB) 
(Guralnik et al., 1994; Pavasini et al., 2016). This performance test includes balance 
tests (side-by-side stand, semi tandem stand and tandem stand), chair stand tests and 
gait speed test (we used the 10 meters gait speed test instead of 3 or 4 meters). 
Difficulties to perform the ADL were assessed using the Nottingham Extended ADL 
scale (NEADL) (Nouri & Lincoln, 1987). This questionnaire comprises 22 questions 
separated in four categories, mobility (six items), kitchen (five items), domestic (five 
items) and leisure (six items) activities, each rated from 0 (not capable of performing 
this activity) to 3 (easy to perform). 

At the beginning of the test phase, participants were provided with a PowerPoint 
presentation explaining the entire task and procedure. The experiment started with a 
practice session where participants had to perform six trials with the target remaining 
visible (two trials for each of the three directions of target motion in randomized 
order) and unlimited randomized trials with the target disappearing after 150 ms, all 
with feedback on performance as described above. This session continued until 
participants felt comfortable with the task. Then, participants performed three 
different experimental conditions in a random order. Only the baseline condition is 
presented in this article. The Baseline was presented in a block of 57 trials (around six 
minutes of testing time): Three (extra) practice trials without background motion (one 
trial per direction of target motion in random order), followed by 54 experimental 
trials. In the 54 experimental trials, the background moved to the left in half of the 
trials (nine trials per direction of target motion) and to the right in the other half of the 
trials (nine trials per direction of target motion). Participants were instructed that they 
could take breaks at any time during the experiment.  
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5.2.5 Data Analyses 

5.2.5.1 Direction error according to the tap position 

 

Figure 2: Figure depicting the direction error according to the tap position. The 
direction error is the angle in degrees between the lines from the target position when 
it disappears to the tap position or the target position at the time of the tap. Direction 
errors were considered negative when, as in the example, the hit position was on the 
left of the target position at the time of tap. 

The direction error is the angle in degrees between the actual motion direction of the 
target and the participant’s perception of the motion direction of the target after the 
disappearing point (see Figure 2). Direction errors were considered negative when, as 
in the example given in Figure 2, the hit position was on the left of the target position 
at the time of tap, and positive if the hit position was on the right of the target position 
at the time of tap. The mean direction errors were calculated for each participant and 
background motion and averaged. The illusion effect created by the background 
motion is defined as the left background motion effect minus the right background 
motion effect. 
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5.2.5.2 Direction error according to the straight direction of motion 

 

Figure 3: Definition of the direction error according to the straight direction of 
motion of the target. The direction error is the angle in degrees between the straight 
direction of motion of the target (the line between the target position at the start and 
the target position at the time of hitting along the straight target direction of motion) 
and a line between the position of the target after 150 ms presentation time (i.e., 
disappearing point) and the hit position. Direction errors were considered negative 
when, as in the example, the hit position was on the left of the target position at the 
time of tap. 

Since in certain cases, our participants seemed to simply hit straight below the starting 
position of the target, rather than using the target’s direction of motion, we designed 
a measure to quantify this. The direction error according to the straight direction of 
motion of the target is the angle in degrees between the direction of a target that moves 
straight downwards on the screen and the direction the participant considered it to be 
moving after disappearing according to the position of tap (see Figure 3). When the 
tapping position was on the left compared to the target straight direction of motion (as 
shown in the example given in Figure 3), the direction error was assigned a negative 
value, when the tapping position was on the right compared to the target straight 
direction of motion, the direction error was assigned a positive value. 

5.2.5.3 Hit, miss and ‘no tap’ trials 

A trial was considered to be a successful hit when the tip of the finger reached the 
screen within the 2 cm diameter of the target. The trial was considered a miss if the 



95 
 

finger hit the screen in a position that was outside the 2 cm diameter of the target. If 
the participant did not hit the screen at all, the trial was considered a no tap trial. 

5.2.5.4 Average time to tap 

The time to tap is the time between the target’s appearance and the hit of the screen 
by the participant’s finger.  

5.2.5.5 Statistical analyses 

To test for the relation between the results of the interception task and the standard 
clinical tests we used multiple regression analyses. Multiple regression analyses were 
performed using the MATLAB function fitlm. Multiple regression analyses were 
calculated to predict pretest scores based on the results of the interception task. m-
CTSIB score or gait speed (in SPPB) or chair stand speed (in SPPB) or MMSE score 
or NEADL score were used as dependent variable. The illusion effect, time to tap, 
percentage of hits, number of no tap trials and absolute direction error according to 
the straight direction of target motion in the baseline were used as independent 
variables. In order to control for demographic variables possibly influencing the 
results, the analysis was also done with the age of the subjects and their gender as 
independent variables. Diagnoses of outliers for the multiple regression analyses were 
done using the MATLAB functions regress and rint. The function regress divides the 
residuals by an estimate of their standard deviation (independent of their value). If the 
interval returned in rint does not contain zero, the corresponding residual is larger than 
expected in 100*(1-alpha)% of new observations. This suggests an outlier. These 
analyses were performed using OA and YA as a single group of participants. In this 
article we are focusing on OA but since this test aims to measure ADL problems in 
general, we included data of both YA and OA. The MATLAB function corrplot was 
used to investigate Pearson correlations between the results of the pretests (m-CTSIB 
scores, gait speed measured in the SPPB, five times chair stand time measured in the 
SPPB, MMSE, and ADL scores of the NEADL). 

5.3 Results 

The results of the pretests are presented following the chronological order of the 
experiment: m-CTSIB, SPPB, MMSE, NEADL. 
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5.3.1 Description of the Participants info and general ability to perform the 
interception task 

Table 1: Participants’ general information and results on the pretests (m-CTSIB, 
SPPB, MMSE and NEADL) as compared to normative values found in the literature 
and results of the interception task parameters 
 

Group of participants  YA (n=19) OA (n=22) 
Age (years) (range, 

mean ± SD) 
 20-32, 25.6 ± 3.5 70-88, 76.2 ± 1.0 

Gender  
58.3% female, 41.7% 

male 
54.5% female, 45.5% 

male 
Pretests    

m-CTSIB 

Mean ± SD/max score (s) 

All conditions: 119.6 ± 
1.6/120, Standing on 

foam, eyes closed: 
29.6 ± 0.4 

All conditions: 97.6 ± 
2.8/120 

Standing on foam, eyes 
closed: 9.4 ± 2.2 

Normative score in literature 
(Mean ± SD) (s) 

Standing on foam, 
eyes closed: 301 

Standing on foam, eyes 
closed: age 65: 26.0 ± 

8.4; age 75: 19.8 ± 10.51 

SPPB 

Total score 

Mean ± SD/max score 11.8 ± 0.4/12 9.8 ± 0.4/12 

Normative score in literature 
(Mean ± SD) 

- 
8.3 ± 2.72 
9.7 ± 2.03 

10.5 ± 1.64 
Stand Mean ± SD/max score 4/4 3.7 ± 0.1/4 

Gait speed Mean ± SD (s) 7.3 ± 0.9 11.4 ± 1.3 
Chair stand 

speed 
Mean ± SD (s) 9.2 ± 1.7 15.7 ± 1.6 

MMSE 

Mean ± SD/max score 28.9 ± 1.2/30 27.7 ± 0.4/30 

Normative score in literature 
(Mean ± SD) 

Age 18-24: 29 ± 2 
Age 25-29: 29 ± 1.3 
Age 30-34: 29 ± 1.35 

Age 65-69: 27.7 ± 2.5 
Age 70-74: 27.5 ± 2.3 
Age 75-79: 27.1 ± 1.8 
Age 80-84: 26.5 ± 2 
Age 85+: 25.9 ± 1.86 

NEADL 
Mean ± SD/max score 66/66 57.2 ± 1.8/66 

Clinically relevant change - 6.17 
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Group of participants  YA (n=19) OA (n=22) 

Interception task    

Illusion Effect Mean ± SD (degrees) 12.0 ± 16.5 -7.8 ± 38.4 

Time to tap Mean ± SD (s) 0.6 ± 0.1 0.7 ± 0.2 

% Hits Mean ± SD (%) 21.5 ± 9.5 6.5 ± 7.2 

Number no tap Mean ± SD 0.1 ± 0.2 1.8 ± 2.2 

Abs direction error Mean ± SD (degrees) 25.3 ± 5.3 28.3 ± 15.9 

References: 
1. Vereeck et al. (2008) 2. Perera et al. (2006) 3. Gomez et al. (2013) 4. Chen et al. (2014) 

5. Crum et al. (1993) 6. Bravo and Hebert (1997) 7. Wu et al. (2011) 

Inspecting the interception task data revealed that the performance of two OA could 
be considered as outliers with number of no taps and reaction times both larger than 
29 SD from the mean. The data of these two OA were removed from the dataset 
leaving 22 OA and 19 YA for the analyses. Information about the remaining 
participants and their results in the pretests and in the interception task can be found 
in Table 1. Normative scores and values for the pretests can be found in the table as 
well (Bravo & Hebert, 1997; Chen, Blake, Genther, Li, & Lin, 2014; Crum, Anthony, 
Bassett, & Folstein, 1993; Gomez, Curcio, Alvarado, Zunzunegui, & Guralnik, 2013; 
Perera, Mody, Woodman, & Studenski, 2006; Vereeck, Wuyts, Truijen, & Van de 
Heyning, 2008; Wu, Chuang, Lin, Lee, & Hong, 2011). 

5.3.2 Correlations of the results in the interception task and ADL-related 
tests performance 

5.3.2.1 Multiple regression analyses 

Table 2: Multiple linear regression results tables. The results of the pretests were used 
as dependent variable and the results of the interception task were used as 
independent variables. The Multiple linear regression model used was: Y(predicted) 
= Intercept + a*(illusion effect) + b*(time to tap) + c*(% Hits) + d*(number no tap) 
+ e*(abs direction error), with Y as predicted result. F represents the F-statistic, p 
represents the p-value, R2 represents the coefficient of determination and RMSE 
represents the root mean squared error. 

 



98 
 

m-CTSIB Estimate SE tStat pValue 
Intercept 117.15 10.50 11.20 <.0001 
Illusion effect 0.03 0.07 0.40 .688 
Time to tap -22.77 13.84 -1.65 .109 
% Hits 0.51 0.17 3.08 .004 
Number no Tap -3.63 1.11 -3.27 .002 
Abs Direction Error 0.08 0.15 0.49 .630 
Multiple linear regression F(40,34)=11.50, p<.0001, R2=.629, RMSE=9.59 
Formula Y= 117.5 + 0.03*(illusion effect) - 22.77*(time to tap) + 0.51*(% hits) 

- 3.63*(number no tap) + 0.08*(abs direction error) 
Gait Speed Estimate SE tStat pValue 
Intercept  5.21 3.06 1.70 .098 
Illusion effect 0.03 0.02 1.72 .096 
Time to tap 4.39 4.30 1.02 .315 
% Hits -0.02 0.05 -0.42 .676 
Number no Tap 1.05 0.32 3.24 .003 
Abs Direction Error -0.003 0.05 -0.07 .944 
Multiple linear regression F(39,33)=2.99, p=.025, R2=.312, RMSE=2.80 
Formula Y = 5.21 + 0.03*(illusion effect) + 4.39*(time to tap) - 0.02*(% hits) + 

1.05*(number no tap) - 0.003*(abs direction error) 
Chair Stand Speed Estimate SE tStat pValue 
Intercept 9.07 3.96 2.29 .028 
Illusion effect -0.02 0.03 -0.58 .566 
Time to tap 11.54 5.23 2.21 .034 
% Hits -0.13 0.06 -1.99 .055 
Number no Tap 0.50 0.42 1.20 .238 
Abs Direction Error -0.12 0.06 -2.04 .0498 
Multiple linear regression F(39,33)=4.59, p=.003, R2=.410, RMSE=3.64 
Formula Y = 9.07 - 0.02*(illusion effect) + 11.54*(time to tap) - 0.13*(% hits) + 

0.50*(number no tap) - 0.12*(abs direction error) 
MMSE Estimate SE tStat pValue 
Intercept 29.83 1.72 17.31 <.0001 
Illusion effect 0.004 0.01 0.38 .705 
Time to tap -3.13 2.29 -1.36 .182 
% Hits -0.01 0.03 -0.45 .657 
Number no Tap -0.21 0.18 -1.16 .254 
Abs Direction Error 0.03 0.03 1.09 .283 
Multiple linear regression F(41,35)=0.83, p=.536, R2=.106, RMSE=1.60 
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NEADL Estimate SE tStat pValue 
Intercept 55.76 4.01 13.90 <.0001 
Illusion effect 0.02 0.03 0.65 .517 
Time to tap 0.88 5.59 0.16 .875 
% Hits 0.16 0.07 2.45 .020 
Number no Tap -1.31 0.42 -3.09 .004 
Abs Direction Error 0.20 0.07 3.05 .005 
Multiple linear regression F(39,33)=7.80, p<.0001, R2=.542, RMSE=3.67 
Formula Y = 55.76 + 0.02*(illusion effect) + 0.88*(time to tap) + 0.16*(% hits) 

- 1.31*(number no tap) + 0.20*(abs direction error) 

Multiple regression analyses were performed to see how strongly ADL scores are 
related to the results of the interception task. The results can be found in the Table 2. 

 

Figure 4: Multiple regression models predicting m-CTSIB scores (A), 10 meters gait 
times (B), chair stand test times (C) and NEADL scores (D) according to the 
parameters of the interception task (direction error, time to tap, percentage of hits, 
number of no tap trials, and absolute direction error according to the straight 
direction of target motion) according to age of the participants. The x represent the 
predicted scores, the circles represent the measured scores. 
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Multiple regression analyses were performed to see how strongly ADL scores are 
related to the results of the interception task. The results can be found in the Table 2 
and Figure 4. Outliers were diagnosed (as described in the Methods section) and 
removed from the analysis of the pretest concerned (one OA for the m-CTSIB, two 
OA for the gait speed, two OA for the chair stand speed, none for the MMSE and two 
OA for the NEADL). The analysis of the influence of demographic variables (age and 
gender) on the results of the pretests showed an influence of age on the m-CTSIB 
scores in OA (t(14)=-2.3, p=.037). This is in accordance with previous results of the 
literature (Bascuas et al., 2013). Age and gender did not have any influence on the 
other pretests for both OA and YA. The results revealed high correlations between the 
results of the interception task and the m-CTSIB and NEADL tests scores, moderate 
correlations with gait speed and chair stand speed, and no significant correlation with 
the MMSE test. We will discuss them in the order the tests were taken. 

There was a strong relationship between the m-CTSIB scores and the results of the 
interception task (F(40,34)=11.50, p<.001). This is confirmed by a coefficient of 
determination (R2) of .629, indicating that 63% of the variance in the scores of the m-
CTSIB is explained by the results of the interception task. This effect was mainly 
caused by the percentage of hits (p=.004) and the number of no tap trials (p=.002). 
High scores in the m-CTSIB were correlated with high percentages of hits and low 
numbers of no tap trials. Figure 4A shows the predicted and measured scores of the 
m-CTSIB for all the participants. The predicted scores were globally underestimated 
for YA and globally overestimated for OA as compared to the measured scores. 
Almost all the YA were at the ceiling level score of 120 for this test while the predicted 
scores were more diverse, suggesting that the m-CTSIB is not very precise and not 
suitable to measure small changes. The model reflected well the measured scores of 
OA when they did not perform too well (ceiling score) or too badly (scored less than 
80).  

The results also showed a relationship between gait speed (in SPPB) and the results 
of the interception task (F(39,33)=2.99, p=.025). This is confirmed by a coefficient of 
determination (R2) of .312, indicating that 31% of the variance in the scores of the 
gait speed is explained by the results of the interception task. This effect was mainly 
due to the number of no tap trials (p=.003). The slower participants walked, the higher 
their number of no tap trials was. Figure 4B shows the predicted and measured times 
of the 10 meters gait test for all the participants. It shows that the predicted and 
measured gait times were very close to each other for both the YA and OA.  
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The results showed a relationship between chair stand speed (in SPPB) and the results 
of the interception task (F(39,33)=4.59, p=.003). This is confirmed by a coefficient of 
determination (R2) of .410, indicating that 41% of the variance in the scores of the 
chair stand speed is explained by the results of the interception task. This effect was 
mainly produced by the time to tap (p=.034) and the absolute direction error according 
to the straight target direction of motion (p=.050). The percentage of hits (p=.053) 
was close to significance as well. Longer times in the chair stand test were correlated 
with longer times to tap and smaller absolute direction errors according to the target 
straight direction of motion (participants tap more towards the middle of the screen 
instead of following the target direction of motion). Figure 4C shows the predicted 
and measured times of the five-times chair stand test for all the participants. It shows 
that the predicted and measured chair stand times were very close to each other for 
both the YA and OA. 

The results showed no significant relationship between the MMSE scores and the 
results of the interception task (F(41,35)=0.83, p=.536, R2=.105). All participants had 
scores between 24 and 30 points in the MMSE, considered as normal scores and 
showing normal cognitive capacities.  

The results showed that there was a strong relationship between the NEADL scores 
and the results of the interception task (F(39,33)=7.80, p<.001). This is confirmed by 
a coefficient of determination (R2) of .542, indicating that 54% of the variance in the 
scores of the NEADL is explained by the results of the interception task. This effect 
was mainly produced by the percentage of hits (p=.020), the number of no tap trials 
(p=.004) and the absolute direction error according to the straight direction of target 
motion (p=.005). High scores in the NEADL were correlated with high percentages 
of hits, low numbers of no tap trials and larger direction errors according to the straight 
target direction of motion (participants tap less in the middle of the screen but 
followed the target direction of motion). Figure 4D shows the predicted and measured 
scores of the NEADL for all the participants. The predicted scores were globally 
underestimated for YA and globally overestimated for OA as compared to the 
measured scores. In this questionnaire, participants have to rate themselves on how 
them performed the ADL. All the YA scored at the ceiling level in this test. The scores 
of the OA were more diverse. 

All of the ADL-related pretests scores, except for the MMSE, can for a significant 
part be predicted by the parameters of the interception task, notably the percentage of 
hits, the number of no taps, the time to tap and the absolute direction error according 
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to the straight direction of target motion. The illusion effect does not show a linear 
relation with problems in the performance of the ADL - it does not seem to be a 
reliable linear predictor for any of the pretests which may be explained by the non-
linear relation between ADL score and changes in multisensory integration as we will 
explain in more detail in the discussion section. 

5.3.2.2 Correlations between the pretests 

Table 3: Table of the correlation coefficients and p-value of Pearson correlations 
between the results of the pretests (m-CTSIB scores, gait speed measured in the SPPB, 
five times chair stand time measured in the SPPB, MMSE, and ADL score of the 
NEADL). R2 represents the coefficient of determination and p represents the p-value. 

Pretest mCTSIB Gait Chair MMSE NEADL 

mCTSI
B 

1 R2=.17; 
p=.007 

R2=.15; 
p=.013 

R2=.13; 
p=.023 

R2=.19; 
p=.005 

Gait R2=.17; 
p=.007 

1 R2=.55; 
p<.001 

R2=.02; 
p=.368 

R2=.37; 
p<.001 

Chair R2=.15; 
p=.013 

R2=.55; 
p<.001 

1 R2=.01; 
p=.514 

R2=.42; 
p<.001 

MMSE R2=.13; 
p=.023 

R2=.02; 
p=.368 

R2=.01; 
p=.514 

1 R2=.0001; 
p=.94 

NEAD
L 

R2=.19; 
p=.005 

R2=.37; 
p<.001 

R2=.42; 
p<.001 

R2=.0001; 
p=.94 

1 

Table 3 shows the results of Pearson correlations between the pretests. The table 
shows significant correlations between the m-CTSIB and the other pretests. However, 
none of these correlations were as strong as the correlation between the m-CTSIB and 
the parameters of the interception task which had a coefficient of determination (R2) 
of .629. NEADL scores were correlated to all the other pretests but the MMSE. 
However, none of these correlations were as strong as the correlation between the 
NEADL and the parameters of the interception task which had a coefficient of 
determination (R2) of .542. Gait speeds and chair stand speeds were correlated to each 
other as well. 
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5.4 Discussion 

This study aimed at investigating whether there are correlations between the results 
of our interception task and the performance of ADL as estimated using validated 
clinical tests in order to develop a clinically useful toolkit for the early diagnosis of 
multisensory integration issues in OA. 

5.4.1 Correlations with individual tests 

The multiple (linear) regression analyses showed correlations between the different 
parameters of the interception task and the participants’ scores on the conventional 
ADL-related tests as seen in Table 2. Sixty-three percent of the variance in the scores 
of the m-CTSIB, 54% of the variance in the scores of the NEADL, 41% of the five-
times chair stand speed of the SPPB and 31% of the variance in the gait speeds of the 
SPPB can be explained by the results of the interception task. Note that these moderate 
to high correlations were attained with a (relatively simple) linear regression. More 
advanced non-linear methods may have resulted in higher correlations and thus 
explained variance. However, these non-linear methods are unable to calculate a 
coefficient of determination or a p-value for the predictors.  

The m-CTSIB tests the sensory systems that contribute to postural control in an 
individual using performance tests (Horn et al., 2015; Shumway-Cook & Horak, 
1986). Postural control is essential to perform all the ADL involving sitting, standing 
or walking (Lowry et al., 2012). The m-CTSIB is arguably the pretest that requires 
most sensory integration of all pretests performed in this experiment. The interception 
task requires a good level of sensory integration in order for participants to accurately 
hit the targets, and in addition it relies to some degree of postural control. It is therefore 
in line with our expectations that the correlation between this test and the interception 
task parameters has the highest coefficient of determination as compared to the other 
pretests. 

The NEADL assesses to which extend an individual can perform the ADL (Nouri & 
Lincoln, 1987). Amongst the pretests performed in this experiment, the NEADL is 
the only one directly related to the ADL. However, the test is a pencil and paper test 
and thus more sensitive to bias in memory and social demands than a performance 
test. The association found with the interception task may therefore be especially 
relevant for possible applications for participants with minor cognitive or memory 
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problems (not present in our study) because our test does not depend on these deficits 
and can still measure their multisensory integration problems. Additionally, our test 
could be used to avoid  situations where OA are expected to be (more) strongly under 
pressure of social demands.  

The gait speed and the five-times chair stand speed tests, measured in the SPPB, 
assessed the lower limb physical functioning of the participants (Guralnik et al., 1994; 
Pavasini et al., 2016). The five-times chair stand test quantifies functional change in 
the performance of transitional movements and is an indicator of leg strength. These 
movements are required to perform ADL involving change in position such as 
standing up from the bed in the morning or sitting down on a chair. This test can 
predict risk of falls in OA (Buatois et al., 2008; Buatois et al., 2010). Gait speed is 
known to be a good predictor of survival rates and life expectancy (Studenski et al., 
2011) in OA. The gait speed and the five-times chair stand speed measured only the 
lower limb physical functioning and strength of the participants. However, in the 
current setup, participants were sitting in front of the screen during the interception 
task, which required only upper limb physical functioning and some degree of 
balance. As expected, there is an association of these two tests and the results of the 
interception task. However, the coefficients of determination of these correlations are 
lower than with the m-CTSIB and the NEADL. 

No correlations were found between the MMSE and the results of the interception 
task. This absence of correlation could be explained by the fact that the interception 
task does not rely heavily on cognitive function (other than being able to understand 
the task) and/or because a cut-off score of 24 was used as an exclusion criterion and 
there was then little variation in the scores. 

5.4.2 Measuring generic instead of unique effects of aging 

Table 3 showed low correlations between the results of the pretests (m-CTSIB, SPPB, 
MMSE and NEADL). These results indicate that each test measures a different age-
related effect and not a generic underlying effect of age. Consequently, to get a 
complete picture of the age-related deficits influencing the ADL performance of an 
individual, all four pretests would need to be performed. The interception task, on the 
other hand, correlates moderately to highly with multiple ADL-related pretests (m-
CTSIB, SPPB and NEADL) which indicates that the interception task might be able 
to measure a possible generic effect, or shared variance between the different tests 



105 
 

which may be assumed to be the aging effect. The interception task, as a single test 
would then be able to measure the same underlying aging effect that would otherwise 
need multiple separate tests. These results suggest that the interception task could have 
a clinical relevance. The results of the interception task were not correlated with (i.e. 
do not depend on) scores in the MMSE, indicating that the results are not strongly 
influenced by cognitive functions. Additionally, most of our participants found this 
test fun and challenging where paper and pencil tests may be experienced as more 
boring. Another advantage is that this test only requires a tablet, which is not 
expensive and commonly used in clinical practice.  

The number of no tap trials, the percentage of hits, the absolute direction error 
according to the straight direction of target motion and the time to tap are of clear 
interest for the development of the diagnostic tool, since they linearly correlate with 
the performance in ADLs as measured by the pretests. The results show no strong 
linear relation between the illusion effect and ADL test scores. This lack of a linear 
correlation is in accordance with the two-phase model we recently introduced as we 
will explain in the next section. The correlated parameters may reflect problems in 
attentional processes or slowing in movement planning processes (higher number of 
no tap trials), a decreased movement accuracy (lower percentage of hits), a slowing 
in movements (longer time to tap) and a change of strategy in the interception task 
(absolute direction error according to the straight target direction of motion) in the 
participants. The number of no tap trials seems to be the best predictor, since this 
parameter alone can predict issues in sensory motor systems that contribute to postural 
control (as measured with the m-CTSIB), reported ADL issues (as reflected in the 
NEADL scores), and gait (as measured with the gait speed test that has been linked 
with survival rates and life expectancies).  



106 
 

5.4.3 Transitional model 

 

Figure 5: Graph representing the three hypothesized age-related transitions in 
strategy happening in the interception task. In the early phase of age-related changes 
(transition 1), there is a tendency to integrate all available information with a lack of 
proper weighting less reliable information (phase of over integration). In a second 
phase of the age-related process, OA become unable to downregulate the task-
irrelevant background and are dragged by it, showing a reverse effect of the illusion 
(transition 2) (phase of participants being dragged by the background motion). In a 
later phase of age-related changes, multisensory integration becomes too difficult, 
and older adults change their strategy again (transition 3), basically turning the 
interception task into Reaction Time task (phase of minimal use of visual information). 

The results of this test and earlier results of the literature (Berard et al., 2012; de 
Dieuleveult et al., 2018) allowed us to propose a transitional model of the aging 
process in the interception task according to the age/inverse ADL score of the 
participants (see Figure 5). In the first phase of the aging process, OA show an ‘over 
integration’ pattern. They tend to maximize the use of sensory integration by using as 
much information as possible in their environment, thus being more influenced by a 
task-irrelevant background motion as compared to YA (Berard et al., 2012; Brodoehl 
et al., 2015; de Dieuleveult, Brouwer, Siemonsma, van Erp, & Brenner, 2018; de 
Dieuleveult et al., 2017; Eikema, Hatzitaki, Tzovaras, & Papaxanthis, 2014; 
McGovern, Roudaia, Stapleton, McGinnity, & Newell, 2014; Stelmach, Teasdale, Di 
Fabio, & Phillips, 1989). In the second phase of the aging process, OA show a 
‘dragged by the background’ pattern. The age-related degradations in the sensory 
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systems might become larger and hinder participants from downregulating the task-
irrelevant background. They start then to be dragged by it and tapped following this 
background instead of following the target’s direction of motion. In a later phase of 
the aging process, OA show a ‘minimal use of visual information’ pattern. The task 
becomes too difficult for OA that have trouble to perform the ADLs, they change their 
strategy and tend to tap in the center of the screen instead of following the target’s 
direction of motion, in a more probabilistic strategy, turning the task into a simple 
reaction time task with minimal use of the visual information. 

Here, the illusion effect does not seem to be a reliable linear predictor for any of the 
pretests. However, according to the model proposed, the aging process comprises a 
phase of over-integration, a phase of reverse effect and a phase of no integration that 
are not linear. This model may explain the absence of correlation between the illusion 
effect and the pretests.  

No differences in ADL-related pretests performance were found between the three 
groups of OA in the ADL-related pretests (‘over integration’ pattern, ‘dragged by the 
background’ pattern, and ‘minimal use of visual information’ pattern). These results 
are not in accordance with the expected decrease in performance across the groups. 
However, the number of participants in each of the three groups was low (nine 
participants with a ‘over integration’ pattern, ten participants with a ‘minimal use of 
visual information’ pattern, and two participants with a ‘dragged by the background’ 
pattern), the numbers are too low for proper statistical analyses.  

5.4.4 Reducing the test time 

The experiment described in this article was done using only a tactile tablet. As 
compared to the previous experiment that we performed using a large screen and a 
movement tracker (de Dieuleveult et al., 2018), this reduced the time required to 
perform the experiment.  

The total time of the interception task (comprising the three experimental conditions: 
baseline, balance and counting) was 20 minutes maximum per participant including 
the instruction phase and the practice session. The m-CTSIB and the MMSE lasted 
less than 10 minutes each and the SPPB and NEADL took around 10 minutes each to 
administer. The interception task thus takes less time than the four individual current 
tests together. To reduce the test time, we explored if the number of target directions 
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and/or the number of replications might be reduced in future. We investigated the 
effects hereof by removing these data from the current dataset. Reducing the number 
of trials per condition from nine to five made us unable to analyze the data for two of 
the OA on top of 22, indeed, there were not enough data remaining in each condition 
(each direction of target motion and each direction of background motion) due to no 
tap trials. Likewise, we explored if including only the left and right target directions 
of motion, which seems more interesting than the straight target motion. However, 
this made us unable to analyze the data for two of the OA on top of 22. Taken together, 
this indicates that the current setup is a good balance between quality of the data and 
the test time. Albeit the latter is longer than a single test, the interception task is more 
time efficient than the four standard tests combined. 

5.4.5 Strengths and limitations 

In addition to the pros discussed above, the interception task may also have a good 
predictive value. Before ADL problems arise, over integration of the background 
motion as compared to YA start to be visible in OA (Berard et al., 2012; Brodoehl et 
al., 2015; de Dieuleveult et al., 2018; de Dieuleveult et al., 2017; Eikema et al., 2014; 
McGovern et al., 2014; Stelmach et al., 1989). This could be an early sign of the aging 
process resulting in sensory integration degradation (Freiherr et al., 2013; Peters, 
2006). Our test shows differences in performance for YA that are not seen by the m-
CTSIB or the NEADL (all YA scored at ceiling level). Our task is by definition more 
continuous than the m-CTSIB and the NEADL. However, these results may indicate 
that our task could potentially be able to measure smaller changes in the performance 
of multisensory integration over time. 

If our test more closely matches ADL performance than NEADL, OA may be 
identified who either overestimate or underestimate their own capabilities. Regarding 
overestimation, their performance in the hitting task may start to decline while their 
self-ratings in the NEADL are still high. This could show that ADL problems are 
about to emerge, but they did not see the early warning signs of it. Our test could then 
be useful to diagnose these signs and to instigate actions in order to prevent the 
decline. OA may also underestimate their capabilities, where they would rate 
themselves poorly in the NEADL while their performance in the task was quite good. 
This could show that these OA still have strengths that they don’t use or don’t know 
how to use properly. Our test could help diagnose this and point towards targeted 
individualized interventions.  
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Clinicians could use this early diagnosis to start sensory integration-targeted training 
programs with the participants, such as training programs developed by de Vreede et 
al. (2005), Merriman et al. (2015) or Setti et al. (2014). The predictive value of the 
interception test should be explored in a longitudinal study. 

A possible limitation to this test is the adherence of participants. Two OA were 
excluded from the analysis because their performance on the interception task was 
very different from the other participants (high number of no tap trials or long reaction 
times). These results show that the task is difficult and about 10% of the participants 
could not properly execute the task which could be an issue for the test to be used 
widely in clinical practice. Additionally, the task is difficult to understand at first and 
needs a training session. All the participants, YA included, had trouble to envisage 
that they could intercept invisible targets and needed motivation to perform the task. 
Some OA also had to be reminded during the experiment about what they had to do, 
such as, putting their finger on the starting position to start a trial and not only wait 
for the target to appear. All these observations suggest that the task is not completely 
language and memory independent and that the examiners should be careful with the 
use of this task with specific populations of participants. The task can probably be 
improved by better design that is more intuitive to the user, e.g. a blinking starting 
position of the finger that stops blinking after putting the finger on it. 

5.5 Conclusion 

This study is, as far as we know, the first one to explore the relation between the age-
related decline of multisensory integration processes and the performance of the ADL. 
Our results indicate that the interception task may ultimately be relevant for clinical 
practice. This test alone can predict the results of three other clinical pretests 
measuring issues in sensorimotor systems that contribute to postural control, ADL 
issues, functional change of transitional movements, survival rates and life 
expectancy. The sensitivity of the test needs to be investigated further, for example 
by measuring a larger sample of participants with a larger range of ADL problems, 
and monitoring participants over longer periods to test the predictive value. This way, 
we could investigate whether this test is sensitive enough to detect small changes over 
time, and if it can do so before other tests are able to pick up ADL issues. 
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6 Chapter 6: Influence of a higher background velocity on 
the illusion effect in an interception task 

Abstract 

Previous research showed that a simple target interception task reveals differences 
between younger adults (YA) and older adults (OA) with varying degrees of problems 
in activities of daily life, both on a large screen and on a tablet screen. However, the 
illusion effect created by a background motion in our interception task was not 
consistent across studies and seemed not only related to the population studied but 
also to the setup. Additionally, the task on the tablet setup seemed to be more difficult 
than on the large screen. Therefore, in order to clarify the effects of the illusion 
produced by the background motion in our task with YA and with OA, we developed 
the experiment on another setup. We used a large screen, similar to the one used in 
Chapter 3, so that the visual stimuli were similar (equally easy to perceive) as in the 
original large screen setup. We used a higher background velocity to increase the 
multisensory integration demand on participants and to increase the differences 
between OA and YA. Healthy OA with a large range of ADL difficulties and YA 
were recruited to participate in this experiment. As hypothesized and in accordance 
with the literature, the faster background increased the illusion effect in our task in 
YA. However, the faster background did not increase the differences in performance 
between the two age groups (OA and YA). Furthermore, the results of this setup 
showed the same three illusion effect patterns that were presented in Chapter 4 in OA. 
Good correlations were found between the parameters of the interception task and the 
ADL-related pretests results. However, the results found in this Chapter were not 
better than the ones found with the tablet setup. In conclusion, the mobile setup 
investigated in this chapter increased our understanding of the illusion effect, however 
the benefits of this setup do not outweigh the tablet version for clinical uses. 

6.1 Introduction 

In the previous chapters, we showed that the illusion effect created by a background 
motion in our interception task was not consistent across studies and seemed not only 
related to the population studied but also to the setup (See Chapters 3 and 4). Indeed, 
moving the setup to a tablet version appeared to increase the difficulty of the task as 
compared to the original experiment on a large screen. In the tablet setup, a large 
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proportion of participants (OA and YA) did not show any illusion effect - they simply 
hit a location on the screen below the target’s appearance point without much effect 
of target and background motion. Additionally, we found three different effects of the 
illusion in OA with ADL difficulties: a large effect (‘over integration’ pattern), a 
reverse effect (‘dragged by the background’ pattern) and no effect because 
participants tended to tap towards the center of the screen (‘minimal use of visual 
information’ pattern) (Chapter 4). These results are different than the ones found in 
Chapter 3 where both age groups showed an illusion effect created by the background 
motion, albeit the illusion effect was larger for OA. We suspect that the difference 
between the original task and the tablet task is due to the task being visually more 
difficult in the tablet version. Due to the tablet’s reduced size, the distance that the 
target travelled was relatively short, also with respect to the target’s size, which may 
have made it harder to perceive the differences between the targets’ deviations.  

In order to better understand the relationship between age, experimental setup, task 
difficulty, and the results of the interception task, we developed another mobile setup 
on a large touch screen (size 46 inch) that was similar in size as the one used in Chapter 
3. Compared to the tablet version (Chapter 4), in this setup, participants will have to 
intercept larger targets, that travelled longer trajectories when visible and with larger 
differences between the deviations of the target trajectories. Therefore, the task 
presented on this setup may be visually easier than on the tablet, the targets are easier 
to detect, while because of the use of a touch screen it is still mobile and an Optotrak 
is not needed.  

In order to increase the effect of the illusion, and therewith possibly its sensitivity to 
distinguish between individuals and conditions, we used a higher velocity of the 
background. Previous results showed that a faster background increased the illusion 
effect caused by this background when intercepting targets on horizontal screens 
(Saijo et al., 2005; Zhang et al., 2018). Saijo et al. (2005) investigated the differences 
between two background velocities, 7 and 70 cm/s. Zhang et al. (2018) investigated 
the differences between two background velocities as well, 20 and 60 cm/s. The larger 
illusion caused by the faster background may be explained by a relatively larger 
target-background movement difference. Additionally, we showed in Chapters 2 and 
3 that OA have more difficulties to ignore visual information than YA. Therefore, by 
increasing the background velocity, we hypothesized to find larger differences 
between OA and YA in the results of the task. Increasing the differences between the 
groups could help increase the sensitivity of the task to distinguish between 
individuals and conditions. We increased the background velocity, in the current 
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chapter, from 12 cm/s (Chapter 3) to 24 cm/s. As done in Chapter 4, we recruited 
healthy OA with a large range of ADL difficulties and YA so that we could examine 
potential correlations between ADL difficulties and the results of the interception task 
in the new setup.  

The goal of this experiment is to clarify the effects of the illusion produced by the 
background motion in our task with YA and with OA varying in respect to ADL 
difficulties. The larger screen allowed us to reduce the setup’s visual difficulty and 
the higher background velocity allowed us to increase the multisensory integration 
demand on participants. We hypothesized that a higher background velocity will 
increase the illusion effect for YA as compared to the results presented in Chapter 3 
(H1), as seen earlier in the literature (Saijo et al., 2005; Zhang et al., 2018). Second, 
we expect this faster background to increase the differences in results between OA 
and YA (H2) and show the three different effects of the illusion in OA (normal, 
reverse and no effect) as seen in the previous chapters (H3). Finally, we want to 
investigate the correlations between the results of the task and the results of the 
pretests with multiple regression analyses and to compare the results to the 
correlations found in Chapter 5 (H4). We hypothesized that the correlations would be 
similar to the ones found in Chapter 5 but that the illusion effect would have more 
influence on these results than before because of the higher background velocity. 

6.2 Methods  

6.2.1 Participants 

Twenty-six OA (60-94 years old, mean age 74.1 ± 9.14 years, 13 women) and twenty-
three YA (20-32 years old, mean age 24.3 ± 3.47 years, 13 women) participated in the 
study. Younger participants were recruited from the TNO participant pool 
(Soesterberg, Netherlands) or in the THIM School for Physiotherapy (Nieuwegein, 
Netherlands) and older participants were recruited from the health center Marne 
(Amstelveen, Netherlands). OA were community-dwelling adults with no history of 
fall. The same selection criteria were applied as in Experiment 1.  

The experiment’s protocol was reviewed and approved by the TNO Internal Review 
Board on experiments with human participants (Ethical Application Ref: TNO-2018-
002) and was in accordance with the Helsinki Declaration of 1975, as revised in 2013 
(World Medical Association, 2013) and the ethical guidelines of the American 
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Psychological Association. Participants received a monetary compensation for their 
participation and their travel expenses were reimbursed. All participants were 
provided with written and verbal information and signed an informed consent form 
prior to the experiment.  

6.2.2 Task 

The task was the same as in the experiments presented in Chapter 3 and Chapter 4. In 
the baseline condition, participants sat on a chair. The participants were asked to 
intercept, as quickly and as accurately as possible, moving targets that had 
disappeared after 150 ms, with the tip of their right index finger. If participants hit the 
target correctly, it reappeared on the screen in green and stayed still at the position of 
the hit. If they missed the target, it reappeared in red on the screen and moved in the 
opposite direction of the error. For instance, if the participant hit a position on the 
screen that was below the actual position of the target and too much to the left, the 
target moved upwards to the right. This feedback informed participants about their 
performance in the task and might help them learn to ignore the motion of the 
background. If they did not tap at all, the trial was counted as a no tap trial and the 
participant had to put his/her index finger again on the home button in order to start a 
new trial. The balance and counting conditions included a secondary task. In the 
balance condition, participants were to keep balance, standing on a block of foam 
rather than sitting. In the counting condition, participants were sitting, as in the 
baseline, but had to count the number of high and low tones that they heard during the 
experiment. 

6.2.3 Procedure 

The procedure was similar as in the previous experiments (Chapters 3 and 4) and 
involved a practice session in the sitting position. The practice session consisted of 
ten randomized trials with the target remaining visible (two trials for each of the five 
possible directions of target motion) followed by randomized trials with the target 
disappearing after 150ms until participants felt comfortable with the task. Each 
experimental condition was presented in a block consisting of 75 trials (instead of 95 
for Chapter 3): five practice trials without any background motion at the start (one 
trial per direction of target motion, presented in random order), followed by 70 
experimental trials (instead of 90 for Chapter 3). In the 70 experimental trials, the 
background moved to the left in 35 trials (seven trials per direction of target motion 
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instead of nine for Chapter 3) and the background moved to the right in the other 35 
(seven trials per direction of target motion instead of nine for Chapter 3).  

6.2.4 Stimuli and materials 

 

Figure 1: (A) Schematic lay-out of the stimuli for left (L2 and L1), straight (S) and 
right (R1 and R2) target direction of motion. The target is depicted at its appearance 
position as a black disc. The finger’s home position is represented by the grey disc. 
The solid lines represent the part of the path where the target was visible and the 
dashed lines represent the part of the path where the target was invisible. The 
horizontal line indicates where the targets disappeared after 150ms (target has 
travelled 7,5 cm). (B) Depiction of the experimental display. As in figure 9A, the black 
and grey discs represent the starting position of the target and the home position. The 
grey and white squares represent the background. 

The screen used in this experiment (size 46 inch) was different than the ones used in 
Chapters 3 and 4. Parameters were adjusted to the size of the screen (see details in 
Table 1). Furthermore, in this experiment, the target was moving in five different 
directions as in the original experiment presented in Chapter 3 (de Dieuleveult et al., 
2018).  
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Table 1: Differences in parameters between the previous experiment presented in 
Chapter 3 (de Dieuleveult et al., 2018), the experiment of Chapter 4 and the 
experiment of the current chapter. 

Parameters 
Experiment 
Chapter 3 

Experiment 
Chapter 4 

Current 
chapter 

Screen 
Size (inch) 49 12,3 46 

Resolution (pixels) 600 x 800 2736 x 1824 1920 x 1080 
Home 

position 
Size (cm) 4 1,6 4 

Coordinates (cm) (0, -30) (0, -6) (0, -20) 

Target 

Size (cm) 6 2 6 
Coordinates at start (cm) (0,20) (0,8.65) (0,30) 
Vertical velocity (cm/s) 50 12 50 
Number of directions 5 3 5 

Horizontal velocities (cm/s) 
-24, -12, 0, 12, 

24 
-7.2, 0, 7.2 

-26, -14, 0, 14, 
26 

Background 
Size squares (cm) 5 2 5 

Horizontal velocity (cm/s) 12 9,6 24 

During the experiment, the stimuli were presented on a 46-inch screen (Iiyama ProLite 
TF4637MSC-B1AG, size: 101.808 x 57.267 cm, resolution: 1920 x 1080 pixels) 
positioned on a table (height: 90 cm) held in a vertical orientation by a support foot. 
The eyes of the participants were at a distance of approximately 60 cm from the screen 
during the experiment (so 1 cm is about one degree of visual angle). To start each 
trial, participants had to place their index finger on the home position, a green disc 
with a diameter of 4 centimeters situated 20 centimeters below the center of the screen 
(i.e. at coordinates (0, -20); see Figure 9 for an overview of the stimulus lay-out). 
After a random time between 600ms and 1200ms, the target, a black disc with a 
diameter of six centimeters, appeared 30 centimeters above the center of the screen 
(0, 30) and moved towards the bottom of the screen. The target moved with a vertical 
velocity of 50 cm/s and one of five different horizontal velocities (-26, -14, 0, 14 or 
26 cm/s). The five different direction of target motion are referred to as “S” for targets 
moving straight downwards, “L1” for targets slightly deviating to the left, “L2” for 
targets more deviating to the left, “R1” for targets slightly deviating to the right and 
“R2” for targets more deviating to the right. The targets were visible for 150ms and 
then disappeared. The disappearing points relative to the center of the screen (0,0) 
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were: (-3.9,22.5), (-2.1,22.5), (0.0,22.5), (2.1,22.5) and (3.9,22.5). The targets and the 
home position were presented on a full screen background of white and blue squares 
(5 centimeters sides) that formed a checkerboard. The background started to move at 
24 cm/s to the right or the left as soon as the target appeared. The auditory stimuli 
were presented to the participants by a computer through speakers situated below the 
screen. Apart from the location of the speakers used, specifications of the tones and 
the associated task were the same. The block of foam used in one of the pretests and 
in the balance condition was also the same as in Chapter 4. 

6.2.5 Data analyses 

6.2.5.1 Dependent variables 

Direction error and illusion effect 

The direction error is defined as the angle in degrees between the direction that the 
target was moving in and the direction that the participant considered it to be moving 
after disappearing according to the position of tap (see Chapters 3 and 4). The mean 
direction error was calculated for each participant, experimental condition and 
direction of background motion. The direction error is our main dependent variable. 
The illusion effect is defined as the direction error for left background motion effect 
minus the direction error for the right background.  

Hit, miss and ‘no tap’ trials 

Trials were considered to be hit trials if the participant’s finger hit the screen within 4 
cm from the center of the target. If the participant’s hit exceeded the 4 cm range, the 
trial was considered a miss trial. Trials in which participants did not hit the screen at 
all were considered ‘no tap’ trials. 

Average time to tap 

The time to tap is the time between the appearance of the target and the moment that 
the participant’s finger hit the screen.  
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6.2.5.2 Comparison of the differences in results between OA and YA in the 
current experiment and OA and YA in the original experiment (Chapter 
3) 

Deltas representing the difference between OA and YA will be calculated for the 
illusion effect, the percentage of hits, the number of no tap trials and the times to tap 
for the current experiment and the original experiment (Chapter 3). These deltas will 
be calculated by subtracting the mean value found for YA from the mean value found 
for OA and by taking the absolute values of these results. 

6.2.5.3 Statistical analyses 

The MATLAB functions qqplot and vartest2 were used to assess the normality of 
distribution of the residuals and the equality of the variances between the groups and 
conditions. With normal distributions and variances, one-way ANOVAs and paired t-
tests were used to evaluate interaction effects of the different independent variables. 
With non-normal distributions and/or variances, non-parametric tests were used: the 
Mann-Whitney U test for differences due to age (unpaired samples) and the Wilcoxon 
signed-rank test for differences due to conditions (paired samples). Effects are 
considered to be significant if p<.05. 

The analysis of the replication of the original experiment with a higher background 
velocity (H1) will be done only in the YA group. These participants were recruited 
from the same population as in the original experiment enabling the comparison 
between the two studies. To investigate the effect of the higher background velocity 
on the difference between OA and YA in the task performance (H2), the difference in 
performance of these two groups will be compared to the difference in performance 
between OA and YA of the original experiment (deltas). To investigate whether the 
OA in this experiment showed the same three illusion patterns as OA in Chapter 4, 
we will look at the illusion effect per participant in the three experimental conditions 
and compare these results to the results of Chapter 4.  

The same multiple regression analysis as Chapter 5 were performed to test the relation 
between the results of the interception task and the standard clinical tests. Multiple 
regression analyses were performed using the MATLAB function fitlm and calculated 
to predict pretest scores based on the results of the interception task. m-CTSIB score 
or gait speed (in SPPB) or chair stand speed (in SPPB) or MMSE score or NEADL 
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score were used as dependent variable. The illusion effect, time to tap, percentage of 
hits, number of no tap trials and absolute direction error according to the straight 
direction of target motion in the baseline were used as independent variables. 
Diagnoses of outliers for the multiple regression analyses were done using the 
MATLAB functions regress and rint. The MATLAB function corrplot was used to 
investigate Pearson correlations between the results of the pretests (m-CTSIB scores, 
gait speed measured in the SPPB, five times chair stand time measured in the SPPB, 
MMSE, and ADL score of the NEADL). 

6.3 Results 

6.3.1 Participants 

One YA was excluded from the analysis because he did not count the tones in the 
counting condition. Five OA were excluded from the analysis because: they did not 
understand the task at all (n=1), or were unable to tap with their index finger only 
(because of a widely opened hand, these participants tapped the screen with their other 
fingers without noticing) (n=3), or were too tired to perform the baseline condition 
after the counting condition (n=1). 

6.3.2 Effect of a faster background on the illusion effect in YA (Hypothesis 1) 

The group of YA in the current experiment was not different from the group of YA 
of the original one in terms of age (F(1,40)=0.17, p=.687), gender (F(1,40)=0.17, 
p=.687), m-CTSIB scores (U=209, p=1), gait speed (F(1,40)=0.30, p=.586), chair 
stand speed (F(1,40)=0.30, p=.588), and MMSE scores (F(1,40)=0.34, p=.566). These 
results therefore allowed comparison of the current experiment with the original one 
for YA.  
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6.3.2.1 Illusion effect 

 

Figure 2: Average direction error in degrees for YA in the original experiment (Exp1, 
n=19) and in the current experiment (Exp3, n=22), experimental condition (baseline, 
balance and counting) and each background direction of motion (left or right) merged 
between the different directions of the target’s motion (horizontal velocities: −26, -
14, 0, 14 and 26 cm/s). Error bars represent the standard error of the mean between 
subjects.  

Figure 2 shows the direction errors of the participants’ taps in the three different 
conditions according to the background direction of motion for YA in the current 
experiment and YA in the original experiment (Chapter 3). The expected effect of the 
background motion, as found in our original experiment described in Chapter 3 (de 
Dieuleveult et al., 2018), was present in the YA of the current experiment in the 
baseline and counting conditions with direction errors more positive for a left 
background motion and more negative for a right background motion (Student T-tests 
both p<.01). The expected effect of the illusion was not statistically significant for YA 
in the balance condition (t(21)=1.67, p=.111). The direction of the illusion effect was 
the same for the two different experiments in YA. The illusion effect was larger in the 
baseline and counting conditions in YA in the current experiment compared to the 
original experiment (baseline: U=209, p=.004; counting: U=209, p=.003) but not in 
the balance condition (U=209, p=.764). As hypothesized, the illusion effect is 
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replicated in this experiment in YA (the effect is not significant in the balance 
condition though the trend was in the expected direction).  

6.3.3 Effect of a faster background on the differences between OA and YA in 
illusion effect and other parameters of the interception task (Hypothesis 
2) 

As expected and intended, the group of OA was different from the group used in the 
original experiment, with OA in the current experiment having a higher mean age 
(F(1,42)=13.50, p<.001) and lower pretests scores: m-CTSIB scores (U=231, p<.001), 
chair stand speed (U=231, p<.001), and MMSE scores (F(1,42)=4.62, p=.038). The 
two groups of OA were not different in terms of gender (F(1,42)=1.86, p=.180) and 
gait speed scores (F(1,41)=0.03, p=.866). 

6.3.3.1 Illusion effect 

 

Figure 3: Average direction error in degrees for each age group (YA (n=22), OA 
(baseline: n=21, balance: n=16, counting: n=14), experimental condition (baseline, 
balance and counting) and each background direction of motion (left or right) merged 
between the different directions of the target’s motion (horizontal velocities: −26, -
14, 0, 14 and 26cm/s). Error bars represent the standard error of the mean between 
subjects.  
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Figure 3 shows the average direction error for OA and YA. For OA, the difference 
between the left and right background motion did not reach significance in the 
baseline (t(20)=1.77, p=.092) and counting conditions (t(14)=1.30, p=.214), i.e. the 
moving background had no effect on the tapping position. However, the illusion effect 
was significantly different between left and right background motion for OA in the 
balance condition (t(15)=2.9, p=.011).  

In the original experiment (Chapter 3), we found larger direction errors for OA 
compared to YA. This was not observed in the current experiment where the illusion 
effect was not significantly different between the two groups of participants in the 
three experimental conditions (Mann-Whitney U test: all p>.05). The illusion effect 
was not different between OA in the current experiment and OA in the original 
experiment (Mann-Whitney U test: all p>.05). This is different than what we found 
for YA (See the ‘Effect of a faster background on the illusion effect in YA (H1)’ part 
of the results). Thus, the differences in illusion effect between OA and YA tend to be 
decreased rather than increased in the current experiment compared to OA and YA in 
the original experiment (Chapter 3) (See Table 2 for a presentation of the deltas 
between OA and YA’ performances). 

Table 2: Table showing the absolute difference in performance between OA and YA 
on different results of the interception task (illusion effect, percentage of hits, number 
of no tap trials and time to tap) in the three different experimental conditions (baseline 
condition depicted as ‘B’, balance condition depicted as ‘BL’ and counting condition 
depicted as ‘C’). 

Parameter Condition Experiment presented in 
Chapter 3 

Current experiment 

Illusion Effect B 2.64 degrees 0.15 degrees 
BL 2.34 degrees 0.45 degrees 
C 1.36 degrees 0.79 degrees 

Percentage of hits B 25% 15% 
BL 21% 18% 
C 22% 11% 

Number of no tap 
trials 

B 1.09 trials 1.77 trials 
BL 2.05 trials 1.61 trials 
C 5.33 trials 7.55 trials 

Time to tap B 0.022s 0.065s 
BL 0.030s 0.087s 
C 0.007s 0.025s 



122 
 

 

6.3.3.2 Percentage of hits 

 
Figure 4: Average percentage of hits for each group (YA (n=19), OA (baseline: n=21, 
balance: n=16, counting: n=14) and for each experimental condition (baseline, 
balance and counting); averaged over the target’s motion direction (horizontal 
velocities: −7.2, 0 and 7.2 cm/s). Error bars represent the standard error of the mean 
between subjects. Significant differences are represented with asterisks in the figures; 
*: p<.05; **: p<.01; ***: p < .001. 

Figure 4 shows a higher percentage of hits for YA compared to OA in each condition 
(one-way ANOVAs: all p<.001). The same pattern was found in Chapter 3. However, 
overall, the participants (OA and YA) hit more targets in the original setup (Chapter 
3) compared to the current setup (Mann-Whitney U test: all p<.05 except for OA in 
the counting condition where U=142, p=.107). The differences in the percentage of 
hits between OA and YA seem smaller in the current experiment compared to the 
original experiment (Chapter 3) (See Table 2 for a presentation of the deltas between 
OA and YA’ performances). 
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6.3.3.3 Number of no tap trials 

The number of no tap trials per group of participants was higher for OA as compared 
to YA in all three conditions (Mann-Whitney U test: all p<.001). The same pattern 
was found in Chapter 3. The numbers of no tap trials were the same between the two 
experiments for both OA and YA (Mann-Whitney U test: all p>.05).  

The differences in the number of no taps in the baseline and balance conditions 
between OA and YA do not seem to be different in the current experiment compared 
to the original experiment (Chapter 3) (See Table 2 for a presentation of the deltas 
between OA and YA’ performances).  

6.3.3.4 Time to tap 

The time participants took to hit the screen was the same in the age groups, except for 
the balance condition, in which the OA were faster than YA (F(1,36)=4.38, p=.043). 
These results are partly different than the ones found in the original experiment 
(Chapter 3) where OA and YA did not differ regarding their times to tap in any of the 
conditions. Additionally, all the participants (OA and YA) were faster to hit the screen 
in the original experiment compared to the current one (Mann-Whitney U test: all 
p<.01).  

The differences in times to tap between OA and YA seem to be larger in the current 
experiment compared to the original experiment (Chapter 3) (See Table 2 for a 
presentation of the deltas between OA and YA’ performances). 
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6.3.4 Illusion effect per participant in the current experiment compared to 
the tablet experiment (Chapter 4) (Hypothesis 3) 

 

Figure 5: Illusion effect (left minus right background motion effect) degrees for each 
OA participant (baseline: n=21, balance: n=16, counting: n=14) and each 
experimental condition (baseline, balance and counting). white asterisks represent 
significant differences between the left and right background motion effect. 
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Figure 5 shows the illusion effect for each OA participant in each experimental 
condition. In the baseline condition, three different groups of OA could be observed: 
participants with an illusion effect similar to the one found in YA (‘over integration’ 
pattern), participants with no illusion effect (‘minimal use of visual information’ 
pattern), and participants with a reverse illusion effect who tapped more to the right 
for a right background motion and more to the left for a left background motion 
(‘dragged by the background’ pattern). These results are in accordance with the 
experiment presented in Chapter 4. However, the proportion of participants in each 
group were different than Chapter 4. Indeed, only 9.5% of the OA (two participants) 
had a reverse effect of the illusion in the current experiment compared to 27.3% of 
the OA (six participants) in the tablet setup (Chapter 4). The proportions of OA with 
the ‘over integration’ and ‘minimal use of visual information’ patterns were similar 
between the experiments. 

The introduction of additional tasks seemed to have an effect on the three illusion 
effect groups found in OA (‘over integration’ pattern, ‘dragged by the background’ 
pattern and ‘minimal use of visual information’ pattern). For this analysis, we only 
look at the data of OA who performed the three experimental conditions (n=12) to 
compare the changes of strategy in the participants, we see that the balance condition 
did not change the proportion of OA with the three patterns (41.7% of participants 
with the ‘over integration’ pattern, 50% of participants with the ‘minimal use of visual 
information’ pattern and 8.3% of participants with the ‘dragged by the background’ 
pattern). However, the addition of the cognitive task seemed to increase the number 
of participants with the ‘minimal use of visual information’ pattern (58.3% as opposed 
to 50%) and ‘dragged by the background’ pattern (16.7% as opposed to 8.3%) and 
decreased the number of OA with the ‘over integration’ pattern (25% as opposed to 
41.7%) as compared to the baseline condition. These results follow the same trend as 
the results of the tablet setup (Chapter 4). 

6.3.5 Replication of the multiple regression analyses done in Chapter 5 for 
the new mobile setup (Hypothesis 4) 
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Table 3: Multiple linear regression results tables. The results of the pretests were used as 
dependent variable and the results of the interception task were used as independent 
variables. The Multiple linear regression model used was: Y(predicted) = Intercept + 
a*(illusion effect) + b*(time to tap) + c*(% Hits) + d*(number no tap) + e*(abs direction 
error), with f(x) as predicted result. F represents the F-statistic, p represents the p-value, R2 

represents the coefficient of determination and RMSE represents the root mean squared 
error. 

m-CTSIB Estimate SE tStat pValue 
Intercept 115.41 12.27 9.41 <.0001 
Illusion effect 0.60 0.18 3.61 <.001 
Time to tap 12.69 16.22 0.78 .439 
% Hits 0.15 0.13 1.19 .242 
Number no Tap -2.13 0.85 -2.51 .017 
Abs Direction Error -1.20 0.45 -2.65 .012 
Multiple linear regression F(41,35)=5.73, p<.001, R2=.450, RMSE=10.1 
Formula Y= 115.41 + 0.60*(illusion effect) + 12.69*(time to tap) + 0.15*(% 

hits) – 2.13*(number no tap) – 1.20*(abs direction error) 
Gait Speed Estimate SE tStat pValue 
Intercept  5.01 1.83 2.74 .009 
Illusion effect -0.03 0.03 -1.00 .323 
Time to tap 0.52 2.37 0.22 .829 
% Hits -0.01 0.02 -0.57 .574 
Number no Tap 0.20 0.13 1.55 .129 
Abs Direction Error 0.15 0.06 2.37 .023 
Multiple linear regression F(43,37)=2.61, p=.040, R2=.261, RMSE=1.53 
Formula Y = 5.01- 0.03*(illusion effect) + 0.52*(time to tap) - 0.01*(% hits) + 

0.20*(number no tap) + 0.52*(abs direction error) 
Chair Stand Speed Estimate SE tStat pValue 
Intercept 11.12 3.80 2.93 .006 
Illusion effect -0.22 0.05 -4.15 <.001 
Time to tap -5.29 5.00 -1.06 .297 
% Hits -0.08 0.04 -2.07 .045 
Number no Tap 0.14 0.26 0.53 .597 
Abs Direction Error 0.55 0.14 4.00 <.0001 
Multiple linear regression F(42,36)=6.12, p<.001, R2=.460, RMSE=3.13 
Formula Y = 11.12 – 0.22*(illusion effect) – 5.29*(time to tap) - 0.08*(% 

hits) + 0.14*(number no tap) + 0.55*(abs direction error) 
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MMSE Estimate SE tStat pValue 
Intercept 28.88 1.30 22.19 <.0001 
Illusion effect 0.02 0.02 1.15 .259 
Time to tap 1.37 1.69 0.81 .423 
% Hits 0.01 0.01 0.50 .620 
Number no Tap -0.31 0.09 -3.58 <.001 
Abs Direction Error -0.07 0.05 -1.54 .133 
Multiple linear regression F(42,36)=4.52, p=.003, R2=.386, RMSE=1.06 
Formula Y = 28.88 + 0.02*(illusion effect) + 1.37*(time to tap) + 0.01*(% 

hits) – 0.31*(number no tap) - 0.07*(abs direction error) 
NEADL Estimate SE tStat pValue 
Intercept 62.90 4.03 15.62 <.0001 
Illusion effect 0.18 0.06 3.28 .002 
Time to tap 4.16 5.21 0.80 .429 
% Hits 0.08 0.04 1.89 .067 
Number no Tap -0.68 0.28 -2.46 .019 
Abs Direction Error -0.37 0.14 -2.63 .012 
Multiple linear regression F(42,36)=6.46, p<.001, R2=.458, RMSE=3.35 
Formula Y = 62.90 + 0.18*(illusion effect) + 4.16*(time to tap) + 0.08*(% 

hits) – 0.68*(number no tap) – 0.37*(abs direction error) 
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Figure 5: Multiple regression models predicting m-CTSIB scores (A), 10 meters gait times (B), 
chair stand test times (C), MMSE scores (D) and NEADL scores (E) according to the 
parameters of the interception task (direction error, time to tap, percentage of hits, number 
of no tap trials, and absolute direction error according to the straight direction of target 
motion) according to age of the participants. The x represent the predicted scores, the 
circles represent the measured scores. 

Multiple regression analyses were performed to see how strongly ADL-related 
pretests scores are related to the results of the interception task. The results can be 
found in the Table 3. Outliers were diagnosed and removed from the analysis of the 
pretest concerned (two OA for the m-CTSIB, none for the gait speed, two OA for the 
chair stand speed, one YA for the MMSE and one OA for the NEADL).  
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The results revealed good correlations with the m-CTSIB, chair stand speed and 
NEADL tests scores, moderate correlations with MMSE scores and gait speed. We 
will discuss them in the order the tests were taken. Overall, the correlations found 
with this setup were less significant than the ones found with the tablet setup (Chapter 
5). 

There was a good correlation between the m-CTSIB scores and the results of the 
interception task (F(41,35)=5.73, p<.001). This is confirmed by a coefficient of 
determination (R2) of .450, indicating that 45% of the variance in the scores of the m-
CTSIB is explained by the results of the interception task. This effect was mainly 
caused by the illusion effect (p<.001), the number of no tap trials (p=.017) and the 
absolute direction error according to the target straight direction of motion (p=.012). 
High scores on the m-CTSIB were correlated with larger direction errors, low 
numbers of no tap trials and small absolute direction errors according to the target 
straight direction of motion. Figure 5A shows the predicted and measured scores of 
the m-CTSIB for all the participants. The predicted scores were globally 
underestimated for YA and globally overestimated for OA as compared to the 
measured scores. Almost all the YA were at the ceiling level score of 120 for this test 
while the predicted scores were more diverse, suggesting that the m-CTSIB is not 
very precise and not suitable to measure small changes. These results are different 
than the ones found in Chapter 5. The coefficient of determination found here is lower 
than the one found for the tablet setup (R2=.450 compared to R2=.629). The 
correlation was mainly caused here by the illusion effect, the number of no tap trials 
and the absolute direction error according to the target straight direction of motion 
while it was mainly caused by the percentage of hits and number of no tap trials in the 
tablet version.  

The results also showed a relationship between gait speed (in SPPB) and the results 
of the interception task (F(43,37)=2.61, p=.040). This is confirmed by a coefficient of 
determination (R2) of .261, indicating that 26% of the variance in the scores of the 
gait speed is explained by the results of the interception task. This effect was mainly 
due to the absolute direction error according to the target straight direction of motion 
(p=.023). The slower participants walked, the larger their absolute direction errors 
according to the target straight direction of motion were. Figure 5B shows the 
predicted and measured times of the 10 meters gait test for all the participants. It 
shows that the predicted gait times were overall underestimated for both the OA and 
YA compared to the measured times. These results are different than the ones found 
in Chapter 5. The coefficient of determination found here is somewhat lower than the 
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one found for the tablet setup (R2=.261 compared to R2=.312). The correlation was 
mainly caused here by the absolute direction error according to the target straight 
direction of motion while it was mainly caused by the number of no tap trials in the 
tablet version. 

The results showed a relationship between chair stand speed (in SPPB) and the results 
of the interception task (F(42,36)=6.12, p<.001). This is confirmed by a coefficient of 
determination (R2) of .460, indicating that 46% of the variance in the scores of the 
chair stand speed is explained by the results of the interception task. This effect was 
mainly produced by the illusion effect (<.001), the percentage of hits (p=.045) and the 
absolute direction error according to the straight target direction of motion (<.0001). 
Longer times in the chair stand test were correlated with smaller illusion effects, lower 
percentages of hits and larger absolute direction errors according to the target straight 
direction of motion. Figure 5C shows the predicted and measured times of the five-
times chair stand test for all the participants. It shows that the predicted and measured 
chair stand times were very close to each other for both the OA and YA. These results 
are different than the ones found in Chapter 5. The coefficient of determination found 
here is similar to the one found for the tablet setup (R2=.460 compared to R2=.410). 
The correlation was mainly caused here by illusion effect, the percentage of hits and 
the absolute direction error according to the straight target direction of motion while 
it was mainly caused by time to tap and the absolute direction error according to the 
straight target direction of motion in the tablet version. 

The results showed a significant relationship between the MMSE scores and the 
results of the interception task (F(42,36)=4.52, p=.003). This is confirmed by a 
coefficient of determination (R2) of .386, indicating that 39% of the variance in the 
scores of the MMSE is explained by the results of the interception task. This effect 
was mainly produced by the number of no tap trials (<.001). High scores in the MMSE 
were correlated with low numbers of no tap trials. This is not in line with previous 
findings (Chapter 5). 

Figure 5D shows the predicted and measured times of the five-times chair stand test 
for all the participants. All participants had scores between 24 and 30 points in the 
MMSE, considered as normal scores and showing normal cognitive capacities. It 
shows that the predicted and measured MMSE scores were very close to each other 
for both the OA and YA. These results are different than the ones found in Chapter 5. 
The coefficient of determination found here is larger than the one found for the tablet 
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setup (R2=.386 compared to R2=.105). No correlation between the MMSE scores and 
any of the pretests was found in the tablet version. 

The results showed that there was a good relationship between the NEADL scores and 
the results of the interception task (F(42,36)=6.46, p<.001). This is confirmed by a 
coefficient of determination (R2) of .458, indicating that 46% of the variance in the 
scores of the NEADL is explained by the results of the interception task. This effect 
was mainly caused by the illusion effect (p=.002), the number of no tap trials (p=.019) 
and the absolute direction error according to the target straight direction of motion 
(p=.012). High scores in the NEADL were correlated with larger illusion effects, low 
number of no tap trials and smaller direction errors according to the straight target 
direction of motion. Figure 5E shows the predicted and measured scores of the 
NEADL for all the participants. The predicted scores were globally underestimated 
for YA and globally accurate for OA as compared to the measured scores. In this 
questionnaire, participants have to rate themselves on how them performed the ADL. 
All the YA scored at the ceiling level in this test. As intended, the scores of the OA 
were more diverse. These results are quite similar to the ones found in Chapter 5. The 
coefficient of determination found here is lower than the one found for the tablet setup 
(R2=.458 compared to R2=.542). The correlation was mainly caused here by the 
illusion effect, the number of no tap trials and the absolute direction error according 
to the target straight direction of motion while it was mainly caused by the percentage 
of hits, the number of no tap trials and the absolute direction error according to the 
target straight direction of motion in the tablet version. 

All of the ADL pretests scores can, for a significant part, be predicted by the 
parameters of the interception task, notably the illusion effect, the number of no taps, 
and the absolute direction error according to the straight direction of target motion.  

6.4 Discussion 

The goal of this experiment is to clarify the effects of the illusion produced by the 
background motion in our task with OA varying in respect to ADL difficulties and 
with YA. The larger screen allowed us to reduce the setup’s visual difficulty and the 
higher background velocity allowed us to increase the multisensory integration 
demand on participants to potentially increase the differences between the two groups 
of participants (OA and YA). 
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6.4.1 Effect of a faster background velocity on the illusion effect in YA 
(Hypothesis 1) 

As hypothesized, and in accordance with results reported in the literature (Saijo et al., 
2005; Zhang et al., 2018), the faster background induced a larger illusion effect in YA 
as compared to the original experiment (Chapter 3) in the baseline and counting 
conditions (no significant difference in the illusion effect of YA was found for the 
balance condition between the two experiments, but the trend was in the expected 
direction). Besides the main difference of the faster background speed (24 cm/s 
instead of 12 cm/s), other setup differences might have played a role in the increased 
illusion effect as well. The screen was not tilted as in the previous experiment which 
makes the task less comfortable for the participants regarding arm movements. 
Indeed, vertical movements require more gravity compensation than horizontal 
movements (Sciutti et al., 2012). Additionally, the screen was similar in size as the 
one used in the original experiment (Chapter 3) but was not exactly the same, the sizes 
and positions of target, home position and different target movement deviations had 
to be adapted and therefore were slightly different as compared to the original 
experiment (see Table 1). However, these additional differences in setup were very 
small compared to the velocity of the background being multiplied by two between 
the two experiments. Also, these additional differences are not a priori expected to 
affect the illusion effect. Therefore, we can consider the higher background velocity 
being the main cause of the differences between the two experiments in illusion effect 
in YA.  

6.4.2 Effect of a faster background on the differences between OA and YA in 
illusion effect and other parameters of the interception task (Hypothesis 
2) 

We expected the faster background to increase the differences in results between OA 
and YA (H2). The results we found are not in accordance with this hypothesis. 

A larger delta was found in the time to tap. OA of the current experiment were faster 
in the balance condition compared to YA. This can be explained by the OA’s larger 
difficulties to maintain balance compared to YA (Seidler et al., 2010; Lee et al., 2013), 
moving their arm to hit the screen was more difficult for them and they might avoid 
loss of balance or falling by hitting faster. Indeed, the OA in this experiment had more 
problems to perform the pretests and overall to perform the ADL and might have been 
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more affected by age-related movement deficits compared to the OA in Chapter 3 
(Seidler et al., 2010). Therefore, the increased differences in time to tap found in this 
experiment between OA and YA could be due to the difference in population of OA 
and not to the increased background velocity. 

Furthermore, there was no change in the delta for the number of no taps and for the 
illusion effect, and the delta for the percentage of hits was smaller in the current 
experiment compared to Chapter 3. This is opposite to what we hypothesized and 
showed that the faster background did not increase the differences between the two 
age groups (OA and YA) in the results of our task.  

6.4.3 Illusion effect per participant in the current experiment compared to 
the tablet experiment (Chapter 4) (Hypothesis 3) 

In accordance to what we hypothesized, the three illusion patterns observed in Chapter 
4 on the tablet setup were also observed in the current experiment, namely the ‘over 
integration’ pattern, the ‘dragged by the background’ pattern and the ‘minimal use of 
visual information’ pattern. The number of participants with each pattern was 
different than Chapter 4 with less participants with the ‘dragged by the background’ 
pattern. The addition of dual tasks had less effect on the participants’ performances 
than in Chapter 4.  

As explained in Chapter 4, these differences in the proportion of participants in each 
group pattern might be caused by age-related deteriorations in the sensory systems of 
OA and amplified by the differences in setup. The OA in this experiment were similar 
to the participants in the experiment on the tablet presented in Chapter 4 but had more 
trouble to perform the ADL as compared to the participants of the original experiment 
presented in Chapter 3. These age-related degradations might have an impact on the 
difficulty of the task in terms of detection of the target and in terms of ignoring of the 
irrelevant information that is the background (de Dieuleveult et al., 2017; de 
Dieuleveult et al., 2018). These results are also in accordance with the transitional 
model proposed in Chapter 4.  

In accordance with earlier results found in the literature, the counting condition 
decreased the task performance for both groups of participants (Redfern et al., 2001; 
Mahboobin et al., 2007; Redfern et al., 2009; Bisson et al., 2014; de Dieuleveult et 
al., 2017). The addition of dual tasks had less effect on the participants’ performances 
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than in Chapter 4 but seem to confirm that the dual task forces OA to change their 
strategy when the task becomes too difficult for them. Indeed, the number of 
participants with the ‘dragged by the background’ pattern and particularly the number 
of participants with the ‘minimal use of visual information’ pattern increased with the 
addition of the cognitive dual task. With increased task difficulty, participants, and 
particularly OA, tend to tap towards the center of the screen instead of following the 
target direction of motion changing the task into a simple reaction time task. 

6.4.4 Replication of the multiple regression analyses done in Chapter 5 for 
the new mobile setup (Hypothesis 4) 

The multiple (linear) regression analyses showed correlations between the different 
parameters of the interception task and the participants’ scores on the conventional 
ADL-related tests as seen in Table 3. Forty-five percent of the variance in the scores 
of the m-CTSIB, 46% of the variance in the scores of the NEADL, 46% of the five-
times chair stand speed of the SPPB, 39% of the variance in the MMSE scores, and 
26% of the variance in the gait speeds of the SPPB can be explained by the results of 
the interception task. Please note that these correlations were attained with a 
(relatively simple) linear regression.  

As expected, the illusion effect now was a more important predictor in the regression 
analyses. Overall, the correlations found with the current setup were less significant 
than the ones found with the tablet setup (Chapter 5) and the parameters that 
contributed more in the current correlations were different than the ones found with 
the tablet setup. 

The MMSE, that did not show any correlation with the parameters of the interception 
task of Chapter 5, is now correlated with the parameters of the interception task of the 
current experiment. These results are mostly due to the number of no tap trials. This 
can be explained by the higher variability of MMSE scores in the two age groups (OA 
and YA) as compared to Chapter 5 where the participants were close to or at ceiling 
level in this test. 

The illusion effect and the absolute direction error according to the straight target 
direction of motion were more informative for the correlations with the pretests 
compared to Chapter 5. Indeed, the illusion effect was correlated with three of the 
pretests in the current experiment compared to none in Chapter 5. This is in 
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accordance with our hypothesis that the higher background velocity would increase 
the influence of the illusion effect in the correlations between the parameters of the 
interception task and the pretests results. Overall, participants who had more trouble 
to perform the ADL had smaller illusion effects compared to participants who had no 
problem to perform the ADL. These participants tended to have either a reverse 
illusion effect (‘dragged by the background’ pattern) that resulted in a negative 
illusion effect (left background motion minus right background motion direction 
errors) or no illusion effect (‘minimal use of visual information’ pattern) that resulted 
in small illusion effect. The absolute direction error according to the straight target 
direction of motion was correlated with four of the pretests in the current experiment 
compared to none in Chapter 5. Overall, participants that had no problem to perform 
the ADL had smaller absolute direction errors according to the straight target direction 
of motion compared to participants that had problem to perform the ADL. They 
tended to tap towards the center of the screen. This can be explained by the higher 
number of participants with a ‘minimal use of visual information’ pattern compared 
to the experiment presented in Chapter 5.  

As in Chapter 5, the number of no tap trials was correlated with three of the pretests 
in the current experiment.  

Finally, the time and percentage of hits were correlated with less pretests than in 
Chapter 5. Indeed, time was correlated with the chair stand test speed in Chapter 5 
and is now correlated with none of the pretests. The number of hits was correlated 
with two of the pretests in Chapter 5 and is now only correlated with the chair stand 
test speed. The increased background velocity seems to have a higher impact on the 
performance of YA compared to the performance of OA while the tablet version 
decreased the performance of both age groups. Therefore, this task seems to have 
reduced the differences in performance between the two groups leading to lower 
correlations with the percentage of hits and the time to tap. 

In summary, the hypothesis that the higher background velocity would increase the 
influence of the illusion effect in the correlations between the parameters of the 
interception task and the pretests results is confirmed. Again, we found that the 
parameters of the interception task can nicely predict ADL-related pretests results. 
However, it appears that how the different parameters of the interception task relate 
to the performance of the ADL-related pretests is sensitive to variations in the setup 
of the interception task.  
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6.4.5 Adherence to the task 

As described earlier, five OA were excluded from the analyses because they did not 
understand the task at all or were unable to tap with their index finger only (because 
of a widely opened hand, these participants tapped the screen with their other fingers 
without noticing), or were too tired to perform the baseline condition after the 
counting condition. In order to study this population, adjustments to the task would 
be necessary.  

6.5 Conclusion 

The current mobile setup on a large screen, presented in this chapter, showed that, in 
accordance with the literature, the faster background increased the illusion effect in 
our task in YA. However, the faster background did not increase the differences in 
performance between the two age groups (OA and YA). Furthermore, the results of 
this setup showed the same three illusion effect patterns that were presented in Chapter 
4 in OA. Finally, the experiment with this setup suggested that the additional tasks 
induced participants to change their strategy of tapping. This result is similar to 
Chapter 4. Good correlations were found between the parameters of the interception 
task and the ADL-related pretests results, particularly correlations with the illusion 
effect that show a higher influence of the background motion in these correlations 
compared to the results of Chapter 5. However, the correlations found in this chapter 
were not stronger than the ones found with the tablet setup, where the tablet setup has 
the advantage that it is more adapted to clinical practice (more movable and less 
expensive). In conclusion, the large mobile setup investigated in this chapter helped 
us to expand our understanding of the illusion effect, but we did not find benefits that 
could outweigh the tablet version for clinical uses, i.e. good results, mobile and 
inexpensive. 
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7 General discussion 

The main goal of this thesis was to contribute to the development of a diagnostic tool 
assessing MSI deficits related to the ADL in the elderly population. Such a tool could 
help clinicians to diagnose, for each individual, their degree of MSI degradation 
associated with ADL difficulties to target their interventions to the actual cause of the 
problems that older individuals will be, or are, dealing with. Ultimately, this should 
help OA age in place and stay independent for a longer time and to maintain their 
quality of life.  

In this chapter, the discussions of the previous chapters will be revisited and 
synthesized to discuss the general results of the thesis and their possible implications 
for the development of the diagnostic tool. The general discussion of the thesis will 
focus, first, on the scientific perspective with its contribution to the general knowledge 
of the field of study. Second, it will focus on the clinical perspective with the 
implications of the results for clinical practice. Finally, the discussion will focus on 
the research limitations of the work, future research possibilities and additional 
explorations that have already been done. From a scientific perspective, this thesis 
provides new knowledge on the relation between the process of aging, MSI and the 
performance of the activities of daily living. From a clinical perspective, this thesis is 
a first step towards the development of a diagnostic tool of MSI issues that relate to 
ADL problems in OA.  

7.1 Thesis scientific contribution 

7.1.1 Weighing of sensory information 

The systematic review presented in Chapter 2 identified properly weighing sensory 
information as a main cause of MSI degradation in OA. As far as we know, this result 
has not been presented earlier in the literature. OA were shown to tend to use all 
information available even if the information is unreliable (disrupted or taken away) 
or non-relevant to the task (distractors), particularly for tasks involving the visual, 
somatosensory and vestibular systems (see Chapter 2). In the experiment described in 
Chapter 3, we found that OA were more affected than YA by a horizontally moving 
background that was irrelevant for the task but created an illusion of target motion. 
OA had larger direction errors, consistent with the illusion, when trying to intercept 
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targets than YA (de Dieuleveult et al., 2018). These results are in line with the results 
found in the systematic review. OA either did not properly manage to downregulate 
the non-relevant information (background motion) or they relied more on the visual 
information than they should have. Indeed, with age, the decline in the resolution of 
proprioceptive and vestibular information might be more severe than the visual 
decline. If so, giving more weight to relative motion when one is older might be 
optimal in terms of minimizing the variability in performance (Ernst and Banks, 2002; 
Van Beers et al., 1999).  

An important question is how aging may result in MSI impairments. Aging is 
accompanied by grey and white matter losses (Peters, 2006; Hedman et al., 2012) and 
changes in brain activity (Cabeza, 2002; Peters, 2006; Greenwood, 2007; Park and 
Reuter-Lorenz, 2009). These changes could be responsible for the degradation in the 
integration of the sensory cues present in the environment. In Chapter 2, we discussed 
an increased sensory noise at baseline (Mozolic et al., 2012) and a wider recruitment 
of brain areas while performing a task in OA as compared to YA (Townsend et al., 
2006; Heuninckx et al., 2008; Venkatraman et al., 2010). These changes could be 
responsible for a failure in detecting that the information is unimportant or unreliable, 
and/or for a failure in inhibiting the use of unreliable information observed in OA. 
However, OA’s level of MSI could still be optimal for their performance and given 
their degradation of unisensory perception (Teasdale et al., 1991; Bugnariu and Fung, 
2007; Owsley, 2011; Berard et al., 2012) using all information available could be a 
good strategy as long as the information is reliable. This strategy could compensate 
for lower level sensory degradation (Berard et al., 2012). 

The experiments reported in Chapters 4 and 6, revealed that some OA with problems 
to perform the ADL were not capable of performing the interception task properly. 
They either tapped towards the center of the screen (turning the interception task into 
a simple reaction time task) or were dragged by the background motion. It is likely 
that their problems to perform the task were caused by a more advanced stage in the 
above-mentioned changes that occur with aging (grey and white matter losses and 
brain activity changes) which possibly resulted in motion discrimination problems, 
increased variability of movements, slowing movements, coordination problems and 
balance problems (Seidler et al., 2010; Lee et al., 2013). 
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7.1.2 Effect of age on the influence of a moving background in interception 
with and without secondary tasks 

The development of the interception task used in Chapters 3 and 4 was based on the 
results of the literature found in the systematic review described in Chapter 2. The 
largest differences between OA and YA were found when disturbing the sensory 
systems of participants or when adding dual tasks (see Chapter 2). In line with these 
results, we designed a task including illusory target motion to perturb the visual 
system by adding a task-irrelevant horizontal background motion. We also included 
duals tasks, i.e. a condition with a cognitive dual task, and a condition in which the 
demand on the proprioceptive and somatosensory systems was higher because a foam 
mat was used to inhibit these sources of information. As far as we know, the effects 
of age on the influence of a moving background in an interception task has not been 
investigated before.  

The experiments’ results for healthy OA on this task (Chapter 3) were consistent with 
the results of the literature. As described in the part above, we found that OA were 
more influenced by the task-irrelevant background motion as compared to YA, which 
is in line with the findings of the systematic review that OA tend to maximize the use 
of MSI and are impaired at properly weighing sensory information (see Chapter 2). 
Additionally, we found that the overall performance of OA was poorer than YA with 
more variable direction errors, less successful hits and more no tap trials. This is in 
line with the results found in the literature and described in the systematic review in 
Chapter 2, that showed that even when OA were benefiting more from MSI as 
compared to YA if the multisensory cues are consistent and reliable (see Chapter 2), 
OA were still impaired in the task performance as compared to YA (see Chapter 2). 
Furthermore, the systematic review showed that dual tasks decrease the task 
performance for both OA and YA, but more so for OA. The counting task indeed 
decreased the performance in the task for both groups (less hits, more no tap trials and 
longer RT), but particularly for OA. The balance task did not change the results of the 
task for neither of the two groups, apart for a generally shorter RT that was probably 
due to the higher, standing, position. In our task, we did not find that the dual tasks 
affected the illusion, neither in OA nor in YA.  

The results for OA with ADL issues (Chapters 4 and 6) were only partly consistent 
with the results of the literature (Chapter 2). In the two experiments, OA did not show 
any illusion effect caused by the horizontally moving background while YA showed 
a larger illusion effect than the YA in the experiment described in Chapter 3. OA in 
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these experiments showed a larger variability compared to OA in the original 
experiment (Chapter 3), and reveal three different illusion effect patterns, namely 
‘over integration’ pattern, ‘dragged by the background’ pattern and ‘minimal use of 
visual information’ pattern. This explained the absence of significant overall illusion 
effect in OA in these experiments. Additionally, in these two experiments (Chapters 
4 and 6), the participants tend to tap towards the center of the screen instead of 
following the actual direction of motion of the target. This effect was particularly 
noticeable for OA. Similar to what was found in Chapter 3, the overall performance 
of OA was poorer than YA with more variable direction errors, fewer successful hits 
and more no tap trials, particularly in OA.  

7.1.3 Age-related transitional model in the interception task 

 

Figure 1: Graph representing the three hypothesized age-related transitions in 
patterns happening in the interception task. In the early phase of age-related changes 
(transition 1), there is a tendency to integrate all available information with a lack of 
proper weighting less reliable information (‘over integration’ pattern). In a second 
phase of the age-related process, OA become unable to downregulate the task-
irrelevant background and are dragged by it, showing a reverse effect of the illusion 
(transition 2) (‘dragged by the background’ pattern). In a later phase of age-related 
changes, multisensory integration becomes too difficult, and older adults change their 
pattern again (transition 3), basically turning the interception task into reaction time 
task (‘minimal use of visual information’ pattern). 
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The discrepancies in results found between Chapter 3, Chapter 4, and Chapter 6, in 
OA have led us to propose a transitional model of the aging process happening in our 
task (model depicted in Figure 1).  

In this model, YA are depicted first. This group of participants puts a high weight on 
the target and small or no weight on the background, resulting in a small illusion effect 
caused by the moving background. In other words: YA are able to largely (but not 
completely) ignore the task irrelevant background motion. 

With age, proprioceptive and vestibular information become less reliable and may 
force OA to rely more on vision, they put more weight on the visual cues, leading to 
an over integration of the background motion and larger direction error (Brenner and 
van den Berg, 1994; de Dieuleveult et al., 2018). Therefore, this early stage of the 
aging-related degradation process might be the cause of a first transition in 
performance patterns (transition 1 in Figure 1) with participants over-integrating the 
background motion as compared to YA (over-integration pattern).  

With advancing age, the age-related degradations in the sensory systems might 
become larger and limit participants’ ability to downregulate the task-irrelevant, but 
relatively salient, background information that covers a large part of their visual field. 
Participants put more and more weight on the background to the extent that the 
background information outweighs the target information. OA start then to be dragged 
by the background motion (transition 2 in Figure 1) which they cannot ignore and as 
a result they tap following this background instead of following the target’s direction 
of motion leading to a reverse illusion effect (‘dragged by the background’ pattern).  

Finally, when the task becomes too difficult, a third transition in patterns and 
therewith performance occurs in OA (transition 3 in Figure 1). Participants don’t try 
to intercept the targets anymore and do not show any illusion effect. The interception 
task, which required multisensory integration, became a simple RT task with 
participants taping in the center of the screen in a more probabilistic strategy 
(‘minimal use of visual information’ pattern).  

This transitional model of the aging process shown in our task could be a good 
indicator of the performance of OA in ADL. The test could serve as a diagnostic tool 
of future ADL issues and the model can help clinicians to tailor their interventions to 
the individual’s problems. 
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7.2 Implications for clinical practice 

7.2.1 Implications of the transitional model 

The results highlighted in this thesis are a first step towards the development of a 
diagnostic tool for MSI issues that relate to ADL issues in OA. After rigorous testing 
and validation, this tool may be used in clinical practice for alleviating problems in 
ADL in the future or to develop personalized interventions for OA. Indeed, the results 
revealed three different strategical patterns for OA in the interception task that could 
be used to train individuals. The interception task may be a valuable diagnostic tool 
to distinguish the three phases in clinical practice and thus help to optimize treatment 
and training. 

According to the results of Chapters 4 and 6, phase one of the aging process reveals 
problems in multisensory integration (more specifically in appropriately weighing 
sensory inputs). Participants performed the task properly but were more influenced by 
the illusion created by the background motion than YA. These differences in MSI do 
not yet have a noticeable influence on ADL performance and are therefore likely to 
go unnoticed by traditional ADL tests. But, this phase of over integration could be 
diagnosed by our task and could be an early warning sign and predictor of future 
changes in MSI performance that would at some point cause problems in the 
performance of ADL. Detecting this over integration of sensory information could 
help clinicians diagnose MSI degradations followed by the use of MSI training 
programs to train the participants. Such training programs already exist and are 
already used in clinical practice such as the ones developed by de Vreede et al. (2005), 
Setti et al. (2014) or Merriman et al. (2015).  

According to the results of Chapters 4 and 6, phase two of the aging process reveals 
multisensory integration issues, target detection issues and weaknesses in sensory 
compensatory mechanisms. Participants were still trying to perform the task but could 
not ignore the irrelevant (but dominant) background motion. Their hitting was 
affected by the moving background in a way that was in the inappropriate direction 
as seen from the perspective of relative motion between target and background (i.e. 
dragged by the background). In order to decrease these problems, clinicians would 
then want to use specific multisensory integration training programs, as in the first 
phase of the aging process, and specific proprioceptive/vestibular and cognitive 
training programs to counteract the degradation of the compensatory mechanisms by 
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adapting already in use training programs such as the ones developed by de Vreede et 
al. (2005), Setti et al. (2014) or Merriman et al. (2015). 

According to the results of Chapters 4 and 6, phase three of the aging process reveals 
an absence of performance in the task and motor problems. Participants did not try to 
follow the direction of target motion anymore and simply tap towards the center of 
the screen in a more probabilistic strategy. The interception task becomes a simple 
reaction time task. It seems that these participants gave up on the task because it 
became too difficult for them. Clinicians would then want to target these specific 
problems using, for example, perceptual learning training programs of motion 
discrimination (Bower and Andersen, 2012; Bower et al., 2013) and upper limb 
physical training programs such as resistance training (Daly et al., 2013). OA could 
also have chosen the strategy of tapping towards the center because of a lack of 
confidence that they could properly perform the task, if that is the case, clinicians 
could also support them during the task by showing them that they could do it and 
thus restore confidence. 

7.2.2 Adaptation to clinical practice 

We have implemented our task in a tablet, in order to increase usability in clinical 
practice. Clinicians do not have a lot of time allocated to each person they see; 
therefore, they need a quick and easy to use test to diagnose problems. The tablet 
allowed us to record without the Optotrak movement tracker, as used in the lab, which 
is big and expensive equipment. The design of the experiment on the tablet has been 
simplified in comparison to the lab experiment. The home page comprises buttons to 
select the type of participant measured (see Figure 2 below). We ensured that the 
coding of the participants did not stigmatize them: YA for younger adults, OA for 
older adults and OA2 for OA with Parkinson disease. The practice session and the test 
could be started by simply pressing the buttons on the screen too. At the end of the 
session, a screen showed “Dank u wel” (“thank you” in Dutch) to the participants.  
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Figure 2: Figure depicting the home page and end screen of the experiment as seen 
on the screen of the tablet. 

The tablet version of the task would also allow clinicians to reach people that cannot 
come to the clinic. Additionally, the tablet version is more comfortable for the 
participants. Indeed, intercepting several targets in a row on the large screen was 
sometimes experienced as uncomfortable for the arm in both groups of participants 
(OA and YA) but particularly in OA who therefore had to take more breaks. 

7.2.3 Implementation of the diagnostic tool 

The interception task as a diagnostic tool seems to have several advantages as 
compared to the tools already in use in clinical practice (Shumway-Cook and Horak, 
1986; Nouri and Lincoln, 1987; Guralnik et al., 1994; Horn et al., 2015; Pavasini et 
al., 2016). It could measure the same underlying aging effect that would otherwise 
need multiple separate tests. The test focusses on upper limbs visuomotor 
coordination and does not depend on self-report ADL questionnaires that may be 
sensitive to memory bias and social demands. The interception task is a quite complex 
task but controlled, the experiment is the same for all of the participants and can 
generate many automatically measured parameters (no need for stopwatch or 
clinicians’ impression). It is also more fun than pencil and paper tests for most of the 
participants. Even though the interception task itself is not lengthier than the tests 
commonly used in clinical practice, the test from the very start until the results 
currently needs more time, mostly because the data analysis has not been fully 
automated yet. Therefore, it needs further adaptation to the clinical daily life. 
Clinicians don’t have a lot of time allocated to each patient, they need a tool that 
would be easy to use, user-friendly and quick. Before it could be used on a large scale, 
a simple user interface needs to be designed with clear instructions for both clinicians 
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and participants, a guidelines manual would need to be developed to ensure that the 
test is the same for every participant. Additionally, an automatic analysis of the data 
and a comparison with normative data would be necessary so that the clinicians could 
directly know the strengths and weaknesses of their patients regarding the task. It 
would then be less difficult to convince clinicians to integrate this test in their daily 
routine. The full translation of the research to the clinical setting would require 
publicity to the clinicians to have them use the technology, training programs to teach 
them how to use the technology. All of this has costs. Future research should consider 
the cost effectiveness of the assessment and translation of this test to clinical practice 
with an economic analysis.  

7.3 Additional explorations: Influence of Parkinson’s disease on the 
results of the interception task 

The setup described in Chapter 6 has been used to measure participants with Parkinson 
disease in collaboration with the physiotherapy Dekker (Amstelveen, the 
Netherlands). People with Parkinson`s Disease seem to benefit less from multisensory 
enrichment compared to aged matched healthy older adults (Fearon et al., 2015). The 
basal ganglia, which is affected by Parkinson’s disease, has been shown to be essential 
for the integration of complex sensory stimuli in animal studies (Nagy et al., 2006; 
Reig and Silberberg, 2014). The degradation of the basal ganglia could then lead to 
problems in facilitating or inhibiting responses in complex environments (e.g. narrow 
doorways, crowds, public places). For example, the inhibition of motor output can be 
the cause of freezing of gait (FOG) in patients with Parkinson’s disease. Furthermore, 
it has been shown that the addition of secondary tasks during walking tends to 
decrease the walking performance of patients with Parkinson`s Disease (Kelly et al., 
2012). 

The results of this experiment could help to investigate whether these participants 
undergo the same aging-related phases as healthy OA by testing the differences in the 
performance compared to healthy OA. The results could also reveal potential clinical 
value for this population of participants to help them live better with the disease. Our 
research questions are the following: 1) Are people with Parkinson’s disease more 
affected by the illusion created by the background motion compared to aged matched 
healthy adults? 2) Does the addition of a secondary task decrease task performance 
more strongly in people with Parkinson’s disease than in aged matched healthy adults? 
3) Do our results of sensitivity to the illusory target motion correlate with well-known 
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clinical tests (the Modified Clinical Test of Sensory Interaction and Balance (m-
CTSIB), the Short Physical Performance Battery (SPPB), the Nottingham extended 
ADL scale (NEADL) and the Freezing of Gait questionnaire (FOG-questionnaire)). 
The results are now under analysis and are planned to be submitted for publication in 
the near future. 

7.4 Research limitations 

This study highlights that our interception task could have value for clinical practice 
and could be used to screen OA on their ability to perform our task (MSI performance) 
in association with their ability to perform ADL. However, further research is needed 
to validate this diagnostic tool and implement it in clinical practice. Several research 
limitations need to be addressed or at least reduced in order to develop the best 
diagnostic tool possible. 

7.4.1 Inclusion criteria 

A first limitation of this work is that most of the inclusion criteria used were self-
reported by the participants. Indeed, participants were tested for cognitive 
impairments with the MMSE but they only self-reported being right-handed, having 
normal or corrected-to-normal vision and hearing, and not having been diagnosed as 
having a vestibular or balance dysfunction, psychiatric symptoms, or musculoskeletal 
or neurological problems.  

Being right handed was a criterion to be included in the studies. We used an Optotrak 
in the first experiment that was placed on the left of the participants when they were 
taping the screen. Using the left hand would have hindered the Optotrak to properly 
detect the index finger of the participant. In addition, left-handed people show 
different and more spread brain activation patterns as compared to right-handed 
people, therefore, the inclusion of left-handed participants might have added 
variability to our results (Willems et al., 2014). However, we simply asked for right-
handed participants during the recruitment and we checked that they signed the 
informed consent with their right hand but no test was performed to check their 
laterality in more detail. Additionally, using only right-handed participants does not 
reflect the population of OA. Therefore, further research should include left-handed 
participants to ensure that effects are not substantially different. Obviously, we want 
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a diagnostic tool to be accurate with every OA individually and therefore, we need to 
know if there is any bias due to the lateralization of these individuals. 

We did not measure the visual acuity of our participants and their hearing was checked 
only by providing them with the sounds used in the experiment and by asking them 
to tell us what kind of sound it was. Participants with visual acuity and hearing losses 
were asked to wear their visual or hearing aids. However, no proper testing was done 
to assess their vision and hearing. The task and the cognitive dual task could thus have 
been more difficult and effortful for some participants. 

Participants had to report not having been diagnosed as having a vestibular or balance 
dysfunction, psychiatric symptoms, or musculoskeletal or neurological problems. 
There is a progressive loss of sensory, motor and central processing systems 
accompanying normal aging (Sturnieks et al., 2008). Indeed, changes such as the 
attrition of neural and sensory cells (Fife and Baloh, 1993), changes in tactile 
sensibility, particularly plantar tactile sensibility (Menz et al., 2005), and a decrease 
in muscle strength (Larsson et al., 1979) can have a negative impact on these systems 
and on the general functioning of OA (Sturnieks et al., 2008). However, aging is also 
accompanied by an increased prevalence of diseases that can accelerate the normal 
aging process and therefore increase sensory, motor and central processing problems 
(Sturnieks et al., 2008). Some of these pathologies could have been present in our 
participants at an early stage but having been unnoticed by them and their clinicians. 
Our study aimed at studying the normal aging process and not the effects of diseases 
on the performance of OA. By not checking the disease history of our participants, we 
risked introducing variability in the results by having participants with diseases 
recruited.  

All of these inclusion criteria differences may ‘only’ have amplified the natural 
variation that is present in people regarding visual/auditory perception, 
proprioception, cognition, and muscle strength. Even with stricter criteria, we could 
have never entirely excluded these differences between participants and particularly 
between OA and YA. Additionally, these differences do not mean that participants 
are unhealthy (i.e. we wanted to recruit healthy OA and YA). 
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7.4.2 Adherence to the task 

We included data of participants who adhered to the task in the analyses. In the 
experiment described in Chapter 3, all recruited participants were able to properly 
perform the entire task. In the experiment described in Chapter 4, two OA were 
excluded from analysis because their performance was considerably worse than the 
performance of the other participants (high number of no tap trials and long times to 
tap). In the experiment described in Chapter 6, five OA were excluded because they 
did not understand the task at all or were unable to tap the screen with their index 
finger only, or were too tired to perform the baseline condition after the counting 
condition. We do not know if the participants that were unable to perform the task 
would have been capable of doing so if they were provided with more practice for 
example. It is a problem for the implementation of the test in clinical practice because 
we cannot conclude on their status regarding their performance in our task. In order 
to study this population, developing and testing an easier version of the task would be 
necessary. For example, having participants press a button when they think that the 
virtual target is close to a predefined location would help reducing the influence of 
motor issues. A button in their left hand could be used for targets deviated to the left 
and a button in their right hand could be used for targets deviated to the right. 

The fact that some OA tend to tap towards the center of the screen instead of following 
the actual direction of the target motion could also be described as non-adherence to 
the task. This could reflect a genuine inability to perform the task or a lack of 
motivation. A lack of motivation can be caused by OA who do not trust their ability 
to perform the task, or by annoyance by the task that they found too difficult. Tapping 
towards the center of the screen lessens the physical and cognitive efforts needed for 
the task and reduces the total time of each block of trials because participants tapped 
the screen as fast as possible. This is in accordance with shorter times to tap found for 
the “minimal use of visual information” pattern as compared to the two other groups 
of OA. We observed large discrepancies between the participants. Most of the OA 
seemed to be really motivated and appeared to do their best in the task, however, a 
small amount of the participants seemed annoyed by the task and wanted it to be done 
as soon as possible. One could then ask if the data of the participants that were 
annoyed by the task could be taken into consideration while analyzing the results. If 
they did not do their best to perform the task, the results cannot reflect the extent of 
their capabilities to perform the ADL. However, this motivational problem is not 
specific of our task. Indeed, even in pencil and paper tests, motivation could be an 



149 
 

issue and could depend on the day in which the test is performed for the same 
participant. 

7.4.3 Fatigue and learning effects 

The results found in the interception task could be affected by (visuomotor) fatigue 
that is not present in pencil and paper tests that are broadly used in clinical practice. 
Indeed, the task is demanding physically and mentally as participants have to lift their 
right arm several times in a row as fast as possible. This arm movement can be more 
and more difficult for the participants along the task and could introduce discomfort 
and fatigue that can affect the results of the experiment. Participants who feel 
discomfort and fatigue will not continue to tap as fast as possible and as high on the 
screen as at the beginning of the task. It is important to consider this issue while 
implementing the task for clinical practice. Appendix 3 shows the mean absolute 
direction errors in degrees along the trials according to age group (OA or YA), for 
each experimental condition (baseline, balance and counting) when performed as the 
first condition or when performed as the last condition in the experiments presented 
in Chapters 3, 4 and 6. The results presented in Appendix 3 show that there was no 
serious fatigue effect in our task for any of the participants’ groups that could have 
led to problems to properly perform the task. The only significant fatigue effect was 
observed for OA in the baseline condition when performed as the last condition in the 
experiment presented in Chapter 6. This result could be explained by the fact that the 
group of OA in Chapter 6 had more difficulties to perform the ADL and therefore 
probably more visuomotor fatigue compared to the group of OA in Chapter 3 and by 
the fact that the larger screen was more demanding physically compared to the tablet 
screen (Chapters 4 and 5).  

A learning effect present in YA and not in OA could reveal problems in the ability of 
OA to learn to ignore the irrelevant background motion and could have increased the 
differences between the two groups of participants. Appendix 3 shows a learning 
effect for YA in the baseline and counting conditions when performed as the first 
condition in the experiment presented in Chapter 3. However, these learning effects 
were quite small and not robust between the setups and experimental conditions. 
Therefore, the difference in results found between the different experiments could not 
be attributed to any difference in learning to ignore the irrelevant background motion 
between OA and YA. These results show also that our task is not suitable to be used 
as an MSI training program by itself, but solely as a diagnostic tool. Other training 
programs need to be used or developed for this purpose. 
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7.4.4 Are we actually measuring MSI? 

We developed our interception task to measure MSI in OA. However, when the 
proprioceptive and cognitive dual task conditions are taken out of the diagnostic tool 
(as recommended in Chapter 5), the task is mostly visual. We believe that even though 
the stimuli provided to the participants during the task are visual stimuli, the task by 
itself requires the integration of more senses’ information and therefore, MSI. In 
addition, our task requires the use of perception in action which is common in real-
world behavior. Furthermore, in order to perform the task developed in this thesis, it 
is necessary to properly weigh information such as the target versus the background, 
this requires more than just visual detection. First, vision is necessary to distinguish 
and follow the target’s motion, but tapping the screen requires motor control driven 
by vestibular and somatosensory inputs. The integration of these sources of 
information is necessary to accurately hit the target and control the movement of the 
arm towards the screen without falling over. Second, and as described in Chapter 2, 
there are two ways to acquire information for judging the target’s direction of motion 
that both require the integration of multisensory stimuli. Participants could use either 
the actual motion of the target in space (visual information) and information about 
changes in the eye’s orientation in the head and changes in the orientation of the head 
(proprioceptive information) (Nakayama, 1985; Schweigart et al., 2003) or 
participants could also rely on the surrounding being static, as it usually is, and use 
the relative motion of the target’s retinal image and that of its surrounding to estimate 
the target’s motion in space and interpret the background motion as optic flow due to 
their own motion (visual and vestibular information) (Brenner and van den Berg, 
1994). Finally, even though we do not know exactly which mechanisms are used, the 
results of our task are correlated with well-known balance and ADL-related clinical 
tests. Vision itself is essential for balance and to perform ADL. Input from the eyes is 
used by the central nervous system to detect static and moving objects that are around 
us in the environment (Sturnieks et al., 2008). To control posture, the central nervous 
system also uses the movement of the visual field to get information on the movement 
of our body according to the surroundings.  

Aging is accompanied by a progressive decline in the visual system (Gittings and 
Fozard, 1986; Owsley, 2011). OA have poorer visual object recognition, acuity and 
contrast sensitivity (Bennett et al., 2007; Pilz et al., 2010; Owsley, 2011). OA also 
have higher motion detection thresholds and they are less accurate in direction and 
speed discrimination (Trick and Silverman, 1991; Atchley and Andersen, 1998; 
Norman et al., 2003; Snowden and Kavanagh, 2006; Bennett et al., 2007; Pilz et al., 
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2010; Conlon et al., 2017). Problems in the integration of visual inputs can have an 
impact on balance control and on the ability to avoid obstacles because of 
misjudgment of distances and misinterpretation of spatial information (Sturnieks et 
al., 2008). Therefore, deficits in vision are closely linked to balance dysfunction and 
ADL performance, and it is not surprising that, even if our task would not directly 
measure MSI but mostly visuomotor deficits, we found correlations between the 
results of our task and the results of well-known balance and ADL-related clinical 
tests. 

7.4.5 Conclusion on the limitations 

As described in Parts 7.3.1 to 7.3.5, the work that has been done in this thesis came 
with research limitations. Limitations have been reduced when possible. For example, 
the adherence to the task has been increased by motivating our participants and by 
presenting them the task as a game. Additionally, some of the limitations described 
above, such as the self-reported criteria, can be viewed as good reflection of daily 
practice and the general population. For instance, people usually delay going to a 
specialist for their eyesight and they are not always diagnosed for dysfunctions that 
do not yet alter their quality of life. Still, all of these people have to deal daily with 
ADL with these dysfunctions. No serious fatigue effect was found in our task even 
though fatigue could also be related to issues to perform the ADL and visuomotor 
problems. Furthermore, even if the fact that we directly measure MSI can be 
questioned, it did not hinder us to find good correlations between the results of our 
task and ADL. Finally, the limitations described for the implementation of the 
diagnostic tool could in principle be reduced to a minimum with additional work. In 
conclusion, the research has some limitations but none of them were major issues that 
could question the validity of our results or the methods we used.  

7.5 Future research possibilities (validation, directions) 

This thesis is a first step to the development of a diagnostic tool to assess MSI issues 
that relate to ADL problems in OA. In order to be able to implement this tool in 
clinical practice, further research and development will be needed. A longitudinal 
study would be necessary to confirm the clinical validity of our tool, if the tool is able 
to predict future problems in ADL. For this study, a large number of participants aged 
from 18 years old and above would be recruited and would perform the interception 
task on the tablet. This last one would be used because it is the clinically best adapted 
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setup and it showed pertinent results for a use in clinical practice. This experiment 
would permit to investigate as well when problems to perform the ADL or age-related 
declines become too large to properly perform our task. It would permit to locate more 
accurately the transition one, two and three of our transitional model along the ADL 
or age decline and potentially detect more transitions in performance. Additionally, a 
longitudinal study associated with targeted interventions, as discussed in the 
‘Implications of the transitional model’ part of the discussion, could help investigating 
the efficacy of the interventions on OA. 
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Appendix 1  

Table 3: Studies (n=53) investigating MSI in the healthy elderly population rated 
with the Newcastle-Ottawa Quality Assessment Scale (NOS)(Wells et al., 2012).  
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(Berard et 
al., 2012) 
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(Bisson et 
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* - - * * * * * 6 
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ns and 
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The studies were included in the summary if their sum score on the NOS was equal or 
superior to five stars out of eight. The studies that failed to reach five stars were excluded 
from the summary of the results. 
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Appendix 2  

Table 4: Summary of tests and results of the articles included in the systematic review (n=53). 

Tests on the visual and auditory modalities 
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of publication 

Study characteristics Results related to the effects of aging 

Participants (number; age range; mean 
(SD); percentage of men) 

Material Experiments 

Older 
adults 

Young 
adults 

Other 
groups 

Tasks Conditions Instructions Time and 
repetition 

Multisensory 
integration 

compensates 
loss of 

sensitivity of 
visual 

temporal 
order in the 

elderly 
de Boer-

Schellekens, 
2013 

11; 60–
69; 

65.4(3.6); 
n.r. 

10; 20–
29; 

22.1(3.2); 
n.r. 

9; 30–39; 
33(2.1); n.r. 
10; 40–49; 

44.1(2.6); n.r. 
 

10; 50–59; 
52.5(1.8); n.r. 

Serial response 
box, headphones, 
computer with E-

Prime, screen 

Temporal 
order 

judgement 

A) Visual 
1) With white noise 

clicks 
2) Without white noise 

clicks 
B) Auditory 

C) Audiovisual 
Different SOA 

Report the 
temporal order of 

the stimuli 

A) 576 trials 
B) 160 trials 
C) 160 trials 

"Results showed that sensitivity of visual, 
auditory, and audiovisual temporal order 

declined from 50 years on. However, 
there was no corresponding decline in 

MSI as the click sounds actually 
compensated the loss of sensitivity of 
visual temporal order in the elderly. 

Sensitivity of audiovisual temporal order 
did not correlate with MSI, suggesting 
that well-preserved explicit judgments 

about cross-modal temporal order are not 
required for MSI to occur." 

The effects of 
multisensory 

targets on 
saccadic 

trajectory 
deviations: 
Eliminating 

age 
differences 
Campbell, 

2010 

14; 61–
73; 

67.1(4.2); 
n.r. 

14; 18–
29; 20.9( 
2.9); n.r. 

- Camera-based eye 
tracker, 2 

speakers, chin 
rest, computer, 

screen 

Sound 
localization 

tasks 

A) Sound localization 
test 

B) Sound localization 
with distractors, target 
appears on the left or 

right 
1) With distractors 

below or above 
a) Congruent 

b) Incongruent 
2) Without distractors 

A) Judge whether 
the sound came 
from the left or 

from the right B) 
Move their gaze 
to the target with 
a single saccade 

336 trials “The results show that bimodal targets 
produced larger deviations away than 
unimodal targets, but only when the 

distractor preceded the target, and this 
effect was comparable across age groups. 

Furthermore, in contrast to previous 
research, older adults in this study showed 
similar deviations away from distractors 

to those of younger adults.” 
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Older age 
results in 

difficulties 
separating 

auditory and 
visual signals 

in time. 
Chan, 2014a 

13; 61–
72; 

66(n.r.); 
53.9% 

15; 21–
32; 

25(n.r.); 
33.3% 

- Response box, 
headphones, chin 
rest, r, computer 

with ViSaGe, 
cathode ray tube 

monitor 

Audio-
visual 

asynchrony 
judgment 

with sound-
lead or 

sound-lag 
asynchrony 

A) Visual 
B) Auditory 

C) Audiovisual 
Different SOA 

Discriminate 
between two 

intervals which 
one contains the 
asynchronous 

stimulus 

12 trials A main effect of aging was found for the 
detection threshold (p< 0.001). "The older 

adults have a larger mean sound-lead 
asynchrony detection threshold and a 

larger mean sound-lag threshold only for 
low frequency sound stimulus at the 

suprathreshold stimulus level compared to 
young adults." 

Advancing 
age alters the 
influence of 
eye position 

on sound 
localization 
Cui, 2010 

10; 66–
81; 

73.9(5.6); 
40% 

11; 18–
39; 

26.7(6.5); 
45.5% 

9; 40–65; 
53.8(5.6); 

44.4% 

Fully enclosed, 
echo- attenuated 

room, 3-thick 
SonexTextile 

acoustic panels, 
servo-controlled 

robotic arm, 
joystick, laser-

LEDs, miniature 
red LED, 

loudspeaker, key 
press, bite-bar, 

computer, 
cylindrical screen 

Localizatio
n tasks 

A) Control condition 
B) Eccentric condition 

A) Align the 
beam of a laser 
pointer with the 
perceived sound 

location and 
signal their 

localization with a 
key press 

B) Use peripheral 
vision to locate 

the target 

15-20min of 
fixation, 693 

trials 

“All three age groups demonstrated a 
time-dependent shift of auditory space in 
the direction of eye position. Moreover, 
this adaptation showed a clear decline 

with advancing age, but only for 
peripheral auditory space (beyond ±10° 

from midline).” 

Multisensory 
integration, 

aging, and the 
sound-

induced flash 
illusion 

DeLoss, 2013 

Exp 1: 
12; 

75.7(5.1); 
50% 

 
Exp 2: 

24; 
72.5(4.3); 

62.5% 

Exp 1: 
12; 

20.8(0.6); 
58.3% 

 
Exp 2: 

24; 
22(0.8); 
45.8% 

- Chin rest, 
keyboard, 

computer, screen 

Sound-
induced 

flash 
illusion and 

go/no go 
tasks 

A) Experiment 1 
1) Pre-test 

2) Experiment 
a) Visual block 1-3 

flashes 
b) Auditory block 1-3 

beeps 
c) Audiovisual block 

1-3 flashes paired with 
0-3 beeps 

B) Experiment 2 
1) Visual go/no-go cue 
2) Auditory go/no-go 

cue 
3) No cue 

 

A) 1) 
Discriminate 

flashes and beeps 
2) Report the 

perceived number 
of flashes or 

beeps 
B) No go if the 
frequency of the 

tone is lower or if 
the size of the disc 

increased 

3h "Older participants demonstrated greater 
multisensory integration, a greater 

influence of the beeps when judging the 
number of visual flashes than younger 

observers. In the visual go/no-go task they 
found a decrease in the illusion, yet in the 

auditory go/no-go task they found an 
increase in the illusion. These results 

demonstrate that older individuals exhibit 
increased multisensory integration 

compared with younger individuals." 
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Assessing age-
related 

multisensory 
enhancement 
with the time-

window-of-
integration 

model 
Diederich, 

2008 

15; 65–
75; 

69.6(n.r.); 
40% 

6; 20–22; 
n.r.(n.r.); 

50% 

- Completely 
darkened and 

sound attenuated 
room, 2 Speakers, 
fixation LED, 2 

LEDs on the 
loudspeakers, chin 

rest 

Selective 
attention 

tasks 

A) Visual 
B) Auditory 

C) Audiovisual 
Different SOA 

Gaze to the target 
as quickly as 

possible while 
ignoring any 
auditory non-

targets that could 
happen before or 
after the stimulus 

onset 

2.5h for 
young adults, 
4h for older 
adults, 960 

trials 

“The response time pattern for both 
groups was similar. The elderly 

participants were considerably slower 
than the younger participants under all 

conditions but showed a greater 
multisensory enhancement, that is, they 

seem to benefit more from bimodal 
stimulus presentation.” 

Influence of 
age, spatial 

memory, and 
ocular 

fixation on 
localization of 

auditory, 
visual, and 

bimodal 
targets by 

human 
subjects 

Dobreva, 2012 

15; 65–
81; 

n.r.(n.r.); 
46.7% 

12; 18–
30; 

n.r.(n.r.); 
50% 

- Electrooculograph
y, darkened room 
lined with echo-
attenuating foam, 

robotic arm, 
visually guided 

manual laser 
pointing with two- 
axis joystick, two 

laser light-
emitting diodes 
(LED) (red and 
green), rigidly 

mounted 60 cm 
above the 

subject’s head, 
two-way coaxial 
loudspeaker with 

red LED, 
personalized bite-

bar, keyboard 

Localizatio
n of 

auditory, 
visual and 
bimodal 
targets 

A) Ongoing targets 
with target fixation 

1) Visual 
2) Auditory 

B) Central fixation 
1) Ongoing 
2) Transient 

C) Transient target 
with target fixation 

1) Visual 
2) Auditory 

D) Transient bimodal 
targets with target 

fixation 

A) Align laser 
pointer with 

perceived target 
location 

B) Localization 
with peripheral 

vision 
C) Guided pointer 
with vision to the 

position 
remembered 
D) Report the 
location of the 

perceived 
auditory 

component 

2 sessions, 
376 trials 

“In comparison with young adults, elderly 
subjects showed (1) worse precision in 

most paradigms, especially when 
localizing with peripheral vision under 
central fixation; (2) greatly impaired 
vertical localization of auditory and 

bimodal targets; (3) increased horizontal 
overshoot in the central field for 

remembered visual and bimodal targets 
across response delays; (4) greater 

vulnerability to visual bias with bimodal 
stimuli.” 

The influence 
of aging on 
audiovisual 
temporal 

order 
judgments. 

Fiacconi, 2013 

Exp 1: 
21; 70-82; 
73.9(n.r.); 

n.r. 
 

Exp 2: 
12; 70-82; 
75.2(n.r.); 

n.r. 

Exp 1: 
23; 18-29; 
22.1(n.r.); 

n.r. 
 

Exp 2: 
12; 21-31; 
25.5(n.r.); 

n.r. 

- 2 speakers, 
chin\forehead rest, 
computer, screen 

Audiovisua
l temporal 

order 
judgment 

A) Visual and auditory 
stimuli presented from 

the same perceived 
location 

B) Presented from 
different locations 

Judge which 
stimulus was 

presented first 

45min “The authors found no effect of stimulus 
location, and no evidence of age-related 

declines in performance in either 
experiment.” 
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Now You See 
It, Now You 

Don’t: 
Evidence for 

Age-
Dependent 
and Age-

Independent 
Cross-Modal 
Distraction 
Guerreiro, 

2011 

30; 61–
77; 

67.7(5.5); 
66.7% 

30; 20–
29; 

22.3(2.2); 
10% 

- Eye-tracker, 
headphones, 

response box, 
computer, screen 

N-back 
tasks 

A) Visual n-back task 
(n= 0 to 2) 

1) With auditory 
distraction 

2) Without auditory 
distraction 

B) Auditory n-back 
task (n=0 to 2) 
1) With visual 

distraction 
2) Without visual 

distraction 

Judge whether the 
current digit or 
spoken number 

was the same as n 
positions back in 

the sequence 
 
 

480 trials “Irrelevant auditory information did not 
disrupt accuracy in the visual n-back task 

in either age group, Visual distraction 
disrupted accuracy on the auditory n-back 

task, especially in older adults.” 

Automatic 
selective 

attention as a 
function of 

sensory 
modality in 

aging 
Guerreiro, 

2012 

25; 60–
76; 

68.8(4.9); 
40% 

30; 20–
26; 

22.4(1.9); 
16.7% 

- Eye-tracker, 
keyboard, 

computer, screen 

Localizatio
n of 

auditory, 
visual and 
bimodal 
targets 

A) Visual cue and 
visual target 

B) Auditory cue and 
auditory target 

C) Visual cue and 
auditory target 

D) Auditory cue and 
visual target 

Modality 
matching task: 

Respond to each 
stimulus as fast as 

possible 
Spatial cueing 

task: Respond to 
red and low 

pitched tone or to 
green and high 
pitched tone 

448 trials “The results showed facilitation (shorter 
reaction times with valid relative to 
invalid cues at shorter SOAs) in the 
unimodal auditory and in both cross-

modal tasks but not in the unimodal visual 
task. In contrast, there was IOR (longer 

reaction times with valid relative to 
invalid cues at longer SOAs) in both 

unimodal tasks but not in either of the 
cross-modal tasks. Most important, these 
spatial cueing effects were independent of 

age.” 
Making sense 
of age-related 
distractibility: 

The critical 
role of 
sensory 

modality 
Guerreiro, 

2013 

22; 60–
73; 

65.4(3.7); 
45.5% 

24; 20–
27; 

21.7(2.3); 
33.3% 

- Sound-attenuated 
chamber, speaker, 

keyboard, 
computer, screen 

Audiovisua
l n-back 

tasks 

A) Visual n-back task 
(n=1 or 2) 

1) With auditory 
distraction 

2) With visual 
distraction 

3) Without distraction 
B) Auditory n-back 

task (n=1 or 2) 
1) With auditory 

distraction 
2) With visual 

distraction 
3) Without distraction 

Judge whether 
every newly 

presented digit 
was the same or 
not as n position 

back 

2 Sessions, 
480 trials 

“Whereas reaction time data indicated that 
both young and older adults are 

particularly affected by unimodal 
distraction, accuracy data revealed that 
older adults, but not younger adults, are 

vulnerable to cross-modal visual 
distraction. These results support the 

notion that age-related distractibility is 
modality dependent.” 
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Age-
equivalent 
top–down 

modulation 
during cross-

modal 
selective 
attention 

Guerreiro, 
2014 

20; 62–
80; 

68.7(5.1); 
50% 

20; 19–
29; 

24.1(3); 
50% 

- Electroencephalog
raphy (EEG), 
press buttons, 

speakers, 
computer, screen 

Selective 
attention 
task with 

EEG and a 
post-

experiment 
recognition 

task 

A) Remember faces 
and ignore voices 

B) Remember voices 
and ignore faces 

C) Passively view and 
hear 

A) and B) Press 
different button if 
the probe matched 

a cue stimuli or 
not. 

C) Indicate the 
direction of an 

arrow 

60 trials “We found top-down modulation of visual 
processing was observed as a trend toward 
enhancement of visual information in the 

setting of auditory distraction, but no 
significant suppression of visual 

distraction when auditory information was 
relevant. Top-down modulation of 

auditory processing, on the other hand, 
was observed as suppression of auditory 

distraction when visual stimuli were 
relevant, but no significant enhancement 
of auditory information in the setting of 
visual distraction. In addition, greater 

visual enhancement was associated with 
better recognition of relevant visual 
information, and greater auditory 

distractor suppression was associated with 
a better ability to ignore auditory 

distraction. There were no age differences 
in these effects, suggesting that when 

relevant and irrelevant information are 
presented through different sensory 

modalities, selective attention remains 
intact in older age.” 

Top-down 
modulation of 

visual and 
auditory 
cortical 

processing in 
aging 

Guerreiro, 
2015 

16; 60–
71; 

65.3(3.9); 
31.3% 

16; 20–
29; 23.3( 
3); 43.8% 

- Functional 
magnetic 
resonance 

imaging (fMRI), 
keyboard, 
speakers, 

computer, screen 

Selective 
attention 

task 

A) Localizer run 
B) Experimental runs 
1) Perceptual baseline 
2) Remember scenes 
3) Remember faces 
4) Remember voices 
5) Remember music 

C) fMRI task: 
unexpected memory 
task of the stimuli 

 

A) Passively hear 
and view stimuli 
B) 1) Indicate the 

direction of an 
arrow 

2) to 5) Indicate if 
probe stimulus 
matched one of 
the previously 
presented cue 

stimuli 
C) Remember 

stimuli 

A) 1,2min 
B) 50min 

C) 480 trials 

"We found no top-down modulation of 
auditory sensory cortical processing in 
either age group. In contrast, we found 
top-down modulation of visual cortical 
processing in both age groups, and this 

effect did not differ between age groups." 
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Suppression 
of 

multisensory 
integration by 

modality-
specific 

attention in 
aging 

Hugenschmid
t, 2009a 

20; n.r.; 
73.3(n.r.); 

45% 

21; n.r.; 
26.6(n.r.); 

57.1% 

- Sound and light 
attenuated booth, 
response buttons, 

chin rest, 
computer, screen 

Spatial 
localization 

task 

A) Endogenous: 
attentional cue prior to 

the target 
1) Visual cue-visual 

target 
2)Visual-audiovisual 
3) Auditory-auditory 

4) Auditory-
audiovisual 

5) Audiovisual-
auditory 

6) Audiovisual-visual 
7) Audiovisual-

audiovisual 
B) Exogenous: No cue 

1) Visual 
2) Auditory 

3) Audiovisual 

Press a button if 
they see or hear a 
target in one of 
the two location 

2 sessions, 
240 trials 

“Older adults had greater multisensory 
integration than younger adults in all 

conditions, yet were still able to reduce 
integration using selective attention. This 

suggests that attentional processes are 
intact in older adults, but are unable to 

compensate for an overall increase in the 
amount of sensory processing during 

divided attention.” 

Preservation 
of crossmodal 

selective 
attention in 

healthy aging 
Hugenschmid

t, 2009b 

26; n.r.; 
67.9(3.5); 

42.3% 

26; n.r.; 
28.3(5.9); 

50% 

- Sound and light 
attenuated booth, 

array of four 
speakers and four 

red LEDs, 5 
LEDs, speakers, 

chin rest, 
computer, screen 

Selective 
attention 

tasks 

Visual attentional cue: 
1) Two eyes 
2) Two ears 

3) One eye, one ear 
Target: 

1) Visual 
2) Auditory 

3) Audiovisual 

Make a choice 
between the color 

red and blue 

444 trials “All analyses showed that older adults 
benefited behaviorally from selective 
attention in both visual and auditory 

conditions, including robust suppressive 
effects of attention. Of note, the 

performance of the older adults was 
commensurate with that of younger adults 

in almost all analyses, suggesting that 
older adults can successfully engage 

crossmodal attention processes. Thus, 
age-related increases in distractibility 

across sensory modalities are likely due to 
mechanisms other than deficits in 

attentional processing.” 
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The sound-
induced flash 

illusion 
reveals 

dissociable 
age-related 
effects in 

multisensory 
integration 
McGovern, 

2014 

25; 65–
88; 

71(n.r.); 
36% 

25; 18–
30; 

24(n.r.); 
40% 

- Darkened, 
windowless room, 

key press, 
headphones, chin 
rest, computer, 

screen 

Sound-
induced 

flash 
illusion 

One or two flashes 
accompanied by one, 

two or no auditory 
beeps with different 

stimulus onset 
asynchrony (SOA) 

Report the 
number of flashes 

25-30min "The elderly are significantly more 
variable in their susceptibility to the 
fission illusion" (single visual flash 

accompanied by two auditory tones is 
perceived as two flashes) than young. "No 

equivalent age-related changes in 
susceptibility to the sound-induced fusion 
illusion" (two visual flashes accompanied 
by a single auditory tone are perceived as 

one flash). 

Age-related 
multisensory 
enhancement 

in a simple 
audiovisual 

detection task 
Peiffer, 2007 

23; 65-80; 
n.r.(n.r.); 

52.2% 

27; 18-38; 
n.r.(n.r.); 

48.1% 

- Sound and light 
attenuated booth, 

4 speakers, 2 
LEDs 

Audiovisua
l detection 

task 

A) Visual 
B) Auditory 

C) Audiovisual 

Press a key if hear 
or see something 

120 trials “No significant differences in unisensory 
response times were seen; however, older 
adults actually showed faster multisensory 

responses than younger adults.” 

Is inefficient 
multisensory 
processing 
associated 

with falls in 
older people? 
Setti, 2011a 

16; n.r.; 
60 and 
older; 
56.3% 

16; n.r.; 
24.4(4); 
43.8% 

Fall-prone 
older adults: 
16; n.r.; 60 
and older; 

25% 

Loudspeakers, 
response key, chin 

rest, computer, 
screen 

Sound-
induced 

flash 
illusion 

A) Visual: 1 or 2 
flashes 

B) Auditory 2 beeps 
C) Audiovisual 

1) Congruent: 1 flash/1 
beep or 2 flashes/2 

beeps 
2) Illusory: Onset of 

beep precede or follow 
flash 

Different SOA 

Report the 
number of flashes, 

if no flashes, 
report the number 

of beeps 

162 trials “Healthy older adults did not show as 
much of a decrease in the frequency at 

which the illusion was experienced as the 
young participants from 70 to 270ms, 

although the two groups overall did not 
statistically differ in the amount of 

illusion experienced.” 

Audiovisual 
temporal 

discriminatio
n is less 

efficient with 
aging: An 

event-related 
potential 

study 
Setti, 2011b 

18; n.r.; 
71(5.4); 
61.1% 

18; n.r.; 
24(3.2); 
33.3% 

- EEG, headphones, 
computer, screen 

Audiovisua
l temporal 

discriminati
on and an 

EEG 
examinatio

n 

Audiovisual, different 
SOA 

Report which 
stimulus was 

presented first 

176 trials “No effect of age on the temporal order 
judgment accuracy at a SOA of 70ms 

whereas, at 270ms SOA, older adults were 
less accurate than younger (same for the 

amplitudes of EEG)”. 
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Aging-related 
changes in 

auditory and 
visual 

integration 
measured 
with MEG 

Stephen, 2010 

8; 65-78; 
n.r.(n.r.); 

37.5% 

8;20-33; 
n.r.(n.r.); 

50% 

- Ear tubes using 
etymotic 

transducers, 
Electrooculograph

y, 
Magnetoencephal
ography(MEG), 

Magnetic 
resonance 

imaging (MRI), 
finger button 

press, computer, 
screen 

Near, far 
localization 

task 

A) Visual, soccer ball 
presented far or close 
B) Auditory, near or 

far manipulations 
C) Audiovisual, with 

the two modalities 
never presented in a 
conflicting manner 

Respond with left 
or right button 

when stimuli were 
near or far 

720 trials “The mean reaction times of the elderly 
were significantly slower than the young. 

In addition, in the young we found 
significant facilitation of reaction times to 
the multisensory stimuli relative to both 
unisensory stimuli, when comparing the 
cumulative distribution functions, which 

was not evident for the elderly. The 
elderly had larger amplitude responses 

(∼100ms) to auditory stimuli relative to 
the young when auditory stimuli alone 

were presented, whereas the amplitude of 
responses to the multisensory stimuli was 

reduced in the elderly, relative to the 
young.” 

Changing 
channels: An 
fMRI study of 

aging and 
cross-modal 

attention 
shifts 

Townsend, 
2006 

10; 65-89; 
70.7(7); 

40% 

10; 18-41; 
27.9(8); 

40% 

- fMRI, MRI-
compatible 

headphones, 
custom made 

response device, 
computer, screen 

Auditory-
visual 

attention 
task with 

fMRI 

A) Focus visual: light 
blue target 

B) Focus auditory: 
high tone target 

C) Bimodal: bimodal 
shift cues “HEAR” or 
“LOOK” and focus on 

visual or auditory 

A) and B) Press 
button when the 
target appears 
C) Identify the 
target stimulus 

with the cue, press 
button when the 
target appears 

336 trials “Older adults performed as well as the 
younger adults, but showed age-related 

differences in BOLD responses. The most 
striking of these differences were bilateral 

frontal and parietal regions of 
significantly increased activation in older 
adults during both focused and shifting 

attention.” 

Age-related 
multisensory 
integration 
elicited by 

peripherally 
presented 

audiovisual 
stimuli 

Wu, 2012 

15; 60-78; 
68.6(n.r.) 

n.r. 

15; 22-28; 
23.9(n.r.); 

n.r. 

- Dimly lit, sound-
attenuated and 

electrically 
shielded room, 

earphone, 
keyboard, 

computer, screen 

Localizatio
n of 

auditory, 
visual and 
bimodal 
targets 

A) Visual 
B) Auditory 

C) Audiovisual 

Indicate if the 
target appeared in 
the left or in the 
right hemispace 

25min, 4500 
trials 

“The time window of audiovisual 
behavioral facilitation in the elderly 

participants was longer but more delayed 
than that of the younger participants.” 

 

Tests on the visual, vestibular and somatosensory modalities 

Title, first 
author, year 

of publication 

Study characteristics Results of aging 

Participants (number; range; mean 
(SD); percentage of men) 

Material Experiments 
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Older 
adults 

Younger 
adults 

Other 
groups 

Tasks Conditions Instructions Time and 
repetition 

Multisensory 
reweighting of 

vision and 
touch is intact 
in healthy and 

fall-prone 
older adults 
Allison, 2006 

15; n.r.; 
79(3); n.r. 

10; 19-28; 
n.r.(n.r.); 

n.r. 

Fall-prone 
older adults: 

28; n.r.; 
83(4); n.r. 

Multisensory 
moving room, 

force plate, 
googles that limit 

vision, smooth 
circular metal 
plate, tripod, 

computer 
controlled 

servomotor, strain 
gauges, tracking 

sensors with 
headband, 
ultrasound 

position tracking 
system, snug 

harness, 
computer, screen 

Postural 
task 

Moving visual 
stimulus projected 
onto a screen in a 

moving room. 
Participants held their 
fingertip touching a 
moving touch plate. 

Touch amplitude 
(mm): visual 

amplitude (mm) 
A) 8:2 
B) 4:2 
C) 2:2 
D) 2:4 
E) 2:8 

Maintain posture 7h "No group differences in overall levels of 
vision and touch gain were found. Both 

healthy and fall-prone older adults 
demonstrated the same pattern of adaptive 
gain change as healthy young adults. Like 

the young adults, both elderly groups 
displayed clear evidence of intra- and 

inter-sensory reweighting to both vision 
and touch motion stimuli. These data 

suggest that, for small amplitude vision 
and touch stimuli, the central sensory 

reweighting adaptation process remains 
intact in healthy and fall-prone older 

adults with sufficiently intact peripheral 
sensation." 

How cognitive 
aging affects 
multisensory 
integration of 
navigational 

cues 
Bates, 2014 

22; 60-74; 
n.r.(n.r.); 

50% 

24; 19-23; 
n.r.(n.r.); 

50% 

- Blacked out room 
with illuminated 

LED lights arrays 
providing 

landmarks, 
walking frame, 

dark glasses, ear 
defenders 

Navigation 
task 

A) Neuropsychology 
assessments: National 
adult reading test for 

crystallized 
intelligence, Corsi 

block test, berg 
balance scale and 

Timed Up and Go test 
B) Navigation task: 
Follow the targets 

At target 3: 
1) Stand 

2) Disoriented by 
being turned quickly in 

a rotating chair 

B) Go from the 
start location to 
the target 1, then 

target 2, then 
target 3. While 

here, the 
landmarks 

switched off for 
10s. Return to 

target 1 

40 trials "Findings revealed performance 
impairments in the older adults, 

suggestive of a higher noise in the 
underlying spatial representations. In 

addition, even though both groups 
integrated visual and self-motion 

information to become more accurate and 
precise, older adults did not place as much 
influence on visual information as would 

have been optimal." 
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Balance and 
posture in the 

elderly: an 
analysis of a 
sensorimotor 
rehabilitation 

protocol. 
Bellomo, 2009 

20; 65-75; 
n.r.(n.r.); 

50% 

20; 55-65; 
n.r.(n.r.); 

50% 

- Motorized 
platform, handles 

with sensors, 
lower back 
machine, 
treadmill, 
speakers, 

computer, screen 

Rehabilitati
on training 

A) Sensorimotor 
training (GrHu) 
B) Training with 

rehabilitation protocol 
(GrCl) 

After training, 
participants are 
evaluated for: 

1) Walk at normal 
speed 

2) Displacement of the 
center of balance 

a) Eyes open 
b) Eyes closed 

3) Extension/flexion of 
the trunk 

4) Energy cost, oxygen 
volume and heart rate 

on treadmill 

1) Walk at normal 
speed 

2) Maintain 
posture 

3) flexion 
/extension of the 

trunk 
4) Walk on the 

treadmill 

36 
rehabilitation 

sessions, 3 
months 

"With regard to walking, there was an 
improvement in step symmetry for 

participants in the GrHu group compared 
to baseline (0.93+/-0.09 vs. 0.84+/-0.1; 

p<0.05). Further, all subjects in the GrHu 
group showed a significant reduction in 
the energy used during a 4-min walk. 

Analysis of stabilometry data also showed 
a significant improvement in balance for 

those in the GrHu group, which was 
independent of age or gender. The 

multisensory training approach yields an 
improvement of balance in the elderly, 

which reduces the risk of falls. The 
observed improvement is significantly 
greater than that seen with the classical 

training program." 

Impact of 
aging on 

visual 
reweighting 

during 
locomotion 

Berard, 2012 

10; n.r.; 
76.2(3.1); 

n.r. 

10; n.r.; 
23.5(4.7); 

n.r. 

- 12 x 8m walking 
area, helmet-

mounted display 
unit, 39 reflective 
markers, 3 head 

markers, 12 
cameras VICON, 

computer with 
CAREN-3 

Walking 
task 

Subjects walked at 
normal or fast gait 

speed while viewing 
stereoscopically a 3D 

scene shown in a 
helmet-mounted 

display unit 
A) No perturbation 
B) No visual input 

C) Visual perturbation: 
Focus of expansion of 

the scene gradually 
rotate to the right or 

left 

Walk straight 18 trials "The results show that healthy young 
adults are able to reweight or down-

regulate visual information, but the older 
adults showed deviation in their walking 

trajectory and reorientations in body 
segments despite attempting to ignore the 
visual information presented. They only 

found speed effects for the young 
subjects, who improve their performance 

when walking fast." 
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Striatal 
dopamine 

denervation 
and sensory 
integration 

for balance in 
middle-aged 

and older 
adults 

Cham, 2007 

35; 41- 83; 65(13); 51.4% Positron emission 
tomography, 

MRI, Equitest 
posture platform 

Postural 
task and 

MRI 

A) Sensory 
Organization Test 

(SOT) 
1) Eyes open or closed 
2) Environment fixed 

or moved 
3) Floor fixed or 

moved 
B) MRI 

A) Maintain 
posture 

15min for 
SOT 

No young vs older SOT results. "The SOT 
Condition #3 findings suggest that, in 

normal aging, the central ability to inhibit 
balance destabilizing vision-related 

postural control processes depends at least 
partially on striatal dopaminergic 

pathways. In contrast, striatal 
dopaminergic denervation does not appear 

to impair the ability to disengage 
destabilizing proprioceptive inputs and to 

trigger the vestibular control system 
during challenging sensory perturbations 

(SOT Conditions #4-6)." 
Visual-

vestibular 
interaction 
during goal 

directed 
locomotion: 
Effects of 
aging and 
blurring 

vision 
Deshpande, 

2007 

9; 65–85; 
n.r.(n.r.); 

66.7% 

9; 20–35; 
n.r.(n.r.); 

55.6% 

- Percutaneous 
bipolar GVS, 

electrodes, custom 
made blurring 
googles, visual 

target, 10 infrared 
emitting diodes, 
optotrack camera 

banks 

Walking 
task 

Participants walked 
straight to the target to 
the bit of a metronome 
A) Vision conditions 

1) Normal vision 
2) Blurring vision 
B) GVS conditions 
1) No stimulation 

2) 2t anode on the left 
side 

3) 4t anode on the left 
side 

4) 2t anode on the right 
side 

5) 4t anode on the right 
side 

Walk straight 
following the 

auditory signal 

30 trials "Older participants demonstrated 
increased coupling of the head and trunk 

segments irrespective of visual and 
vestibular perturbations. The results 

suggest that when visual information was 
available, the vestibular input reweighting 
was less effective in older individuals, as 

shown by the scaled responses to the GVS 
intensities and the inability to converge 

efficiently towards the target." 
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Trunk, head, 
and step 

characteristic
s during 

normal and 
narrow-based 

walking 
under 

deteriorated 
sensory 

conditions 
Deshpande, 

2014 

15; 65–
85; 

n.r.(n.r.); 
46.7% 

15; 20–
30; 

n.r.(n.r.); 
53.3% 

- 2 optotrack 
camera banks, 

compliant 
working surface, 
bipolar galvanic 

vestibular 
stimulation 

(GVS), tap, 10 
infrared emitting 

diodes 

Walking 
task 

Walking 6 meters 
straight ahead at 

normal speed 
A) Path manipulations 

1) Unconstrained 
2) Narrow base: tape 
placed 25cm apart 

B) Vestibular 
manipulations 
1) With GVS 

2) Without GVS 
C) Somatosensory 

manipulation 
1) Compliant walking 

surface 
2) Firm walking 

surface 

Walk straight 
ahead at normal 

speed 

256 trials “Aging reduced gait speed. Only visual 
information, even though normal, is not 

sufficient in older persons for precise head 
control in the Medio-lateral direction. Gait 

speed decreased in the narrow-based 
walking condition, with larger decrease in 

the elderly (by 6%). In the elderly head 
roll increased with perturbed vestibular 
information in impaired somatosensory 

condition (by 40.70%). In both age groups 
trunk roll increased under impaired 

somatosensation in the narrow-based 
walking condition (by 43.62%) but not in 

normal walking condition. Older 
participants adopted a more cautious 

strategy characterized by lower walking 
speed when walking on a narrow base and 
exhibited deteriorated integrative ability 
of the central nervous system for head 

control. Accurate lower limb 
somatosensation may play a critical role 

in narrow-based walking.” 
Application of 
intermittent 

galvanic 
vestibular 

stimulation 
reveals age-

related 
constraints in 

the 
multisensory 

reweighting of 
posture 

Eikema, 2014 

11; n.r.; 
74.8(6.4); 

54.5% 

12; n.r.; 
24.9(6.4); 

41.7% 

- Force platform, 
electromagnetic 
tracker, pair of 

cylindrical 
mechanical 

vibrators, Stimex 
electrodes, 

conduction gel-
coated, active 

shutter googles, 
data-acquisition 

board, model 
2200 constant 

current isolator, 
stereoscopic 

projection screen 

Postural 
task 

A visual stimulus that 
mimics optic flow is 
shown on a screen. 

A) Quiet stance 
B) GVS perturbation 

For A) and B) 
1) Pre-perturbation 

phase 
2) Perturbation phase: 
oscillation of visual 

surround and bilateral 
Achilles tendon 

vibration 
3) Post-perturbation 

phase 
4) Visual perturbation 

only 
5) Somatosensory 
perturbation only 

Maintain posture 10min “Results show intermittent GVS 
decreased the excessive postural sway 
induced by the concurrent visual and 

proprioceptive perturbation in young but 
not in elderly participants. It is suggested 
that GVS increases sensory reliance on 

the vestibular system while elderly adults 
are less able to exploit this stimulation in 
order to reduce the destabilizing effect of 

the multisensory perturbation on their 
posture.” 
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Graph theory 
analysis of 
functional 

brain 
networks and 

mobility 
disability in 
older adults 

Hugenschmid
t, 2014 

48; n.r.; 
72(5.1); 
43.8% 

24; n.r.; 
26.4(5.1); 

37.5 

- 1.5T echo speed 
horizon LX 

General Electric 
scanner with twin 
speed gradients 

and a 
neurovascular 

head coil, Timer, 
chair 

Lower 
extremity 

functioning 
with MRI 
afterwards 

Short Physical 
Performance Battery: 

A) Balance tests 
1) Side by side stand 
2) Semi-tandem stand 

3) Tandem stand 
B) Gait speed test 

C) Chair stand tests 
1) Single chair stand 

2) Repeated chair 
stand 

A) Maintain 
posture 

B) Walk to the 
other end of the 

course 
C) Stand and sit 

on the chair 

30min "Older adults with poorer mobility 
function exhibited reduced consistency of 
somatomotor community structure and a 
greater number of secondary connections 
with vestibular and multisensory regions 

of the brain." 

Attention 
influences 

sensory 
integration 
for postural 
control in 

older adults 
Redfern, 2001 

18; 70–
85; 

74(3.2); 
44.4% 

18; n.r.; 
22.8(1.8); 

55.6% 

- Posture platform 
Equitest, force 
sensors in the 

floor, hand-held 
microswitch, 
green LED, 
headphones 

Postural 
task 

A) Postural conditions 
1) Seated 

2) Fixed floor and 
stable visual scene 
3) Sway-referenced 

floor and stable visual 
scene 

4) Fixed floor and 
sway-referenced visual 

scene 
5) Sway-referenced 

floor and sway-
referenced visual scene 

B) Information 
processing task 

1) No information 
processing 

2) Visual-simple 
reaction time 

3) Auditory simple 
reaction time 

4) Inhibition reaction 
time 

Maintain posture 8h "Performing a reaction time task was 
associated with increased postural sway in 
older subjects, but not in young subjects. 
The greatest influence of reaction time 

task on sway of older subjects was found 
during the sway-referenced floor/sway-
referenced scene condition. Conversely, 
postural condition had an influence on 
reaction time task performance in both 

young and older subjects. The information 
processing task was increased in both 

young and older subjects only during the 
sway-referenced floor/scene condition." 
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Perceptual 
inhibition is 
associated 

with sensory 
integration in 

standing 
postural 
control 

among Older 
adults 

Redfern, 2009 

24; 70 – 
82; 

74.2(4.4); 
50% 

24; 21 – 
34; 

25.7(3.8); 
45.8% 

- Dynamic 
posturography 
platform, force 

sensors, key press, 
computer, screen 

Postural 
task 

A) Postural task 
1) Visual conditions 
a) Eyes open in the 

light 
b) Eyes open in the 

dark 
c) Sway-referenced 

visual scene 
2) Platform conditions 

a) Fixed support 
surface 

b) Sway-referenced 
floor 

B) Inhibition task 
1) Perceptual task 
a) Congruent side 
arrow pointed and 

position arrow 
b) Incongruent 
2) Motor task 

A) Maintain 
posture 

B) 1)Press a 
button on the side 
an arrow pointed 

2) Press the 
button on the side 
toward the arrow 
pointed or on the 
side opposite the 

arrow pointed 

54min, 18 
trials 

"In the older adults, perceptual inhibition 
was positively correlated with sway 

amplitude on a sway-referenced floor and 
with a fixed visual scene (r = .68, p < 

.001). Motor inhibition was not correlated 
with sway on either group. Perceptual 
inhibition may be a component of the 

sensory integration process important for 
maintaining balance in older adults." 

 

Age related 
decline in 
postural 
control 

mechanisms 
Stelmach, 

1989 

8; 60-76; 
67(n.r.); 

50% 

8; 21-26; 
23(n.r.); 

50% 

- Perturbation 
platform with 

hydraulic servo-
mechanism, 

angular precision 
potentiometer, 

force transducers, 
pre-spaced Ag-

AgCl electrodes, 
oscilloscope, 
hand-holder 
response key 

Postural 
task 

A) Platform rotations 
1) Large/ fast 
2) Small/slow 

B) Eyes conditions 
1) Eyes closed 
2) Eyes open 

Maintain posture. 
Press a button as 

soon as they 
detect platform 

movements 

30 trials "Elderly take longer to detect postural 
disturbance (p<0,01) and would be further 
from their basis of support when reacting. 

Sway more and are more variable (not 
significant)." 
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Age 
differences in 
visual sensory 

integration 
Teasdale, 

1991 

7; 64-78; 
72.4(n.r.); 

42.9% 

7; 18-23; 
21.6(n.r.); 

28.6% 

- Force platform, 
speaker, computer 

Postural 
task 

Successively open and 
close their eyes every 

30s 

Maintain posture 15min, 5 
trials 

"Results slowed that young and elderly 
subjects' sway dispersion increased when 

they were exposed to a reduced visual 
sensory condition (i.e., vision/no-vision 
transition). However, when exposed to 
augmented sensory condition (i.e., no-
vision/vision transitions) young adults 
were able to adapt rapidly and reduced 

their sway dispersion whereas the elderly 
exhibited an increased sway dispersion." 

 

Tests on the visual and somatosensory modalities 

Title, first 
author, year 

of publication 

Study characteristics Results on aging 

Participants (number; range; mean 
(SD); percentage of men) 

Material Experiments 

Older 
adults 

Younger 
adults 

Other 
groups 

Tasks Conditions Instructions Time and 
repetition 

The impact of 
eye closure on 
somatosensor
y perception 
in the elderly 

Brodoehl, 
2015 

16; 62–
71; 

66.9(5.2); 
56.3% 

18; 21–
28; 

23(1.6); 
44.4% 

- fMRI, darkened 
room, clinical 

neurostimulator, 
darkened googles 

Detection 
task 

Wave pulses 
administered to right 

index finger 
A) Current perception 

threshold 
1) Eyes open 

2) Eyes closed 
B) fMRI experiments 

1) No tactile 
stimulation 

2) Tactile stimulation 

A) Indicate when 
feel stimulus 

B) Open and close 
their eyes every 

27 s 

25 min "Improved perception threshold in both 
groups when the eyes were closed, but the 

improvement was significantly less 
pronounced in the elderly. fMRI data 

revealed increased resting activity in the 
somatosensory cortex with closed eyes, 
and the stimulus-induced activity of the 

secondary somatosensory cortex 
decreased in the young but not in the 

elderly." 
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Perceptual 
processing 

strategies in 
the cross-

modal 
transfer of 

form 
discriminatio

n: A 
developmenta

l study 
Coté, 1981 

20; 60-80; 
68.4(n.r.); 

50% 

20; 16-20; 
18.6(n.r.); 

50% 

Children; 20; 
n.r.; 6 years 
11 months 
(n.r.); 50% 

Black letters on 
white plastic 
coated cards, 

smooth square 
metal background 

mounted on 
wooden blocks, 

wooden box, 
special googles, 

screen 

Tactual 
transfer 

task 

A) Visual training 
1) Partial vision 

(googles) 
2) Whole vision 
B) Tactual task 

A) Discriminate 
two visual stimuli 

(same or 
different) 

B) Discriminate 
two tactual stimuli 

(same or 
different) 

A) 48 trials 
B) 48 trials 

"There was no evidence of transfer for the 
children. Specific and nonspecific cross-

modal transfer was found in the high 
school and elderly groups following 

partial vision training. Positive transfer 
was also found for the high schoolers in 
the whole vision condition. Whereas all 
age groups performed equally well on 

standard vs transformation comparisons, 
standard vs standard matches were highest 
in the high school subjects, lowest in the 

children, and intermediate in the elderly. " 
Aging and the 
visual, haptic, 

and cross-
modal 

perception of 
natural object 

shape 
Norman, 2006 

Exp 1: 
30; 63-82; 
73.5(4.7); 

50% 
 

Exp 2: 
30; 60-81; 
70(5.8); 

50% 

Exp 1: 
30; 18-31; 
21.7(3.4); 

50% 
 

Exp 2: 
10; 19-22; 
20.8(1); 

50% 

- 2 sets of plastic 
copies of 12 
ordinary bell 

peppers 

Perception 
task 

A) Two sequentially 
presented objects 
1) Haptic-haptic 
2) Visual-visual 
3) Haptic-visual 

B) 12 visible objects 
and 12 objects known 
only by active touch 

 

A) Judge if the 
two objects were 
the same in 3D 

shape 
B) Match 3D 

shape of haptic 
object with one of 

the 12 visible 
objects 

120 trials "Quantitative effects of age were found in 
both experiments. The effect of age in 

experiment 1 was limited to cross-modal 
shape discrimination: there was no effect 
of age upon unimodal (ie within a single 

perceptual modality) shape 
discrimination. The effect of age in 

experiment 2 was eliminated when the 
older observers were either given an 

unlimited amount of time to perform the 
task or when the number of response 

alternatives was decreased." 
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Cross-modal 
functions in 
alcoholism 
and aging 

Oscar-
Berman, 1990 

13; n.r.; 
61(n.r.); 
100% 

13; n.r.; 
37(n.r.); 
100% 

Young 
alcoholics: 

10; n.r.; 
36(n.r.); 
100% 
Older 

alcoholics: 
14; n.r.; 
57(n.r.); 
100% 

Alcoholic 
Korsakoff 
patients: 5; 

n.r.; 64(n.r.); 
100% 

60 3D objects 
mounted onto 

circular Plexiglas 
basis, stimulus 

tray, curtain coin 
dispenser, 
national 

semiconductor 
microprocessor, 

computer 

Object 
recognition 

A) Experiment 1 
1)Visual to tactual 

recognition 
2)Tactual to visual 

recognition 
B) Experiment 2 

1) Tactual 
discrimination 

a) Texture relevant 
training 

b) Shape relevant 
2) Visual 

discrimination 
a) Texture relevant 

training 
b) Shape relevant 

training 
3) Crossmodal 

problem: Texture 
relevant 

A) Match the 
visible object with 
one of two using 
touch or reverse 
B) 1) Find the 
target object 

between two with 
touch 

2) Find the target 
object between 
two with vision 

3) Match the 
visible object with 
one of two using 
touch or reverse 

A) 20 trials 
B) 20 trials 

"Results indicated that aging is associated 
with decline in tactual discrimination 
ability. Further, cross-modal functions 
appear to be compromised by alcoholic 

Korsakoff's disease’ and-to a lesser 
extent-by the combined effects of 

alcoholism and normal chronological 
aging." 

Vision and 
touch in 
ageing: 

Crossmodal 
selective 

attention and 
visuotactile 

spatial 
interactions 
Poliakoff, 

2006a 

24; 76–
92; 

80.8(n.r.); 
n.r. 

24; 19–
25; 

21.7(n.r.); 
n.r. 

Young-Old: 
24; 65–72; 
69.4(n.r.); 

n.r. 

LEDs, 2 foam 
cubes with 2 

LEDs each and 2 
bone conduction 
vibrators each, 

foot pedals, 
headphones 

Selective 
attention 

task 

Participants held a 
foam cube in each 

hand 
A) Posture conditions 

1) Arms crossed 
2) Arms uncrossed 

B) Distractors in the 
other modality 
1) No distractor 

2) Congruent 
distractor, same side 

3) Incongruent 
distractor, opposite 

side 

Indicate the 
elevation of the 
stimulus in the 
target modality 

(indicated before 
test) 

512 trials "When attending to touch, the addition of 
visual distractors had a significantly larger 
effect on error rates in the older groups as 
compared to the Young group. In all three 

age groups, performance was impaired 
when the target and distractor were 

presented at incongruent as compared to 
congruent elevations. This congruency 
effect was modulated by the relative 

spatial location of the target and distractor 
in certain conditions for the Young and 

the Young-Old group. That is, participants 
in the two younger age groups found it 
harder to attend selectively to targets in 
one modality, when distractor stimuli 

came from the same side rather than from 
the opposite side. However, no significant 
spatial modulation was found in the Old-
Old group. This suggests that ageing may 

also compromise spatial aspects of 
crossmodal selective attention." 
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Visuotactile 
temporal 

order 
judgments in 

ageing 
Poliakoff, 

2006b 

18; 67–
84; 

74.2(n.r.); 
44.4% 

18; 19–
25; 

21.8(n.r.); 
22.2% 

- LEDs, 2 foam 
cubes with 2 

LEDs each and 2 
bone conduction 
vibrators each, 

foot pedals, 
headphones 

Temporal 
order 

judgment 
task 

Participants held a 
foam cube in each 

hand, different SOA 
between stimuli 

presentations were 
used 

Determine 
whether the 

vibration or the 
visual input 

occurred first 

300 trials "Temporal precision, as indexed by the 
just noticeable difference (JND), was 

better (i.e., JNDs were lower) when the 
stimuli were presented from different 

positions (M = 101 ms) rather than from 
the same position (M = 120 ms), as has 

been demonstrated previously. 
Additionally, older observers required 

more time (i.e., their JNDs were larger) to 
accurately perceive the temporal order (M 

= 131 ms) as compared to younger 
observers (M = 98 ms)." 

Subjective 
straight-

ahead during 
neck muscle 
vibration: 
Effects of 

ageing 
Strupp, 1999 

30; 20-81; 46.1(12.9); 60% Half-spherical 
screen, 

experimental 
electromechanical 

physiotherapy 
vibrator, laser 

spot, head holder 

Visual 
straight-

ahead task 

Participants seated in 
the center of a half 
spherical screen in 

total darkness 
A) No stimulation 
B) Dorsal muscles 

vibration 

Move a laser spot 
horizontally on 
the screen to the 

position they 
perceived as 

straight ahead 

14 x 20s 
stimulation 

"They found a symmetrical increase of the 
vibration-induced displacement of the 
subjective visual straight-ahead with 

advancing age." 

Aging o” 
sensorimotor 
processes: A 
systematic 

study in Fitts' 
task 

Temprado, 
2013 

12; n.r.; 
78(4); 
50% 

9; n.r.; 
25(2); 
66.7% 

- Surface tablet, 
stylus, computer, 
custom software 

Fitt’s task Home-to-target aiming 
movement by sliding a 

hand-held non-
marking stylus over 

the surface of a tablet, 
different distances and 

targets sizes 

Make home-to-
target movements 

16 trials "Results showed that older participants 
were always slower. However, in both age 

groups, movements were longer in 
distance manipulation, which resulted 

from a slowing of both acceleration times 
and deceleration times, while weight 

manipulation affected mainly deceleration 
times. In distance manipulation, 

equivalent age-related slowing ratios were 
observed for acceleration time and 
deceleration time (1.3). In weight 

manipulation, acceleration times of older 
participants were additively slower than 
those of young participants. Conversely, 

deceleration times presented a 
multiplicative slowing ratio of 1.3." 
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Tests on other modalities 
 

Title, first 
author, year 

of publication 

Study characteristics Results on aging 

Participants (number; range; mean 
(SD); percentage of men) 

Material Experiments 

Older 
adults 

Younger 
adults 

Other 
groups 

Tasks Conditions Instructions Time and 
repetition 

The influence 
of age and 

surface 
compliance on 

changes in 
postural 

control and 
attention due 

to ankle 
neuromuscula

r fatigue 
Bisson, 2014 

13; n.r.; 
65(4); 
100% 

11; n.r.; 
24(3); 
100% 

- Dynamometer 
chair, force 

platform, block of 
dense foam, 
opaque ski 

googles, speakers 

Postural 
task 

Participants stand on a 
force platform 

blindfolded 
A) Surface 

1) Firm surface 
2) Compliant surface 
B) Fatigue condition 

1) Baseline 
2) Post fatigue trials 

C) Dual task 
1) No dual task 

2) Choice reaction 
time task between two 

auditory stimuli 

Maintain posture 16min " Older adults are affected to a greater 
extent by muscle fatigue compared with 

young adults, but only when standing on a 
compliant surface. Only older men 

showed an increase in standing Choice 
Reaction Time with fatigue, and only 

when standing on the compliant surface." 

The effect of 
ageing on 

multisensory 
integration 

for the control 
of movement 

timing 
Elliott, 2011 

15; 63–
80; 

72.6(n.r.); 
33.3% 

15; 18–
37; 

27.7(n.r.); 
60% 

- Piezo-electric 
auditory buzzer, 
solenoid-based 
tactile actuator, 
force sensitive 

resistor, 
headphones, data 

acquisition 
device 

Control of 
movement 

timing 

Metronome 
presentation: 
A) Auditory 
B) Tactile 

C) Audio-tactile with 
temporal jitter to the 
auditory metronome 

1) Temporal jitter: 0ms 
2) 30ms 
3) 60ms 

Tap the index 
finger in time to 
the metronome 

91 trials "Older adults matched the performance of 
young adults when synchronizing to an 

isochronous auditory or tactile 
metronome. When the temporal regularity 
of the auditory metronome was reduced, 

older adults' performance was degraded to 
a greater extent than the young adults in 
both unimodal and bimodal conditions. 
However, proportionally both groups 

showed similar improvements in 
synchronization performance in bimodal 
conditions compared with the equivalent, 

auditory-only conditions." 
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Visual-
vestibular 

stimulation 
interferes 

with 
information 
processing in 

young and 
older humans 
Furman, 2003 

20; 65-76; 
69.3(3.2); 

50% 

20; 20-30; 
23.5(2.9); 

50% 

- Rotational chair, 
rigid cylindrical 

enclosure 

Visual-
vestibular 

tasks while 
doing an 

information 
processing 

task 
 

A) Visual-vestibular 
tasks 

1) Vision only 
2) Vestibular only, 

rotations on a 
rotational chair 

3) Visuo-vestibular 
B) Information 

processing tasks 
1) Simple reaction 

time task 
2) Disjunctive reaction 

time task 
3) Forced-choice 
reaction time task 

A) Fixate a target 
B) 1) Push button 

as soon as 
possible 

2) Push button if 
target tone only 

3) Push button in 
dominant hand if 

target tone, in 
non-dominant 

hand if non-target 
tone 

288 trials "Results showed that older subjects had 
longer reaction times for all combinations 
of stimulus condition and reaction-time 

task compared with young subjects." 

A model-
based 

approach to 
attention and 

sensory 
integration in 

postural 
control of 

older adults 
Mahboobin, 

2007 

10; 61–
85; 73(8); 

40% 

10; 22–
33; 25(3); 

50% 

- Posture platform, 
earphones, 

computer with 
custom software 

Postural 
task 

Rotating posture 
platform during eyes-
closed stance while 

performing an 
information processing 

task 
A) No information 

processing task 
B) Auditory choice 

reaction time 
C) Auditory vigilance 

task 

A) Maintain 
posture 

B) Maintain 
posture, press left 
or right button if 

hear a low or high 
pitch tone 

C) Maintain 
posture, 

remember the 
number of low 

and high tone they 
heard 

9 trials "Performing a concurrent Information 
Processing task had an overall effect on 
the time delay. Differences in the time 

delay of the postural control model were 
found for the older adults. The results 

suggest enhanced vulnerability of balance 
processes in older adults to interference 
from concurrent cognitive information 

processing tasks." 
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The effect of 
multisensory 

cues on 
attention in 

aging 
Mahoney, 

2011 

18; n.r.; 
76.4(7.9); 

n.r. 

18; n.r.; 
19.2(2.7); 

n.r. 

- Constant voltage 
linear isolated 
programmable 

stimulator, 
electrodes, foot 

pedal, 
headphones, 

computer, screen 

Detection 
task 

A) Localization 
1) Lateral 

2) Bilateral 
B) Modalities 

1) Visual 
2) Auditory 

3) Somatosensory 
4) Audiovisual 

5) Audio-
somatosensory 

6) Visuo-
somatosensory 

Respond as fast as 
possible to the 

stimuli 

232 trials "Results revealed that reaction time to all 
multisensory pairings was significantly 

faster than those elicited to the constituent 
unisensory conditions across age groups. 

Both young and old participants 
responded the fastest to multisensory 

pairings containing somatosensory input. 
Compared to younger adults, older adults 

demonstrated a significantly greater 
reaction time benefit when processing 

concurrent visuo-somatosensory 
information. In terms of co-activation, 
older adults demonstrated a significant 

increase in the magnitude of visual-
somatosensory co-activation (i.e., 

multisensory integration), while younger 
adults demonstrated a significant increase 
in the magnitude of auditory-visual and 
auditory-somatosensory co-activation." 

Multisensory 
integration 
across the 
senses in 

young and old 
adults 

Mahoney, 
2012 

18; n.r.; 
76.4(7.9); 
39% men 

18; n.r.; 
19.2(2.7); 
55% men 

- Constant voltage 
linear isolated 
programmable 

stimulator, 
electrodes, foot 

pedal, 
headphones, 

computer, screen 

Forced-
choice 

reaction 
time task 

Rows of 5 block lines 
with arrowheads 

pointed leftward or 
rightward. 
A) No cue 

B) Sensory alerting 
cues, presented 

bilaterally 
C) Sensory orienting 
cues presented at the 
location of the target 

stimulus 
For B) and C) 
1) Audiovisual 

2) Audio-
somatosensory 

3) Visuo-
somatosensory 

4) Visual 
5) Auditory 

6) Somatosensory 

Make left or a 
right foot pedal 

presses in 
response to the 
direction of the 
central arrow 

232 trials "Results revealed main effects for the 
executive attention and orienting 

networks, but not for the alerting network. 
Both old and young adults demonstrated 
significant orienting effects for audio-

somatosensory, audiovisual, visuo-
somatosensory cues. Younger adults 
demonstrated greater reaction time 
benefits for audio-somatosensory 

orienting cues whereas older adults 
demonstrated greater reaction time 

benefits for audiovisual orienting cues. 
Both groups demonstrated significant 
reaction time benefits for multisensory 
visuo-somatosensory orienting cues." 

n.r.= not reported 
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Appendix 3  

 

Figure 1: Graphs representing the mean absolute direction errors in degrees 
according to the number of the trial performed (trial 6 to trial 95) and according to 
age group (OA or YA), for each experimental condition (baseline, balance and 
counting) when performed as the first condition or when performed as the last 
condition in the experiment presented in Chapter 3. 
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Figure 2: Graphs representing the mean absolute direction errors in degrees 
according to the number of the trial performed (trial 4 to trial 57) and according to 
age group (OA or YA), for each experimental condition (baseline, balance and 
counting) when performed as the first condition or when performed as the last 
condition in the experiment presented in Chapter 4. 
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Figure 3: Graphs representing the mean absolute direction errors in degrees 
according to the number of the trial performed (trial 6 to trial 75) and according to 
age group (OA or YA), for each experimental condition (baseline, balance and 
counting) when performed in first position or when performed in last position in the 
experiment presented in Chapter 6. 

Regression analyses showed a significant learning effect (decrease of absolute 
direction errors along the trials) for YA in the baseline and counting conditions when 
performed as the first condition in the experiment presented in Chapter 3 (baseline: 
R2=.114, p=.001; counting: R2=.152, p<.001). A significant fatigue effect (increased 
of absolute direction errors along the trials) can be observed for OA in the baseline 
condition when performed as the last condition in the experiment presented in Chapter 
6 (R2=.166, p<.001). 
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Summary 

To live independently, older adults (OA) need to properly integrate sensory 
information from their environment to perform the activities of daily living (ADL). It 
is known that the aging process leading to ADL difficulties starts with the degradation 
of brain regions that are highly associated with MSI. Therefore, the diagnostic of 
changes in performance in MSI tasks may be a more sensitive and earlier predictor 
for future ADL difficulties than unisensory tasks. If a reliable relation between MSI 
and the performance of ADL can be shown, a measure of MSI may be used as an early 
diagnostic/predictive tool for ADL problems in individual OA. This thesis aims to 
develop this clinically useful tool. This could allow clinicians to develop personalized 
interventions to help OA to maintain their quality of life and stay independent. To see 
what had already been done in the past, we first performed a systematic review on the 
different tests available in the literature used to measure MSI in OA. We showed that 
aging influences sensory integration. OA appear to benefit more from multisensory 
enrichment in their environment than younger adults (YA). But there is also some 
evidence that OA have trouble ignoring clearly irrelevant or unreliable information; 
they use all environmental information even when it is disrupted or non-informative 
(distractors). Secondary task tends to decrease performance more strongly in OA than 
in YA. We used the results of the systematic review to develop our task. Participants 
had to intercept disappearing targets moving downwards on a screen while the 
background was moving horizontally creating an illusion of motion of the target. We 
added two conditions (dual tasks) to the baseline perturbing the proprioceptive and 
vestibular inputs or increasing the cognitive load. We used this task in three different 
experiments. Overall, OA without any problem to perform ADL tend to have a larger 
effect of the illusion as compared to YA. However, when studying OA with a range 
of ADL difficulties, we discovered that they showed three different patterns of illusion 
effect: a (large) illusion effect (‘over integration’ pattern), a reverse illusion effect 
(‘dragged by the background’ pattern) and no illusion effect (‘minimal use of visual 
information’ pattern). These observations allowed us to develop a transitional model 
of the aging process happening in our task. Using different setups, we have shown as 
well that our task alone can predict the results of ADL-related clinical pretests 
measuring issues in sensorimotor systems that contribute to postural control, ADL 
issues, functional change of transitional movements, survival rates and life 
expectancy. Therefore, our results indicate that the interception task may ultimately 
be relevant for clinical practice. Although further research would be necessary, this 
thesis was a first step towards the development of a clinical tool that could assist the 
diagnosis of MSI issues in OA individually and predict the onset of problems in ADL. 


