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Editorial on the Research Topic
 The intersection of cognitive, motor, and sensory processing in aging: Links to functional outcomes, Volume I




Integral to the ability to carry out everyday tasks is the successful coordination of cognitive, motor, and sensory processing in the brain. However, age-related changes alter cognitive, motor, and sensory functioning, as well as their interactions, which can affect daily functioning in older adults. Investigations of the interplay across these three systems has been somewhat limited in the aging literature, though research examining relationships across various combinations (e.g., cognitive & motor, motor & sensory, sensory & cognitive, and multisensory) has been plentiful.

For instance, there is extensive research on the link between unisensory impairments and motor decline in aging (Center for Disease Control, 2010). That is, unisensory impairments have been linked to slower gait speed (Kaye et al., 1994), worse functional decline (Laforge et al., 1992), increased risks of falls (Lord and Ward, 1994; Judge et al., 1995; Camicioli et al., 1997; Lord et al., 1999) and poorer quality of life (Carabellese et al., 1993). Age-related hearing loss has also been associated with a greater risk of mobility problems, including a three-fold increased risk of falls (Lin and Ferrucci, 2012; Jiam et al., 2016; Campos et al., 2018). Impairments in balance have also been associated with inefficient interactions between musculoskeletal and sensory systems (Shumway-Cook and Woollacott, 2012), which are often compromised in aging (Lord et al., 2007). Furthermore, deficits in multisensory integration processes, specifically visual-somatosensory and auditory-visual interactions, have been associated with impairments in gait (Mahoney and Verghese, 2018), balance (Mahoney et al., 2014, 2019), falls (Setti et al., 2011; Lupo and Barnett-Cowan, 2018; Mahoney et al., 2019) and individuals with hearing loss have poorer vestibular functioning (Gabriel et al., 2022).

Mobility declines are common in aging, especially in older adults with mild cognitive impairment and dementia (Beauchet et al., 2008; Verghese et al., 2008). The association of executive functioning with balance (Woollacott and Shumway-Cook, 2002; Zettel-Watson et al., 2017), gait (Verghese et al., 2007, 2008; Holtzer et al., 2012), and falls (Hausdorff and Yogev, 2006; Holtzer et al., 2007) in aging is well-established. The link between cognitive and motor function in aging reveals that the prefrontal cortex plays a critical role in successful gait and cognition (Beauchet et al., 2016). In fact, evidence of combined slow gait and subjective cognitive complaints are indicators for Motoric Cognitive Risk syndrome [MCR]—a pre-dementia syndrome first proposed by Verghese et al. (2013, 2014) almost a decade ago.

Age-related sensory loss is also associated with cognitive decline and dementia (Baltes and Lindenberger, 1997; Albers et al., 2015; Livingston et al., 2017, 2020; Lin, 2011). For example, hearing loss has been identified as the top potentially-modifiable risk factor for dementia (Livingston et al., 2017, 2020). Links between impairments in multisensory integration and cognition have also been observed, and highlight the need for increased development of clinical translational multisensory integration investigations (Mahoney and Barnett-Cowan, 2019) and tools. Multisensory integration has been associated with attention-based performance (Poliakoff et al., 2006; Hugenschmidt et al., 2009; Mahoney et al., 2012; Mahoney and Verghese, 2020) and individuals with mild cognitive impairment demonstrate differences in multisensory integration compared to those with normal cognition (Chan et al., 2015). Further, the mediating effect of cognitive impairment on the association between poor visual-somatosensory integration and slow gait, as well as worse balance, has recently been documented (Mahoney and Verghese, 2020) and investigations establishing visual-somatosensory integration as a novel marker for Alzheimer's disease are currently underway.

Greater understanding of the neural connections between and across (multi)sensory, motor, and cognitive processing in both healthy and pathological aging is clearly warranted. The express purpose of this compilation is to collectively consider the existing inter-relationships between sensory, motor, and cognitive functioning, as well as to promote novel lines of research examining the intersection of these systems in aging. For this special issue, it was expected that contributions would consider age-related functionality of more than one system (e.g., sensory, motor, and/or cognitive) and the implications of these systematic interactions on important functional outcomes, including but not limited to clinical, motor, and social outcomes to name a few. Gaining further knowledge about the successful (or unsuccessful) intersection of these systems could prove valuable for older adults, especially with regard to refining and restructuring multimodal interventions aimed at preventing declines, reducing disability, and maintaining functional independence, in an effort to enhance quality of life.

In terms of sensory and motor interactions, Marusic, Peskar, et al. set out to determine the root cause of age-related sensorimotor slowing using electrophysiological measures and a simple visual reaction time test. Their results reveal that age-related slowing of sensorimotor activity originating in motor cortex is relatively uninfluenced by early-visual stimulus processing but related to later-visual processes linked to higher-order cognitive function like attention and working memory. In a study examining the effectiveness of multisensory training for improving self-motion perception, Gabriel et al. (this issue) found that visual-vestibular training improves visual heading perception, particularly in older adults. Results reveal the potential beneficial effects of multisensory training in aging and provide clues that multisensory training could enhance future rehabilitation programs that target age-related mobility declines. Scurry et al. present preliminary support of drastic reductions in multisensory integration (via top-down inhibitory control mechanisms) in older adults with a history of falling. In addition, Wunderlich et al. define a Mobile Brain/Body Imaging (MoBI) approach to gain deeper insights into the neural dynamics underlying cognitive and motor interactions during several dual-task conditions in young and old adults with hearing impairment.

In a novel dual-task paradigm, Ward et al. demonstrates cognitive-motor dual-task interference effects on balance (i.e., postural control) irrespective of age and cognitive task load. In an exercise study, Tsai et al. investigated the acute effect of high-intensity interval vs. moderate-intensity continuous exercise on executive-related oculomotor performance in aging and found that high-intensity interval exercise appears to be more effective in terms of modulating oculomotor control. Li N. et al. examined the effect of age on visuomotor adaptation and found that compared to the younger adults, older adults had less adaptation to visual feedback perturbation in a reaching task. However, the authors further that while the effect of aging on visuomotor adaptation was not associated with chronological age, it was correlated with the declines in cognitive performance. Di Tella et al. examined functional and structural neural changes in old vs. young adults and found reduced cortical thickness of the mirror neuron system, coupled with increased activation in premotor and prefrontal areas indicative of age-related changes in both cognitive and motor neural systems.

Using sophisticated structural equation modeling, Xue et al. reveal that cognitive function significantly interacts with frailty and urge that both should be considered when developing tailored interventions so as to further improve overall health outcomes and quality of life for older adults. Marusic, Verghese et al. examined the effect of cognitive training using computerized brain games on mobility measures in healthy, active older adults and found that cognitive training had both near- (executive function & processing speed enhancements) and far- (dual-task gait speed enhancement) transfer effects concurrently related to increased activation over sensorimotor regions important for cognitive, motor, and sensory processes. In another intervention study, Merriman et al. found that cognitive training focused on spatial navigation and obstacle avoidance training with balance control was successful in improving egocentric spatial processing and executive function in older adults. In terms of pathological aging, Li X. et al. compared older adults with and without cerebral microbleeds and found that cerebral microbleeds were closely associated with worse cognitive and motor performance on dual-task performance-based tests. Beauchet et al. reveal an overlap between late-life depressive symptomatology and motoric cognitive risk syndrome (MCR) suggesting a complex interplay between depressive symptoms and MCR that could prove useful for prevention of dementia.

Lastly, we include a series of review studies that highlight interactions between sensory, cognitive, and motor processes. Basharat et al. and Gray et al. report on sensory interactions and links to cognition in aging. In a two-pronged review, Basharat et al. sought to investigate the rigor with which researchers studying audiovisual sensory integration account for age-abnormal declines in sensory acuity and cognitive decline. Gray et al. aimed to contribute to the field of cognitive aging by proposing a framework that details the impact of musical training on speech perception. Lastly, Bai et al. review a series of neuroimaging and electrophysiological studies that highlight both visuospatial and sensorimotor functions of the posterior parietal cortex in drawing tasks.

In summary, this unique collection expands knowledge regarding the associations among cognitive, motor, and sensory processing in aging and the implications for everyday function and application. We believe that further investigations aimed at unraveling the interwoven neural circuitry of cognitive, motor and (multi)sensory functioning in aging will promote future lines of research that will potentially guide the development of novel prognostic tools, environmental adaptations, and novel technologies, and/or aid in the development of new research-driven therapeutic interventions giving rise to solutions aimed at improving the quality of life of older adults.
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Aging is the major risk factor for chronic age-related neurological diseases such as neurodegenerative disorders and neurovascular injuries. Exploiting the multimodal nature of the Mirror Neuron System (MNS), rehabilitative interventions have been proposed based on motor-resonance mechanisms in recent years. Despite the considerable evidence of the MNS’ functionality in young adults, further investigation of the action-observation matching system is required in aging, where well-known structural and functional brain changes occur. Twenty-one healthy young adults (mean age 26.66y) and 19 healthy elderly participants (mean age 71.47y) underwent a single MRI evaluation including a T1-3D high-resolution and functional MRI (fMRI) with mirror task. Morphological and functional BOLD data were derived from MRI images to highlight cortical activations associated with the task; to detect differences between the two groups (Young, Elderly) in the two MRI indexes (BOLD and thickness z-scores) using mixed factorial ANOVA (Group∗Index analyses); and to investigate the presence of different cortical lateralization of the BOLD signal in the two groups. In the entire sample, the activation of a bilateral MNS fronto-parietal network was highlighted. The mixed ANOVA (pFDR-corr < 0.05) revealed significant interactions between BOLD signal and cortical thickness in left dorsal premotor cortex, right ventral premotor and prefrontal cortices. A different cortical lateralization of the BOLD signal in frontal lobe activity between groups was also found. Data herein reported suggest that age-related cortical thinning of the MNS is coupled with increased interhemispheric symmetry along with premotor and prefrontal cortex recruitment. These physiological changes of MNS resemble the aging of the motor and cognitive neural systems, suggesting specific but also common aging and compensatory mechanisms.

Keywords: aging, mirror neuron system, magnetic resonance image, rehabilitation, stroke, premotor cortex, prefrontal cortex


INTRODUCTION

Mirror neurons are a neural population discovered in the ventral premotor cortex of the monkey (di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996a) discharging not only during action execution but also during action observation, configuring a movement observation-execution matching system. Functional magnetic resonance imaging (fMRI) studies provided several evidences for the existence of a Mirror Neuron System (MNS) in humans as well (Hardwick et al., 2018). Specifically, the premotor cortex, particularly the lower part of the precentral gyrus (BA6), the posterior part of the inferior frontal gyrus (BA44), the inferior parietal lobule (BA40), and the superior temporal sulcus (BA22/42) are implicated in human motor resonance and hence can be regarded as part of the human MNS (Rizzolatti et al., 1996b; Grèzes et al., 2001). The MNS is involved in higher motor/cognitive processes, such as the understanding of the meaning of an action and the intentionality of the person executing it, motor learning (Buccino and Riggio, 2006), learning and imitation processes (Jeannerod, 1994; Gallese and Goldman, 1998; Iacoboni et al., 1999; Rizzolatti et al., 2002; Buccino et al., 2004; Vogt et al., 2007; Gallese, 2009), language, and empathy (Antonietti and Corradini, 2013; Oztop et al., 2013; Cook et al., 2014; Rizzolatti and Fogassi, 2014; Buccino et al., 2016). In particular, the MNS operates through a motor resonance mechanism that implies the understanding of the meaning of a gesture through an internal reproduction of the same action in the observer (Fadiga et al., 1995; Strafella and Paus, 2000; Borroni et al., 2005; Borroni and Baldissera, 2008).

Despite the considerable evidence of the MNS’ functionality, further investigation is required to explore its role in aging. Aging is the major non-modifiable risk factor for chronic age-related diseases (Kennedy et al., 2014) associated with mental and physical disabilities for which it is crucial to develop effective rehabilitative interventions. Recently, new rehabilitative interventions for age-related pathologies such as stroke and Parkinson’s disease have been proposed based on the motor resonance mechanism activated by the MNS (Ertelt et al., 2007; Buccino, 2014; Farina et al., 2020). Thus, the comprehension of the mechanisms involved in aging of the MNS is relevant to implement effective rehabilitation programs for age-related pathologies.

Aging is accompanied by structural (for a review see: Vinke et al., 2018) and functional (Cabeza et al., 2002) neural substrate changes and reorganization affecting predominantly the frontal cortex (Raz et al., 1997; Good et al., 2001; Jernigan et al., 2001; Resnick et al., 2003). Functional changes have been observed for both motor and cognitive domains, showing increased activity in contralateral and ipsilateral premotor areas (Calautti et al., 2001; Mattay et al., 2002; Ward and Frackowiak, 2003; Heuninckx et al., 2005, 2008) and bilateralization of activity in prefrontal cortices (Cabeza, 2002). However, relatively little is known regarding physiological changes associated with aging and neurodegeneration within the MNS. Nedelko et al. (2010) reported no age dependent changes in the activity of the MNS, while Farina et al. (2017) found a posterior to anterior shift in activity associated with neurodegenerative decline.

To date however, there is no evidence for a comparison with young people integrating the brain reserve data such as cortical thickness and brain activity within the MNS, defined as the action execution and observation matching system. The purpose of the present study was to investigate these changes in normal aging. We hypothesized that due to the involvement of the MNS in several complex behaviors, ranging from sensory-motor to cognitive and learning processes, the aging of this system would likely involve several brain regions implicated in the aging of both the motor and cognitive systems such as premotor and prefrontal cortices at both the functional and structural level. Specifically, according to literature we expected to find within the MNS of aged subjects cortical thinning, coupled with increased activation and reduced lateralization in the premotor cortices and in the more cognitive-related prefrontal cortices.



MATERIALS AND METHODS


Experimental Design and Statistical Analyses

We employed functional and structural MRI to compare young and elderly participants (between factor) with functional BOLD measures of MNS activity and cortical thickness (within factor). Functional measures for each participant consisted in a conjunction analysis of two conditions, action observation and execution (Price and Friston, 1997; Cabinio et al., 2010; Cerri et al., 2015) to select MNS areas. The functional BOLD signal related to the conjunction analysis derived from regions of interest (ROIs) within the MNS was then extracted and related to the cortical thickness of each ROI. A 2 by 2 ANOVA was used to compare the two groups (between factor) and the two MRI indices, BOLD signal and cortical thickness (within factor).

Sample size was determined based on generally accepted and validated sample size minimums for fMRI studies (Desmond and Glover, 2002) and is in agreement with previous studies from our group (Cabinio et al., 2010).



Participants

Forty healthy individuals were recruited, consisting of twenty-one young adults [age range 23.20–35.10 years, mean (SD) age 26.66 (3.30) years; 9 females] and 19 elderly participants [age range 57.20–87.60 years, mean (SD) age 71.47 (8.52) years; 11 females]. All participants were preliminarily screened to exclude those with major systemic, psychiatric and neurological illnesses. In elderly participants, conditions associated with cognitive impairment were carefully investigated with the administration of a neuropsychological battery to evaluate general cognitive efficiency: Mini Mental State Examination—MMSE (Measso et al., 1993) (inclusion criteria ≥ 24); language (phonological and semantic fluency) (Novelli et al., 1986); memory (Free and Cued Selective Reminding Test—FCSRT) (Frasson et al., 2011); and attention and executive abilities (Trail Making Test—TMT, part A and B) (Giovagnoli et al., 1996).

All the participants were right-handed as assessed by the Edinburgh inventory (Oldfield, 1971) and were free from psychotropic medications. The study conformed to the ethical principles of the Helsinki Declaration and approved by the Ethics Committee section of “IRCCS Fondazione Don Carlo Gnocchi,” part of the IRCCS Ethics Committee of Regione Lombardia. Informed written consent was obtained from all the included subjects before study initiation. Once included in the study, each participant underwent a single MRI examination, which included structural and functional sequences (see below for details).



MRI Acquisition

Structural and functional MRI data were acquired during a single session using a 1.5 Tesla Siemens Magnetom Avanto scanner, at Santa Maria Nascente Institute IRCCS, Don Carlo Gnocchi Foundation. Functional images were collected by a gradient echo echo-planar (EPI) T2∗ sequence (TR = 3,000 ms; TE = 50 ms; flip angle = 90°; voxel size = 2.8125 × 2.8125 × 4 mm3; matrix size = 64 × 64; number of slices = 38; thickness = 4 mm) to detect Blood Oxygenation Level Dependent (BOLD) contrast. Each fMRI session included two runs of 122 volumes. A 3D T1-weighted scan (TR = 1,900 ms; TE = 3.37 ms; voxel size = 1 × 1 × 1 mm3; matrix size = 192 × 256; slice thickness = 1 mm; number of slices = 176) was also acquired, to perform volumetric measurements and for anatomical reference in fMRI analysis.

A conventional T2-weighted scan (TR = 2,920 ms; TE = 108 ms; voxel size = 0.75 × 0.75 × 5.2 mm3; matrix size = 320 × 320; slice thickness = 4 mm; number of slices = 25) was collected as well, to exclude participants with brain abnormalities. Conventional anatomical sequences (PD-T2, FLAIR) were also executed in order to exclude participants with macroscopic brain lesions and/or more than five white matter hyperintensities (Vale et al., 2015).



fMRI Experimental Design

In the course of the fMRI session, subjects were requested to complete 2 block-design runs (i.e., Observation - O- run and Execution - E - run) with an A-B structure (task vs. rest), according to the paradigm described in Cabinio et al. (2010), Farina et al. (2017). In the first run all participants were asked to observe film clips of a right hand executing several grasping movements (O) while in second run participants were asked to execute grasping actions with their right hand according to the object that they viewed on the screen (E). In the O-runs, participants viewed 12 precision-grip movements (e.g., grip a coffee cup from the handle, a key, a pencil) and 12 whole-hand movements (e.g., grasp a torch, a glass, a kitchen sponge). In the E-runs, subjects viewed the pictures of the same 24 objects (see Figure 1). In both the O and the E runs the rest condition was to watch the picture of a right hand at rest. The design was fully randomized (both blocks and runs). Before the fMRI experiment, the participants had a short training session outside the scanner for 15 min. During the training session, participants were also instructed to keep their gaze on the fixation point for the entire duration of the experiment, and to execute grasping actions about once every second. See our previous works for further details (Cabinio et al., 2010; Cerri et al., 2015; Farina et al., 2017). We used an MR-compatible visual system to present the stimuli which included digital goggles (VisuaStim Digital system, Resonance Technology Inc.). The use of E-Prime software (E-Prime 2.0 Psychology Software tool)1 ensured exact timing of prompts during MR acquisition. The performance was visually checked by the examiner, who controlled the accuracy and the number of repetitions of the grasping actions during the task execution.


[image: image]

FIGURE 1. fMRI task stimuli. Sample frames taken from movie clips of a precision grip (upper line): a whole-hand grasp (lower line) used in the observation condition of the fMRI task.




fMRI Analysis

fMRI data were analyzed according to the General Linear Model with SPM122 running on MATLAB 8.1.0 (MathWork, Natick, MA). Images were first realigned and movement parameters were estimated. Anatomical and functional images were then spatially normalized to the MNI template using a 2 × 2 × 2 mm3 voxel size with trilinear interpolation. The normalized functional images were spatially smoothed using an 8-mm full-width at half-maximum isotropic Gaussian kernel. Plots of linear and rotational indices of in-scanner motion were visually inspected to rule out the presence of major artifacts. A threshold of 3 mm or 3 degrees was chosen as limit of acceptable in-scanner motion. Bad volumes were detected and repaired just before estimation using the ArtRepair toolbox3. Outlier volumes were first repaired by interpolation to avoid side-effects in the high-pass filtering stage. These volumes were then deweighted in General Linear Model estimation to maintain unbiased estimates.

For first-level statistical analyses, we modeled the expected hemodynamic response function of the software package with a block design. The six parameters related to head movement were included as regressors of no interest. For each participant, we estimated two t-contrasts: observation of a hand grasping (O) and execution of grasping movements (E).

A second level paired t-test with both Observation and Execution contrasts was then run. To identify the contour of the MNS, a conjunction (“E” and “O”) analysis, in which the null hypothesis (Nichols et al., 2005) concerns the probability that each voxel is equally activated in both conditions, was performed at the group level using an inclusive mask with both conditions (p < 0.001unc). To perform group level statistics on the conjunction data, the whole group conjunction activation map was used to define frontal, parietal and temporo-occipital regions of interest (ROIs). Functional ROIs (BOLD-ROIs) were defined as spheres with a 10 mm radius and centered on the peak of activation (see Figure 2).


[image: image]

FIGURE 2. Analysis pipeline, graphical flow-chart representation (see “Materials and Methods” sections for details).


Conjunction probabilistic maps were then extracted from each participant (single-subject level) considering an inclusive mask with ‘‘O’’ and ‘‘E’’ conditions. The mean signal derived from single-subject level conjunction maps was then calculated for each BOLD-ROI using MARSBAR4 (see Figure 2).

The mean signal of each BOLD-ROI was converted into a z-score using the mean and standard deviation of the group and then z-scores were included in statistical ANOVA analyses (see Figure 2).

Lastly, the Juelich Histological Atlas (Eickhoff et al., 2007; Amunts and Mohlberg, 2020), the Harvard-Oxford Cortical Structural Atlas (Desikan et al., 2006), and the Talairach Atlas, non-linearly transformed to convert coordinates from the MNI space to Talairach space5 (Lancaster et al., 2007), were used for interpretative purposes.



T13D MRI Data Analysis—ROIs’ Cortical Thickness

High resolution 3D T1-weighted images were parcellated using the standard recon-all pipeline in FreeSurfer v. 5.36. Quality checks were performed according to ENIGMA guidelines and manual corrections were done when required. Mean thickness was then computed in subject space within selected morphological ROIs (Thick-ROIs), created around the coordinates of the peak of activation of each BOLD-ROI derived from the Conjunction group-level contrast. In order to create circular ROIs in subject space, a multi-step procedure was used (see Figure 2). For each ROI, after conversion of the coordinates from MNI to fsaverage space and the creation of a single-point label, the coordinate was projected on the nearest point on the pial surface and then dilated 10 times forming a circular shape onto the pial surface. Each circular Thick-ROI was then back-projected in subject space and thickness measurements computed creating the Thick-ROIs. Each Thick-ROI measure was converted into a z-score using mean and standard deviation of the group and then z-scores were included in statistical ANOVA analyses (see Figure 2).



Statistical Analyses

To detect differences between groups for each ROI in the BOLD signal and the cortical thickness, a mixed factorial ANOVA Group∗Index was designed. Both Group and Index consisted of 2 levels (Group: Young and Elderly; Index: BOLD z-scores and Thickness z-scores). The statistical analyses were carried out using IBM SPSS version 24. Main effects of Group and Index and interaction effects Group∗Index were tested and considered as statistically significant at p < 0.05 after applying the Benjamini–Hochberg procedure to control the False Discovery Rate (FDR) (Benjamini and Hochberg, 1995). Simple effects were performed to explore the effect of the independent variable Group within each level of the second independent variable Index.

Moreover, to quantify the degree of lateralization in every subject (see also Cabinio et al., 2010), we used LI-Toolbox software7, a toolbox for SPM able to compute the laterality index (LI) (Wilke and Lidzba, 2007). LI was calculated on the basis of the number of voxels surviving the p < 0.001 50K threshold, in the right and in the left frontal and parietal lobes separately. LI values ranged between + 1(completely left lateralized) and −1 (completely right lateralized).



RESULTS


Sample and Neuropsychological Assessment

Demographics of the study sample are summarized in Table 1. The neuropsychological examination of elderly participants confirmed the absence of cognitive deficits in any explored domain (mean values are above the cut-off scores in all tests as detailed in Table 1).


TABLE 1. Demographic data and neuropsychological evaluation of elderly group.

[image: Table 1]


Whole Sample fMRI Conjunction Results

In the whole sample, to detect the activation of the MNS, fMRI results are explored with the conjunction (action observation and execution) contrast (t contrast 3.20; k = 50; p < 0.001unc) showing activation of a bilateral fronto-parietal network formed by the inferior parietal lobule, intraparietal sulcus, postcentral gyrus, middle and inferior frontal gyri; along with activation of the right inferior temporal gyrus, and the bilateral fusiform gyrus. A bilateral cerebellar activation was also detected. All regions of significant activation are summarized in Table 2 and illustrated in Figure 3.


TABLE 2. fMRI Conjunction analysis results in the whole sample [threshold puncorr < 0.001 with a k = 50 contiguous voxels].

[image: Table 2]
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FIGURE 3. ANOVA analysis results. (A) Whole sample fMRI conjunction results (t contrast 3.20; k = 50; p < 0.001unc, see Table 2 for details). (B) Brain localization of the ROIs found to have significant Group x Index interaction with significant difference in both cortical thickness and BOLD signal in post hoc comparison. (C) Graphical representation of BOLD and Thickness Z-scores in the two groups in the statistically significant ROIs. ROI, Region of Interest; L, Left; R, Right; dPMC, dorsal Premotor Cortex; vPFC, ventral premotor cortex; vlPFC, ventrolateral prefrontal cortex.


Twenty-three ROIs were selected from the conjunction contrast in the whole sample corresponding to the peaks of activation clusters and within each cluster to different cortical gyri or Brodmann areas (BAs) (see Table 3). After that we extracted the mean BOLD signal from single subject conjunction activation maps in the BOLD-ROIs and the cortical thickness from the Thick-ROIs.


TABLE 3. Results of the ANOVA Group (Young, Elderly) *Index (BOLD, Thickness z-scores).

[image: Table 3]


Between Group Comparison of Functional and Structural Data

A mixed factorial ANOVA to compare Group (Young, Elderly) and Index (BOLD-ROIs z-scores, Thick-ROIs z-scores) was performed (see Table 3). Results of ANOVA analysis are also reported in Table 3 and Figure 3. To summarize, no significant main effects of Group and Index were found. All significant Group × Index interactions were explored with post hoc analyses. Accordingly, significant Group x Index interaction with significant difference in cortical thickness in post hoc comparison was found in the left inferior parietal lobule (ROI 3, IPL, pFDR–corr = 0.009), left fusiform gyrus (ROI 5, FuG, pFDR–corr = 0.020), right inferior temporal gyrus (ROI 8, ITG, pFDR–corr = 0.027), right anterior intraparietal sulcus (ROI 11, aIPS, pFDR–corr = 0.027), left ventral premotor cortex (ROI 12, vPMC, pFDR–corr = 0.008), left ventrolateral prefrontal cortex (ROI 14, vlPFC, p = 0.003), left dorsal premotor cortex (ROI 15, dPMC, pFDR–corr = 0.019), left vlPFC (ROI 16, pFDR–corr = 0.004), right dPMC (ROI 18, pFDR–corr = 0.014), left pars orbitalis (ROI 22, IFG, pFDR–corr < 0.001), left inferior frontal gyrus (ROI 23, IFG, pFDR–corr = 0.005), right medial frontal cortex (ROI 24, preSMA, pFDR–corr < 0.001), left MeFC (ROI 25, pFDR–corr = 0.012). A significant Group x Index interaction with significant difference in both cortical thickness and BOLD signal in post hoc comparison was found in left dPMC (ROI 13, p < 0.001FDR–corr), right vPMC (ROI 17, pFDR–corr < 0.001), right vlPFC (ROI 19, pFDR–corr = 0.003), right vlPFC (ROI 20, pFDR–corr < 0.001), and right vPMC (ROI 21, pFDR–corr < 0.001).



Laterality Index

In the elderly group, the LI in the frontal lobe was –0.262 with a total voxel count 1333 on the left and 2281 on the right, and 0.239 for the parietal lobe with 3248 voxels on the left and 1994 on the right. In the young group, the LI in the frontal lobe was 0.586 with 1488 on the left and 389 on the right, and in the parietal was 0.637 with 5068 on the left and 1123 on the right.



DISCUSSION

Our aim was to explore the functional and structural modifications occurring in the MNS during normal aging. In particular, we found evidence of reduced cortical thickness and increased activation of the premotor cortices bilaterally, areas belonging to the MNS, and an additional involvement of right prefrontal cortices. Finally, unlike the young participants, the elderly group showed evidence of right frontal lateralization.

The whole sample showed an activation within a fronto-parietal network which comprised bilateral parietal areas (aIPS, IPL, SPL, primary sensorimotor cortex), vPMC and dPMC (middle and inferior frontal gyri, BA6, 44 and 45), classically considered MNS areas, and visual areas (BA37, 19), which do not belong to the MNS properly. Finally, right vlPFC (BA44-45) was also found.

The herein data agree with an extensive quantitative meta-analysis (Molenberghs et al., 2012) of fMRI data from 125 studies reporting the localization of the human MNS. The recruitment of the vPMC in the present study is in line with previous studies showing how the ventral sector of the premotor cortex is the most likely human equivalent of macaque mirror area F5 and the brain area where hand actions are represented (Binkofski et al., 1999; Rizzolatti et al., 2001; Rizzolatti and Craighero, 2004; Rizzolatti, 2005). Moreover, we also found the recruitment of dPMC, an area involved in the motor preparation of actions and in the observation of hand movements in association with the IFG (pars opercularis) (Buccino et al., 2001).

In our sample, we observed the recruitment of bilateral parietal areas centered in the IPS. Posterior parietal cortices are involved in the multimodal integration of information to construct a spatial representation of the external world. More specifically, the IPS can be considered a visuo-motor interface in the control of arm and eye movements in space for the object manipulation (Buccino et al., 2004; Grefkes and Fink, 2005; Vogt et al., 2007). Moreover, in agreement with previous reports (Gazzola et al., 2007; Cabinio et al., 2010), the MNS network included activation of the postcentral gyrus. This is in line with the role of the MNS in the mechanism of the internal simulation of the observed action. Thus, when we observe an action, a sensory motor resonance mechanism creates an internal subliminal reproduction of the sensory and kinematic aspects of the observed action.

Outside the strictly-defined MNS areas, we observed recruitment of temporal visual areas, corresponding to extrastriate body area (EBA) as previously described (Cabinio et al., 2010; Molenberghs et al., 2012) a region involved in the visual recognition of the human body (Downing et al., 2001; Urgesi et al., 2004).

The herein presented results confirmed the starting hypothesis of the presence of structural and functional modifications in MNS with normal aging, following the constraints of the age-related brain changes. Specifically, the frontal areas on both the right and left hemispheres were significantly different between the two groups for both fMRI activation and cortical thickness with the left dPMC, the right vPMC and right ventrolateral PFC showing increased activity in the elderly group coupled with a right frontal lateralization and reduced cortical thickness in the same areas. The dorsal and ventral PMC are part of the MNS (Rizzolatti and Craighero, 2004; Molenberghs et al., 2012), with a possible role in facilitating the motor output from the primary motor cortex through the motor resonance mechanism. Increased activation of these areas in the elderlies might suggest the necessity of increased activity by these areas to modulate and affect motor output from the primary motor cortex. Note that this implies that the PMC, as sector of the MNS, maintains its function to observe action, recognize them, and eventually allowing the individual to interact with one another.

Specifically, the observed PFC activation overlaps with the prefrontal area previously observed during a “learning-by-imitation” fMRI experiment in which musically naïve young subjects were asked to observe and then imitate the hand movement of a guitar chord (Buccino et al., 2004; Vogt et al., 2007). Buccino et al. (2004) interpreted the role of this PFC area in the selection of the appropriate motor act for the execution of the new motor acts (playing the guitar chord), to operate a recombination of the “resonated” motor acts into a new motor sequence. This finding is particularly interesting since participants in the present study the were asked to observe and execute very simple and well-known grasping actions.

The increased ventral PFC activation in the elderly group suggests a higher cognitive/attentive load probably related to a step-by-step planning of the motor action also during simple actions. One might argue that while in young healthy participants these prefrontal areas become active during the acquisition of novel motor tasks (e.g., when naïve participants learn to play some guitar chords following a model; Buccino et al., 2004; Vogt et al., 2007), in healthy elderly participants the recruitment of these areas always occurs also during the observation and recognition of actions that are already part of the participants’ motor repertoire. This in turn suggests that, as compared to younger people, the activation of these areas in elderly participants is necessarily a pre-requisite to process even for familiar and well-known actions. In other words, physiological aging is associated with the necessity to recombine simple motor acts de novo each time.

From a more cognitive point of view, the PFC is also widely associated with attention and executive-control systems and has been implicated in the allocation of resources (Badre, 2008; Badre and Nee, 2018). This area is typically recruited during cognitive tasks requiring attentional control and manipulation of information in working memory (Goldman-Rakic, 1995; Badre, 2008; Badre and Nee, 2018). Many neuroimaging studies investigating executive control have reported greater frontal cortex activation in older adults compared to younger adults (Nielson et al., 2002; Cabeza et al., 2004; Colcombe et al., 2005; Townsend et al., 2006; Kurth et al., 2016), supporting the hypothesis that this area may be linked to compensatory mechanisms in aging related to cognition (Cabeza et al., 2002). Taken together, these data are also relevant when planning rehabilitative intervention targeted to elderly individuals. Moreover, preliminary evidence showed how an action observation rehabilitation treatment was associated with improvements in attention and facial recognition in nursing home residents with dementia (Eggermont et al., 2009). Increased activation of premotor cortices with aging has been previously documented in several experiments investigating the motor system (Calautti et al., 2001; Hutchinson et al., 2002; Mattay et al., 2002; Heuninckx et al., 2005; Ward, 2006; Seidler et al., 2010; Wang et al., 2019; Tscherpel et al., 2020). The increased activation in the pre motor cortex can be interpreted as a compensatory mechanism specifically related to the MNS due to its well-established involvement in the MNS. However, considering the specificity of the mirror-task used, it is not possible to rule out a more general compensatory role in aging for this area.

In our study, the increased activation of the bilateral PMC and of the right PFC mentioned was coupled with reduced cortical thickness, a marker of neuronal loss and reduced brain reserve typical of the aging processes (Salat et al., 2004; van Velsen et al., 2013; Cabeza et al., 2018).

Our data are coherent with functional neurocompensatory models in aging such as the HAROLD model (Hemispheric Asymmetry Reduction in Older Adults) (Cabeza, 2002) that supports the reduction of lateralization of brain activity in aging, and the CRUNCH model (Compensation-Related Utilization of Neural Hypothesis Circuits) (Reuter-Lorenz and Cappell, 2008) that captures other aging related mechanisms consisting in the recruitment of additional brain regions to play out compensatory strategies to cope with the reduced brain reserve.

To the best of our knowledge, only one previous study explored aging and the MNS (Nedelko et al., 2010), comparing young versus elderly participants. In that study the seminal areas of the MNS did not show changes between groups. However, methodological differences might explain the discrepant results. Our paradigm, an execution-observation conjunction experimental design, allowed us to selectively define mirror areas, while Nedelko’s paradigm (Nedelko et al., 2010) was focused on action observation and imagery. The latter recruits a network only partially overlapping with the MNS (Gerardin et al., 2000).

The strength of our findings consists in this specific coupling of age-related measures obtained using two different MRI techniques (i.e., structural and functional MRI). The differential age effect observed in the brain reserve in frontal regions belonging to the MNS is associated both with an increased activity in the designated MNS (premotor) areas and an additional recruitment of non-specific MNS (prefrontal) areas. In light of this multimodal MRI study, we can hypothesize two possible mechanisms: compensation by up-regulation, if we consider the hyperactivity observed in the areas belonging to the MNS in the bilateral PMC, and compensation by reorganization if we consider the recruitment of right PFC observed in the elderly (Cabeza et al., 2018). More generally, according to the CRUNCH model, our data can be considered as evidence for an important role of this area as a brain reserve hub, thus involved in the aging process of several domains.

A final remark concerns the characteristics of the elderly participants included in the study. Results from the neuropsychological assessment showed that they performed within the normal range on all the neuropsychological tests, confirming that they were globally preserved in cognitive functioning and thus representative of the normal aging population.

Although the findings of the current investigation provided deeper understanding of the functional organization and structural brain reserve of the MNS in healthy older adults, there are some limitations that need to be considered. First, we selected participants that underwent a single session study, but we did not include longitudinal evaluations. A future study should provide further evidence with a longitudinal design and explore the age-related monitoring changes during normal aging. Second, the lack of reserve measures in these participants can limit the comprehension of aging process. Future studies investigating the correlation between neuroimaging data and aspects of reserve (such as cognitive reserve) will be necessary to account for inter-individual variability in aging.



CONCLUSION

In conclusion, our data suggest that during aging, the MNS is subject to both structural and functional modifications resembling what occurs in the neuromotor and neurocognitive aging. At a structural level, the MNS undergoes cortical thinning; whereas from a functional level, its activation increases bilaterally in the premotor cortices with additional recruitment of right prefrontal cortex.
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Impaired temporal perception of multisensory cues is a common phenomenon observed in older adults that can lead to unreliable percepts of the external world. For instance, the sound induced flash illusion (SIFI) can induce an illusory percept of a second flash by presenting a beep close in time to an initial flash-beep pair. Older adults that have enhanced susceptibility to a fall demonstrate significantly stronger illusion percepts during the SIFI task compared to those older adults without any history of falling. We hypothesize that a global inhibitory deficit may be driving the impairments across both postural stability and multisensory function in older adults with a fall history (FH). We investigated oscillatory activity and perceptual performance during the SIFI task, to understand how active sensory processing, measured by gamma (30–80 Hz) power, was regulated by alpha activity (8–13 Hz), oscillations that reflect inhibitory control. Compared to young adults (YA), the FH and non-faller (NF) groups demonstrated enhanced susceptibility to the SIFI. Further, the FH group had significantly greater illusion strength compared to the NF group. The FH group also showed significantly impaired performance relative to YA during congruent trials (2 flash-beep pairs resulting in veridical perception of 2 flashes). In illusion compared to non-illusion trials, the NF group demonstrated reduced alpha power (or diminished inhibitory control). Relative to YA and NF, the FH group showed reduced phase-amplitude coupling between alpha and gamma activity in non-illusion trials. This loss of inhibitory capacity over sensory processing in FH compared to NF suggests a more severe change than that consequent of natural aging.

Keywords: inhibition, multisensory processing, sound-induced flash illusion, fall-risk, aging


INTRODUCTION

An individual’s experience of the natural world is largely dictated by innate biases and sensitivities toward external stimuli. For instance, as light is propagated at a rapidly faster speed relative to sound, the brain learns this relationship over development and becomes extremely sensitive to auditory-leading signals, as compared to visual-leading. This asymmetry has been continuously observed and reported, particularly in the case of the temporal binding window (TBW) (Powers et al., 2009; Stevenson and Wallace, 2013), an estimate that quantifies the likelihood of perceptually binding two stimuli that are separated by variable temporal delays. Learned temporal relationships of naturally occurring stimuli drive the flexibility of this window (Murray et al., 2016). For instance, TBWs estimated using simple audiovisual stimuli (e.g., a flash and a beep) are much narrower compared to TBWs derived from using more complex audiovisual stimuli (e.g., the visual and auditory cues from speech) (Van Atteveldt et al., 2007; Stevenson and Wallace, 2013). The broader TBW observed in this more ethologically relevant context is not surprising. The brain requires additional flexibility, or increased processing time, to decode the unitary signals and perceive them as either a single, coherent source or as two separate and distinct sources. The temporal relationship between the constituent unimodal parts of a multisensory event is the major driver in dictating this coherent versus segregated perception. Reductions in sensitivity toward audiovisual temporal differences would therefore result in incoherent perceptions and difficulties in experiencing and navigating the environment.

In the healthy older adult, changes in temporal thresholds do occur as a natural consequence of the aging process and thus, deficits in unisensory and multisensory processing are observed (Allison et al., 1984; Schmolesky et al., 2000; Stephen et al., 2010; Ng and Recanzone, 2018). However, explicitly controlling for differences in unisensory processing thresholds cannot completely explain multisensory impairments reported in older adults (Chan et al., 2014). Therefore, additional age-related cortical modifications that affect multisensory-specific functionality are likely at fault. In the auditory region of senescent rhesus macaques, neurons displayed increased spontaneous activity, reduced selectivity in coding patterns and broader-tuned neurons relative to young controls (Ng and Recanzone, 2018). Similar age-related alterations were observed in visual cortex of older macaques with increased responsiveness and broader-tuning curves toward the orientation and direction of visual stimuli (Schmolesky et al., 2000). In addition, the proportion of audiovisual neurons exhibiting tuning toward low spatial frequencies was reduced in the aged rat model while those audiovisual neurons exhibiting band-pass tuning was increased suggesting compensation for this reduction in sensitivity (Costa et al., 2016). In both multisensory and primary sensory regions, the aged cortex displays heightened excitability accompanied by broader-tuning neuronal profiles responsible for impaired precision and reduced reliability in sensory processing. This suggests diminished signal to noise and a loss of inhibitory control on the processing and decoding strategies necessary for precise representations of sensory inputs. In fact, visual cortex neurons of older macaques that were treated with a GABA agonist demonstrated recovered response profiles similar to young monkeys (Leventhal et al., 2003).

The loss of inhibition hypothesis supported by these findings is a feasible explanation for the impaired multisensory processing reported in older adults. While performing an auditory target detection task, older adults demonstrated altered evoked responses consistent with reduced top-down inhibition via frontal areas (Stothart and Kazanina, 2016). In addition, when incongruent visual information was presented with auditory, older adults demonstrated less efficient and more distributed cortical processing to retain perceptual constancy (Stothart and Kazanina, 2016). Older adults also have reduced ability to ignore irrelevant, distracting information, likely due to the reduced signal to noise present in the aging brain (Tun et al., 2002; Van Gerven and Guerreiro, 2016). Indeed, older adults demonstrated poor suppression of visually distracting, task-irrelevant information in a working memory task (Borghini et al., 2018). However, the ability to filter irrelevant visual cues was recovered by the application of alpha trans-alternating current stimulation over the parietal lobe indicating that reduced power in the alpha band is related to the poor inhibitory control found in the aging population (Borghini et al., 2018). This is not a surprising finding given the known functional role of top-down inhibitory control reflected by cortical oscillatory activity in the alpha range (7–13 Hz) (Klimesch et al., 2007).

Intact, coordinated alpha activity provides dynamic and specific control of processing in other areas of the brain by (1) controlling the amount of cognitive resources applied to the task at hand and (2) providing discrete temporal windows for processing to occur (Klimesch et al., 2007; Jensen and Mazaheri, 2010; Klimesch, 2012). For instance, feed-forward processing of sensory information is modulated by the phase of alpha activity so that bursts of activity occur during the troughs of the alpha cycle while suppression of active processing occurs at alpha peaks (Bonnefond and Jensen, 2015). Indeed, this sensory gating via inhibition during multisensory tasks is necessary to filter irrelevant sensory information and promote processing in relevant areas (Jensen and Mazaheri, 2010; Keller et al., 2017). Therefore, proper inhibitory control via alpha activity enables robust synchronization of activity between cortical regions most relevant for the present, required function.

Synchronization of oscillations across cortical regions is particularly relevant for multisensory processing as it enables the transfer and integration of information from multiple modalities. One mechanism involved in cross-modal influence is phase resetting where congruent audiovisual signals induce stronger phase coherence and results in faster behavioral response times to a congruent multisensory stimulus compared to an incongruent multisensory cue or single unisensory cues (Keil and Senkowski, 2018). Furthermore, congruent visual-tactile motion as well as temporally aligned audiovisual stimuli induced stronger gamma band (30–70 Hz) power within the respective primary sensory areas, indicative of enhanced low-level processing that is synchronized across these cortical regions (Senkowski et al., 2007; Krebber et al., 2015). These findings are in line with the known function of gamma oscillations in the active, bottom-up processing of low-level inputs.

In addition to enhanced and synchronized gamma power, the involvement of alpha activity regulating this feed-forward processing is also an integral mechanism. A commonly reported coupling between alpha and gamma demonstrates pulsed gating by inhibition induced by alpha activity wherein gamma power is lowest at peaks in the alpha band and highest at troughs in the alpha band (Jensen et al., 2014; Bonnefond and Jensen, 2015). This phase-amplitude coupling (PAC) has helped to explain and predict the percepts associated with the sound-induced flash illusion (SIFI) task where a simultaneous flash and beep is followed close in time by a secondary beep in order to induce the illusory perception of 2 flashes, also known as a fission or double-flash illusion (Shams et al., 2002, 2000). A significant increase in gamma power was observed for illusory versus non-illusory trials within occipital area suggesting that gamma activity reflects the low-level perceptual binding of multisensory stimuli (Bhattacharya et al., 2002). In addition, stronger alpha power further limits the length of the duty-cycle by which gamma activity can function providing an additional way of modulating lower-level processing (Jensen and Mazaheri, 2010). Decreased alpha power was associated with higher probabilities of experiencing the illusion, likely because stronger alpha activity inhibits the bottom-up processing reflected by the gamma band within the occipital area (Cecere et al., 2015; Keil and Senkowski, 2017).

The SIFI is an especially intriguing multisensory illusion as the same physical stimulus can elicit two opposing perceptual states. Therefore, it is an excellent task to parse out differences in cortical processes that drive opposing percepts. In addition, the stimulus onset asynchrony (SOA), or temporal difference, between the simultaneous flash/beep pair and the second beep can elucidate perceptual differences driven by altered temporal sensitivity, as observed in young versus older adults performing the fission SIFI task (McGovern et al., 2014). Most intriguingly, the SIFI task has also distinguished multisensory perceptual differences between older adults with a history of falling compared to those older adults without. For instance, older adults with a history of falling had significantly worse accuracy in perceiving the single veridical flash (versus the illusory 2 flashes) compared to older non-fallers and young adults at SOAs ≥110 ms indicating that multisensory temporal sensitivity was severely impaired in the fall history group (Setti et al., 2011). In a separate study, older adults with and without a history of falling performed the SIFI task while maintaining their posture. Variability in postural sway was significantly worse in older fallers while they performed illusory trials of the SIFI task but not control, congruent trials (Stapleton et al., 2014). Following a 5-week balance intervention program, improved postural stability measures were positively correlated with reduced susceptibility to the SIFI in the fall-history group only (Merriman et al., 2015). Taken together, these findings implicate shared deficits within multisensory and postural systems that are present in older adults prone to a fall.

By measuring cortical oscillations in the alpha and gamma band recorded during the SIFI task, the present study sought to examine inhibitory function during multisensory processing and contrast this function between young adults, older adults with a fall history (FH) and those older adults without a fall history (non-fallers; NF). Presuming a global impairment of top-down control in older adults, we expected reduced multisensory function in perceptual measures across older adults and more severe deficits in the FH group. In addition, we hypothesized reduced alpha power, increased gamma power and diminished alpha-gamma PAC during illusion conditions as a consequence of natural aging. While we proposed a more severe deficit of inhibitory capacity in the FH group, we expected more robust deficiencies in these measures of oscillatory activity and coupling for this group.



MATERIALS AND METHODS


Participants

24 young adults (24.16±3.86 years, 15 males), 24 older adults without any history of falling (non-fallers; NF) (69.93 ±3.50 years, 10 males) and 16 older adults with a recent fall history (FH) (73.20 ±3.28 years, 5 males) participated in this study. A fall history was identified as the individual experiencing at least 1 fall in the 18 months preceding experimentation with a fall defined as “unintentionally coming to rest on the ground or lower level” (Tinetti et al., 1988). The average age of the NF group was significantly lower than that of the FH group [t(38) = −2.96, p < 0.05].

All participants were screened for normal hearing using AudioScope 3,a screening audiometer (Welch Allyn, Skaneateles Falls, NY, United States), and were required to have a pure tone threshold lower than 40 (for older adults) or 25 (for younger adults) dB for 1 and 2 kHz Hearing Level (HL) in both ears. Participants were asked to declare any uncorrected visual deficits and were excluded if they presented with any visual problem such as cataracts or glaucoma. Other exclusion criteria included history of neurological disorders or disease, seizure disorder, brain injury and use of antipsychotic medications. To account for any vestibular or musculoskeletal problems that could contribute to an individual’s risk of falling, all participants were further screened for any chronic pain, use of pain medications, recent musculoskeletal injuries, or any vestibular disorders. Finally, older adults were required to score ≥26 on the Montreal Cognitive Assessment (MoCA) to control for any potential cognitive decline.

Participants provided signed informed consent before any experimentation and were financially compensated for their time. The experimental protocol was reviewed and approved by the Institutional Review Board at the University of Nevada, Reno.



Stimuli and Equipment

Stimuli were generated using MATLAB (MathWorks, Natick, MA, United States) and Psychtoolbox extensions (Brainard, 1997; Pelli, 1997). The visual stimulus was a stationary white circle with a diameter of 3.5° presented on a grey background in the center of the screen. Auditory stimuli were pure tones of 1,000 Hz created in MATLAB and presented binaurally at 70 dB (measured at the auditory source) via a speaker (Fantech HellScream GS 201, Nepal) directly under the center of the display to approximate the same spatial location as the visual signal. Visual and auditory stimuli were delivered through a Display ++ system with a refresh rate of 120 Hz and an AudioFile stimulus processor, respectively (Cambridge Research Systems, Rochester, United Kingdom). For all experiments, participants sat in front of the display 60 cm away from the screen.



Sound-Induced Flash Illusion (SIFI) Task

There were 3 possible trial types that could be presented throughout the experiment. In congruent trials, either a flash and beep pair were followed by a second, synchronous flash and beep pair (2F2B) (top panel of Figure 1) or a single flash-beep pair was presented (1F1B). The 1F1B condition was presented on 30 trials. In the 2F2B condition, the second flash-beep pair was delayed by a variable SOA (30, 70, 150, or 400 ms) with each SOA repeated 30 times. In illusory trials, a flash-beep pair was presented simultaneously followed by a second beep (1F2B) (bottom panel of Figure 1). The second beep was delayed by a variable SOA (30, 70, 150, or 400 ms), however, as the temporal limits dictating a person’s susceptibility to the illusion can greatly vary (McGovern et al., 2014) and be influenced by the number of SOAs (Chan et al., 2018), each participant was randomly assigned a single, experimental SOA for the 1F2B condition. There were a total of 240 illusory (1F2B) trials. Table 1 displays the number of participants that performed each of the 4 possible SOA conditions for illusory trials.
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FIGURE 1. Experimental design of the Sound Induced Flash Illusion (SIFI) task. During a trial, the visual stimulus (white circle) was presented below the fixation cross while the pure tone auditory beep was presented via speakers centered underneath the display. Trials were either a congruent or illusory trial. Congruent trials could either be a single flash-beep pair (1F1B) or two sequential flash-beep pairs (2F2B) that were separated by a variable stimulus onset asynchrony (SOA) (top panel). During the illusory trials, a flash-beep pair was first presented followed by a second auditory beep at some SOA (bottom panel). Regardless of trial type, participants were asked to respond as to how many flashes they perceived during the trial. To prevent motor artifacts, this response was entered 800 ms following the end of the stimulus presentation, indicated by a change in the color of the fixation from black to green. The response window was 1,200 ms and trials were separated by a variably intertrial interval (ITI) between 1,400 and 1,800 ms.



TABLE 1. Number of participants per group that performed illusory trials for each possible SOA value and were included in the perceptual analysis.
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Throughout all experimental trials, a central white fixation was present on the screen. The 17 ms visual stimulus was presented at 4.1° below the fixation (see Figure 1). The auditory stimulus was a 10 ms 1,000 Hz pure tone presented via speakers centered below the display to approximate the spatial location of the visual stimulus. The experimental trials were separated into 8 experimental blocks and the order of trial type and SOAs (for the 2F2B condition) was randomized. Participants were instructed to wait until the fixation cross turned green before they entered their response to reduce contamination from muscle artifacts (see Figure 1). 800 ms following the presentation of the second stimulus in 2F2B or 1F2B trials and of the simultaneous stimulus in 1F1B trials, the fixation turned green for a maximum of a 1,200 ms response window and participants used the number pad on the keyboard to respond as to the number of flashes they perceived during the trial. Trials were separated by an intertrial interval that randomly varied between 1,400 and 1,800 ms.

To ensure participants understood the task and became familiarized with the response procedure and timing, each participant performed a short practice block prior to experimentation that consisted of 9 total trials: 4 illusory, 4 2F2B congruent and 1 1F1B congruent trial. Trial order was randomized, and 2 SOA levels (100 and 500 ms) were used in illusory and 2F2B trials.



Electroencephalography Acquisition and Pre-processing

Participants performed the SIFI task while EEG data were continuously recorded from a Biosemi 128 Channel system. In addition to the standard 10–20 electrode locations, this system included intermediate positions. Default electrode labels were renamed to approximate the more conventional 10–20 system (see Supplementary Figure 1 in Rossion et al., 2015). 4 additional channels recorded electrooculography (EOG) signals, two channels on the lateral sides of each eye to detect horizontal movement and two channels above and below the right eye to detect vertical movement (e.g., blinks). EEG was sampled at a rate of 512 Hz and processed offline using EEGLAB (v.14_0_0b) and ERPLAB (v.6.1.3) with MATLAB R2013b (MathWorks, Natick, MA, United States).

Due to the altered experimental design in which participants were randomly presented with only one SOA during the illusory 1F2B condition, some participants did not experience any illusion throughout the experiment and their data was excluded for subsequent analysis. Further, across the older adults who received the 400 ms SOA illusory condition, no individual perceived more than 8 illusion trials. Therefore, the 400 ms was completely excluded from further analysis. A total of 12 datasets from YA group, 14 from NF group and 11 from FH group were retained for subsequent EEG analysis.

EEG data were initially bandpass filtered from 0.5 to 125 Hz with a second order, non-causal Butterworth filter and re-referenced to the common average reference. Channels were identified for rejection using the TrimOutlier plugin (v.0.17) based on a threshold of ±200 μV. Across participants, an average of 1.3 (±2.22) channels were rejected and spherically interpolated. Next, epochs of 2,300 ms, beginning 800 ms before trial onset (defined as onset of the first flash-beep pair), were extracted from continuous data. Epochs corrupted by muscle artifacts were identified by visual inspection and an average of 28.58 (±30.58) trials (<5.7%) were rejected across participants. Blink and eye movement artifacts were corrected in the epoched data using Independent Component Analysis (ICA).



Time-Frequency Analysis

Time-frequency analysis was focused on a region of interest (ROI) based in the occipital area. This ROI was a priori selected as it has been implicated for both gamma-mediated processing in the SIFI (Bhattacharya et al., 2002) and alpha activity in occipital sensors has been previously associated with temporal limits of illusory perception (Cecere et al., 2015; Keil and Senkowski, 2017). The occipital ROI was an average of 9 electrodes: PO11, PO1, POO5, POOz, Oz, OIz, POI2, O2, POO6 (McGovern et al., 2014).

Epoched data was categorized into 4 conditions: Illusion trials (illusory 1F2B trials w/2 flash response), non-Illusion trials (illusory 1F2B trials w/1 flash response), 2F2B congruent trials for each of the 4 SOA levels used and 1F1B congruent trials. Table 2 shows the average number of trials retained for time-frequency analysis for each participant group and presented SOA level. Oscillatory activity was analyzed by convolving the EEG data with a set of complex Morlet wavelets. A total of 35, linearly spaced frequencies were used to create the set of 35 wavelets that ranged from 3 to 90 Hz. The full-width at half-maximum (FWHM) ranged from 42.96 to 652.34 ms with increasing wavelet peak frequency. Subsequent analysis extracted power information from 7 to 14 Hz for the alpha band and from 35 to 70 Hz for the gamma band. Raw amplitudes were decibel (dB) normalized using the average power measured from the −500 to −200 ms pre-stimulus window. Table 1 displays the number of datasets used in time-frequency analysis for each participant group and illusory SOA.


TABLE 2. Average number of trials (SD) that survived preprocessing for subsequent time-frequency analysis for each group and illusory SOA level.
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Phase-Amplitude Coupling (PAC)

A participant’s EEG data was selected for PAC analysis if (1) the participant experienced both conditions (illusion and non-illusion) and (2) that participant had a minimum of 10 trials for each condition. This inclusion criteria resulted in a total of 9 YA, 12 NF, and 10 FH datasets. Table 1 displays the number of datasets for each participant group and illusory SOA used in the PAC analysis. Further, the PAC analysis was focused on a single source, Oz, as this electrode has previously been implicated in coupling between alpha and gamma band (Cecere et al., 2015; Keil and Senkowski, 2017).

Instantaneous phase and amplitude were extracted by convolving the EEG data with complex Morlet wavelets separately for each condition (Samiee and Baillet, 2017; Hirano et al., 2018). A range of linearly spaced frequencies from 7 to 14 Hz and from 34 to 80 Hz were used for phase and amplitude, respectively. To ensure 3 cycles of the lowest phase frequency used, a time window of 36–464 ms, centered around 200 ms post-stimulus (the flash/beep pair), was used within each trial and concatenated across trials. After instantaneous phase and amplitude information was extracted, the PAC values were calculated for each phase-amplitude pair using the following equation:
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Where t is time point, a is power at time point t, i is the imaginary operator and ϕ is the phase angle at time point t, and n is the total number of timepoints.

Raw PAC values were then converted into z scores using permutation testing. Using the power time series, within each trial, a time point based on the time window of interest was pseudo-randomly chosen as the point to cut the data. This time point was constrained so that at least 45 ms preceded and at most 385 ms followed it. The original second half of the data was then shifted to the front and the original first half of the data was placed after it. A new, permuted PAC value was then computed between this new, shuffled power time series and the original phase time series. A total of 1,500 iterations were performed to create a sampling distribution and a z-score was created using the mean and SE of this sampling distribution.



Alpha Phase-Locked Power Spectra

In order to differentiate and characterize the results from our initial PAC analysis, we followed an approach from Bonnefond and Jensen (2015) and aligned time-frequency representations of low-frequency gamma band (30–60 Hz) to peaks of 10.5 Hz alpha activity. This particular alpha frequency was chosen as it represented the median frequency in the alpha range showing robust coupling with amplitude of the gamma range (as discovered in the PAC analysis). For each epoch, we convolved the fast Fourier transform of EEG data with that of a complex Morlet wavelet defined by the 10.5 Hz alpha phase frequency. Phase values were extracted from a 300 ms time window centered around 200 ms post-stimulus (the flash/beep pair), this ensured 3 cycles of alpha activity. Separately, power values were estimated using the same approach but with complex Morlet wavelets defined using linearly spaced frequencies from 30 to 60 Hz. Then, peaks of the 10.5 Hz activity were detected by ensuring each peak was surrounded by troughs and corresponding timepoints of the peaks were identified. Time-frequency representations were subsequently re-aligned to be phase-locked with the peak of the cycle. This alignment occurred for epochs that we could extract a full cycle of alpha activity before and after each peak. Power values were then averaged across epochs within the illusion and non-illusion trials for each subject and converted to relative power change with respect to the average activity across the pre-defined time window. These individual time-frequency representations were then used to estimate the alpha phase-locked group average power spectrum of the low-gamma band.



Perceptual Analysis

To determine the strength of the fission, SIFI illusion, the difference between the accuracy of illusion trials (1F2B) and the accuracy of 1F1B congruent trials was calculated for each individual (Narinesingh et al., 2017). This was done across all participants, including those whose data was excluded for EEG analysis. In addition, accuracy of determining 2 flashes in the 2F2B congruent trials were computed for each SOA value across all participants.



Statistical Analysis

Mixed ANOVAs were performed to determine effects of group and SOA on illusion rate from the SIFI experiment. To determine statistical differences in alpha and gamma power, an initial, group-level time-frequency window was created. Specifically, a time-frequency plot was created by averaging across all subjects and all conditions. This plot was then visually inspected, and 2 separate time-frequency windows were identified to extract gamma and alpha power. At this group level, the temporal boundaries were 0–120 ms and 30–300 ms while the frequency boundaries were 30–60 Hz and 6–14 Hz for the gamma and alpha bands, respectively (Figure 2). Using these group-averaged constraints, individual time-frequency windows were then created for each subject using their time-frequency plots created by averaging across all conditions (Figure 2).
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FIGURE 2. Time-frequency windows for statistical analysis on power spectra. A time-frequency plot that was constructed across groups and conditions (top panel) was visually inspected to identify initial time-frequency windows to extract average alpha (lower box) and gamma power (higher box). Using these pre-defined constraints, subject specific time-frequency windows (bottom panel; thin box within group-defined box) were identified for alpha and gamma using time-frequency plots that were averaged across conditions within each subject. Representative subject-specific time-frequency windows are displayed on time-frequency plots of the respective YA (bottom panel, left plot), NF (bottom panel, middle plot), and FH (bottom panel, right plot) participants. Power values are displayed in dB.


Subject-specific time-frequency windows were used to estimate gamma and alpha power for illusion and non-illusion trials. For each individual, all time-frequency points were averaged within the previously defined, subject-specific gamma and alpha time-frequency windows so that a gamma and an alpha estimate were extracted for each condition for each individual. These values were then used in subsequent mixed ANOVAs and follow up t-tests with multiple comparison corrections to determine differences between illusion and non-illusion conditions and between groups. In addition, △ alpha (△ alpha = IllusionAlpha – NonIllusionAlpha) and △ gamma (△ gamma = IllusionGamma – NonIllusionGamma) values were quantified and used in an ANOVA with post hoc tests to understand the effect of group on the difference in alpha/gamma power between illusion and non-illusion trials. Because there were significant effects of group across all illusory SOA levels, illusory trials were combined within each group for statistical analysis. This statistical approach provides a non-biased, hypothesis-driven approach to determine the temporal and frequency range of interest at the group level while allowing for a wider range of frequencies across subjects, as is commonly observed in young versus older adults in the alpha range (Grandy et al., 2013). The subject-specific time-frequency windows increases sensitivity and accounts for individual differences across peak frequencies (Cohen, 2014).

In order to account for the lack of independence, avoid circular inference, and solve the issue of multiple comparisons, we followed a statistical approach similar to Hirano et al. (2018). We initially identified clusters of interest using unrestricted permutation mixed ANOVAs using the between-subjects factor, group (YA; NF; FH), and the within-subjects factor condition (Illusion; No Illusion) applied to PACz maps pooled across groups and conditions for 1,000 permutations (Manly, 2007). The estimated alpha value was the proportion of permuted F values that exceeded the original F statistic and clusters were defined using a threshold of p < 0.05 with p values adjusted by the positive False Discovery Rate (FDR) using the method outlined by Hirano et al. (2018).

Pearson correlations with a Bonferroni corrected alpha value of 0.005 (0.05/10) were conducted to examine the relationships between illusory strength and EEG measures (△ alpha, △ gamma, PACz) using R statistical software.



RESULTS

A two-way ANOVA was conducted on the perceptual data extracted from the SIFI EEG experiment (shown in Figure 3) to assess the significance of group and SOA on illusory strength. There was a significant effect of both group [F(2,183) = 11.98, p < 0.001] and SOA [F(2,183) = 4.52, p = 0.012] but no significant interaction [F(4,183) = 1.57, p = 0.18]. A post hoc Tukey HSD test showed that FH group had significantly greater illusion rates than both YA and NF (both adjusted p < 0.05) and NF had significantly greater illusion rates than YA (adjusted p = 0.037). A separate Tukey HSD test revealed significantly stronger illusion rates at the 70 ms SOA relative to the 150 ms SOA (adjusted p = 0.016) but illusory strength was not significantly different between 70 and 30 ms SOAs (adjusted p = 0.06) or between 150 and 30 ms SOAs (adjusted p = 0.74).
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FIGURE 3. Illusion strength across SOA levels. Individual and group-averaged estimates of illusion strength are displayed for each SOA value. YA adults are represented by black circles, NF by dark gray squares, FH by light gray triangles. Error bars reflect standard error.


In addition, we examined participant’s accuracy during 2F2B congruent trials (Figure 4). A mixed ANOVA was performed and revealed a significant effect of both group [F(2,60) = 5.13, p = 0.009] and SOA [F(2,120) = 54.13, p < 0.001] but no significant interaction [F(4,120) = 1.62, p = 0.17]. A post hoc Tukey HSD test revealed that there was no difference in accuracy between the NF group and the YA or the FH group (both adjusted p > 0.06) while the FH group did have significantly worse accuracy than the YA group (adjusted p < 0.001). Another post hoc Tukey HSD test showed that at both the 70 and 150 ms SOAs, accuracy was significantly better than the 30 ms SOA (both adjusted p < 0.001) while there was no significant difference in accuracy between the 70 and 150 ms SOAs (adjusted p = 0.10).
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FIGURE 4. Accuracy during 2F2B congruent trials. Individual and group-averaged values for perceptual accuracy in discriminating 2 veridical flashes during congruent trials are displayed for each SOA level. YA adults are represented by black circles, NF by dark gray squares, FH by light gray triangles. Error bars reflect standard error.


Next, we wanted to examine differences in alpha and gamma power between illusion and non-illusion trials (combined across SOAs) while participants performed the 1F2B illusion trials in the SIFI task. Time-frequency plots are shown in Figure 5 for each group and condition combined across SOA levels (Supplementary Figures 1–3 show time-frequency plots for each group and condition segregated by SOA level). Within occipital ROI, a mixed ANOVA was performed to examine the effect of group and condition (illusion versus non-illusion) on alpha power. There was a significant effect of group [F(2,34) = 180.7, p < 0.001] but not condition [F(1,34) = 0.04, p = 0.85] as well as a significant interaction [F(2,34) = 54.17, p < 0.001]. Post hoc t-tests with multiple comparisons (0.05/3 = 0.0167) were performed to examine the difference between condition within each group. There was no significant difference between conditions for YA adults [t(22) = 2.12, uncorrected p = 0.05] or for FH group [t(20) = 0.50, uncorrected p = 0.62] while NF group had significantly reduced alpha in illusion versus non-illusion conditions [t(26) = 10.50, uncorrected p < 0.001]. To further understand the significant interaction, we calculated the difference in alpha power between illusion and non-illusion trials (△ alpha = IllusionAlpha – NonIllusionAlpha) for each individual and then conducted an ANOVA with a post hoc Tukey HSD test to understand the effect of group on this difference in alpha power. NF group had a significantly larger △ alpha compared to YA (adjusted p < 0.001) and compared to FH group (adjusted p < 0.001) but there was no difference in △ alpha between FH and YA (adjusted p = 0.66).
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FIGURE 5. Time-frequency plots combined across SOA type. Group-averaged time-frequency representations are displayed for illusion (top row) and no illusion (bottom row) conditions combined across the 30, 70, and 150 ms SOA levels. Timepoint 0 ms represents the onset of the flash-beep pair and power spectra are displayed as the decibel (dB) change from the average –500 to –200 baseline period. Group level time frequency windows are shown for gamma (solid boxes) and alpha (dashed boxes). Power values are displayed in dB.


A similar analysis conducted for the gamma band demonstrated a significant effect of group [F(2,34) = 223.3, p < 0.001], of condition [F(1,34) = 6.96, p = 0.013], and a significant interaction [F(1,34) = 1479.24, p < 0.001]. Further t-tests adjusted for multiple comparisons revealed that the condition type did not induce significant differences in gamma power within YA [t(22) = 1.87, uncorrected p = 0.08] or NF group [t(26) = −2.2, uncorrected p = 0.04]. However, in FH group gamma power was significantly enhanced in illusory compared to non-illusory trials [t(20) = 6.22, uncorrected p < 0.001]. Again, we computed the difference in gamma power by subtracting non-illusion from illusion trials (△ gamma) for each individual and ran an ANOVA to examine the effect of group. The post hoc Tukey HSD test revealed that FH had a significantly larger △ gamma than NF and YA and that NF had a significantly larger △ gamma than YA (all adjusted p < 0.001).

Next, we examined the effect of trial type (illusory vs. non-illusory) and group on PACz. Figure 6 displays the PACz plots for each group (columns) across the non-illusion (top row) and illusion (bottom row) conditions. Significant clusters on these plots (shown in Figure 7) were identified by F values that exceeded those F values obtained from permutation ANOVAS (reported below) and had FDR-adjusted p values that passed a 0.05 threshold (see section “Materials and Methods”; Hirano et al., 2018). However, only the statistical map displaying the interaction [all F(2,28) > 3.43, all p < 0.047] is shown as the main effects of group and condition were not significant. As expected from the group PACz maps (Figure 6), this significant interaction occurred in Cluster 1 spanning a phase frequency between 8 and 10 Hz and an amplitude frequency between 40 and 46 Hz; Cluster 2 spanning a phase frequency between 10 and 12 Hz and an amplitude frequency between 42 and 48 Hz; Cluster 3 with a phase frequency ranging from 11 to 13 Hz and an amplitude frequency from 46 to 52 Hz; Cluster 4 with a phase frequency between 9 and 12 Hz and an amplitude frequency between 42 and 56 Hz. However, no statistically significant simple effects survived in follow up one-way ANOVAs that examined the effect of group on mean PACz in both non-illusion [all F(2,28) ≤2.23, all p >0.13] and illusion conditions [all F(2,28) ≤0.76, all p >0.48].


[image: image]

FIGURE 6. Group average maps of phase-amplitude coupling (PAC) within electrode Oz. Average PAC z scores across groups (YA: left column; NF: middle column; FH: right column) are displayed for each phase-amplitude pair during non-illusion (top row) and illusion (bottom row) conditions. For all maps, the phase frequency (7–14 Hz) is displayed along the x-axis while the amplitude frequency (30–80 Hz) is displayed along the y-axis.
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FIGURE 7. Results of permutation ANOVA analysis on PACz scores. A p value map with false discovery rate (FDR) corrected ps is displayed for the group × condition interaction. Any p value greater than 0.05 was converted to zero. There were 4 alpha/low-gamma clusters that revealed a significant interaction between group and condition. The main effects of group and condition did not retain any significant coupling following statistical analysis and are thus excluded.


To characterize the PAC within these clusters, time-frequency representations of the low-gamma band was aligned to the peaks of 10.5 Hz alpha activity. Figure 8 depicts the power spectra from the non-illusion condition (top row) and illusion condition (bottom row) aligned to the peaks of the alpha cycle (depicted in the middle row) in YA (left column), NF (middle column), and FH (right column). As is most evident in the YA group, bursts of gamma activity were aligned to troughs of the alpha band (∼ ± 50 ms) during non-illusion trials but to peaks of the alpha band (∼ 0 ms) during illusion trials. While the NF group demonstrates an equivalent pattern in both conditions, there is also gamma activity present during peak alpha activity in non-illusion trials (∼ 0 ms). Finally, the FH group doesn’t show substantial patterns of gamma activity during non-illusion conditions and altered pattern of gamma activity during illusion conditions with a burst around the alpha peak (∼0 ms) and at the alpha troughs (∼ ± 50 ms).


[image: image]

FIGURE 8. Phase-locked power spectrum of the gamma band. Normalized time-frequency maps are displayed for non-illusion (top row) and illusion (bottom row) conditions within each group (YA: left column; NF: middle column; FH: right column). Power estimates in the low gamma range were extracted within a 200 ms time window time-locked to the peak of 10.5 Hz alpha activity (middle row) and averaged over epochs. This methodology revealed bursts of gamma activity coupled to the troughs of alpha activity during no-illusion conditions in YA and NF group. Power values are displayed in dB.


Finally, we investigated the correlations between the various electrophysiological measures (△ gamma,△ alpha, PACz) and the perceptual measure of illusion strength. In addition, we examined any correlation between age and these different variables. Although not significant at the Bonferroni corrected alpha value of 0.005 (0.05/10), weak relationships were found between illusion strength and PACz (r = −0.28, uncorrected p = 0.12) and between illusion strength and age (r = 0.33, uncorrected p = 0.02). There were not significant correlations between illusion strength and △ alpha (r = 0.15, uncorrected p = 0.39), between illusion strength and △ gamma (r = 0.01, uncorrected p = 0.94), between age and △ gamma (r = −0.09, uncorrected p = 0.61) or between age and △ alpha (r = 0.38, uncorrected p = 0.02). The full correlation matrix is reported in Table 3.


TABLE 3. Pearson r and associated uncorrected p values (in parentheses) from correlations between illusory strength and EEG measures (△ Alpha, △ Gamma, PACz) and age.
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DISCUSSION

The purpose of this study was to examine differences in multisensory processing between YA, NF, and FH adults at both the perceptual and cortical levels. Prior studies have shown more severe impairments to multisensory temporal perception in older adults with a history of falls (Setti et al., 2011; Stapleton et al., 2014; Merriman et al., 2015) suggesting that more global cognitive deficits increasing an older individual’s susceptibility to a fall may also result in the deficits associated with multisensory processing. Using a combination of perceptual and EEG measures, the current findings help parse the specific differences in cortical processing during multisensory stimulation between the three groups.

Previous findings reporting more robust multisensory deficits in older adults with a fall history have used the SIFI task wherein increased susceptibility to the illusion reflects reduced precision in multisensory temporal perception. In line with prior findings, the current study found significant increases in illusion strength for the FH group compared to the YA and NF group and increased illusion strength for NF relative to YA group (McGovern et al., 2014; Stapleton et al., 2014; Merriman et al., 2015). It has been well established that natural aging results in reduced temporal precision and enhanced susceptibility to multisensory illusions (Setti et al., 2011; McGovern et al., 2014; Bedard and Barnett-Cowan, 2016; Baum and Stevenson, 2017; Scurry et al., 2019a,b). The present results show an exacerbated deficit in FH group, similar to prior findings (Setti et al., 2011; Merriman et al., 2015), possibly due to an altered ability of effective management of cortical resources during ambiguous or challenging information processing. Indeed, older fallers show significantly worse postural control than non-fallers when performing a challenging cognitive task while maintaining posture (Piirtola and Era, 2006; Stapleton et al., 2014). The increased illusion strength in FH may be due to central deficits in employing cognitive resources during the more difficult and conflicting illusory trials. In addition, degraded unisensory information is a normal consequence of the natural aging process leading to sensory reweighting (Ostroff et al., 2003; Humes et al., 2009; Werner et al., 2010; Alberts et al., 2019). This is enhanced in older adults prone to falls, often manifesting in greater reliance on visual cues (Jeka et al., 2010), which in the case of the SIFI may contribute to conflicting perceptual information and greater illusion susceptibility.

The FH group, but not NF, had significantly worse accuracy than YA in the congruent 2F2B trials. Along with sensory reweighting, differences in multisensory processing strategies may contribute to the impaired performance of FH. To compensate for age-related unisensory decline, older adults more heavily weight prior perceptual information in their predictive coding strategy, contributing to their increased illusion rate (Chan et al., 2021). This enhanced reliability on prior information is also seen in stronger rapid audiovisual recalibration effects in older compared to young adults, where the perception of audiovisual synchrony in a current trial is influenced by the temporal alignment of the preceding trial (Noel et al., 2016). As age-related declines in unisensory processing is enhanced in older fallers (Horak, 2006; Manor et al., 2010), it is plausible that FH group not only reweights sensory information but also relies more heavily on these internal perceptual templates leading to greater illusion rates. Future investigation of beta activity, thought to reflect predictive cortical processing (Bastos et al., 2012; Chan et al., 2021) may help pinpoint the contribution of perceptual priors in NF and FH groups processing and perception of the illusion versus non-illusion.

The current design used a single SOA for illusory trials but multiple SOAs for congruent trials. Recently, Chan et al. (2018) showed that both young and older adults perceived greater illusions with a reduced number of SOAs (3) compared to a larger number of SOAs (5). Presumably, more SOA levels provide additional information allowing for a more informed prediction strategy by the participant. Therefore, the single SOA used in the illusory trials may have affected illusion susceptibility across groups. Future studies manipulating this factor would be needed to understand this particular influence on FH versus NF and YA. Finally, a consistent and smaller step size in SOAs may allow for a better understanding of the temporal flexibility for the illusion in these different participant groups. For instance, prior studies show enhanced illusion susceptibility in older fallers at longer SOAs (110–270 ms w/40 ms step size) but not at shorter SOAs (30 and 70 ms) compared to older non-fallers and young adults (Setti et al., 2011). Setting the illusory SOA at the individual’s SIFI temporal threshold may be a more fruitful approach in future experiments to understand the temporal limits and the cortical mechanisms driving illusory vs. non-illusory percepts. This would also address the current limitation of having a small number of participants at the various illusory SOA levels by enhancing the statistical robustness of between group comparisons. In addition, this would reduce the likelihood of floor or ceiling performance by participants, a possible occurrence in the present study (i.e., some young adults had 0% susceptibility at 30 and 150 ms SOAs – see Figure 3).

In addition to altered illusory strength between groups, some interesting differences in gamma and alpha power within the current ROI were observed at the cortical level when contrasting illusion with non-illusion conditions. In the NF group only, alpha power was greater in non-illusion versus illusion trials and this △ alpha was significantly larger compared to FH and YA. However, when examining differences in gamma power, only the FH group demonstrated significantly greater gamma amplitude in the illusion compared to the non-illusion trials and this △ gamma was significantly larger compared to NF and YA, in line with our hypothesis.

In the young adults, the lack of any difference between illusory and non-illusory conditions in alpha and gamma power suggests they don’t require inhibitory control via alpha power modulating gamma power to detect the veridical single flash. More specifically, the low-level sensory processing, reflected in the gamma band, is dictated by temporal sensitivity and the population tuning profiles of early sensory areas (Meredith and Stein, 1983; Kayser et al., 2008; Schormans et al., 2017a). Therefore, young adults that demonstrate precise temporal sensitivity will process the physical visual signals accurately, without the need to filter or regulate this bottom up processing by higher-order controls, reflected in alpha activity (Bonnefond and Jensen, 2015).

In contrast, as shown in Figure 5, the NF group had a different pattern of gamma and alpha activity. The decreased alpha in illusion compared to non-illusion trials may indicate a faulty top-down mechanism that would lead to the enhanced illusion strength found in NF relative to YA. Increased gamma power with reduced alpha power has been specifically linked to the SIFI percept, presumably reflecting an increased readiness to integrate signals without proper top-down influence of signal processing (Bhattacharya et al., 2002; Cecere et al., 2015; for review see Keil, 2020). While there is a visible pattern of increased gamma activity for illusion compared to non-illusion (middle panel of Figure 5), this wasn’t significant limiting the current interpretation. Future studies that increase sample size, particularly for the PAC analysis, would be needed to identify any relationship between PACz and illusory strength and strengthen this interpretation. An increased sample size would also allow these correlations to be done separately within each group, possibly identifying a PACz-illusory strength relationship in some but not all groups furthering our understanding of this top-down control over SIFI percepts.

Finally, in the FH group, the significant increase in gamma power for illusion compared to non-illusion trials without concomitant modification in alpha power suggests a likely mechanism driving the increased susceptibility in this population. Enhanced low-level processing (i.e., increased gamma) of the sensory information without specific regulation by top-down processes (i.e., no change in alpha) would certainly lead to an illusory percept (Bhattacharya et al., 2002; Cecere et al., 2015; Keil and Senkowski, 2017). Synchronization of gamma activity across multiple networks increases feature integration and induces congruent multisensory percepts (Yuval-Greenberg and Deouell, 2007; Senkowski et al., 2008; Keil and Senkowski, 2018). Enhanced low-level sensory processing is consistent with what is known of neuronal responsiveness in sensory regions of aged animal models. For instance, the level of spontaneous activity is increased in the primary and secondary visual and auditory regions of aged animal cortices while tuning bandwidths become wider (Schmolesky et al., 2000; Leventhal et al., 2003; Fu et al., 2010; Gray et al., 2013; Ng and Recanzone, 2018). Therefore, the precision of bottom-up processing gets attenuated and top-down mechanisms would be required to filter out irrelevant sensory information from these initial processing stages. It should be noted that while typically alpha activity reflects top-down processes, as discussed, it can also represent bottom-up processing when generated from occipital region and feeding-forward to frontal areas (Wang et al., 2016). Therefore, the current interpretations based on changes in alpha power should be taken with some caution.

In addition, in the rat model of adult-onset hearing loss, firing rates were retained within multisensory and unisensory cortices, while the proportion of multisensory neurons decreased in the multisensory area but increased in primary auditory cortex (Schormans et al., 2017b). Therefore, it is likely that as age-related deterioration of sensory systems occurs, compensation ensues by altering the responsiveness of neurons in earlier, low-level stages of sensory processing. This theoretical framework would suggest that in the healthy older adult group (NF), increased alpha power is used to adjust for reductions in sensory processing precision. However, absence of such recruitment and increased low-level processing in the FH group suggests that this population suffers from global deficits in top-down control mechanisms enabling precision throughout the various functional, cognitive networks. In other words, FH group may suffer from deficits in top-down functionality (i.e., alpha activity) which is necessary to compensate for noisier and imprecise bottom-up processing (i.e., gamma activity).

Along with changes in the strength of oscillatory activity, coupling between lower frequency alpha and the higher frequency gamma has previously been shown to control sensory processing via “gating by inhibition” (Bonnefond and Jensen, 2015, 2013). As observed in Figure 6, YA and NF groups show an absence of PAC during illusion trials with more robust PAC in non-illusion trials. Presumably, sensory gating was present in YA (and to a lesser extent in NF) leading to a more accurate perception of the single, veridical flash. Curiously, the FH group shows weak PAC during illusion trials and a near absence during non-illusion trials, possibly contributing to the significantly worse accuracy during congruent trials.

Follow up analysis that aligned gamma power to peaks of alpha activity confirm that weak or absent PAC confers illusion susceptibility. In non-illusion trials, the bursts of gamma activity during troughs of the alpha cycle were clearly defined in the YA group while the NF group also exhibited gamma activity during the alpha peaks (Figure 8) suggesting a reduced, albeit relatively intact, capacity of sensory gating in this group. As preferred phase can influence the strength of PAC (Bonnefond and Jensen, 2015), the wider spread of gamma activity in NF (Figure 8) could help explain the weaker PAC found in this group (Figure 6). Regardless, the distinct shift in timing of gamma activity found in illusion compared to non-illusion trials in the YA groups suggests that gating by inhibition is a necessary mechanism that promotes veridical perception in young adults.

Indeed the alpha-phase locked power spectra analysis revealed that during the illusion percept, all three groups demonstrated gamma activity at peaks of the alpha cycle. This is expected as absence of sensory gating via the alpha band would lead to increased low-level sensory processing and subsequent perception of an illusory second flash. Interestingly, the FH group also showed some gamma activity during the troughs of the alpha cycle during the illusion condition which likely explain the PAC observed in this group, and not in YA or NF, during illusory trials (see Figure 6). However, the stronger increase in gamma activity found at the peak of the alpha cycle, and common across all three groups, likely drove the illusory percept. Overall, there appears to be a reduced capacity to effectively suppress processing of irrelevant or less reliable sensory information by the FH individuals as there was no robust pattern in PAC from illusion relative to non-illusion trials, unlike the clear distinctions found in the NF and YA groups.

The presented findings suggest that while perceptual measures of multisensory temporal processing are relatively intact in the FH group compared to NF, robust differences are present in the cortical processing driving these perceptual estimates. The increased gamma power in illusion trials for the FH group without any difference in alpha power in non-illusion trials implicate increased likelihood of multisensory integration, and thus the illusion, without proper top-down regulation of this bottom-up process. In contrast, the healthy NF group demonstrated increased alpha power in non-illusion compared to illusion trials indicative of more robust top-down gating on sensory processing enabling more precise and accurate perceptual representations. In addition, sensory gating by inhibition appears to be generally affected by the aging process as the NF group also exhibited weaker PAC and decreased suppression of gamma activity during peaks of the alpha cycle as compared to YA. Reduced PAC between alpha phase and gamma amplitude in non-illusion trials for the FH group suggest that top-down control of sensory processing is significantly impaired.

These various interpretations do need to be taken with some caution. Increasing the number of participants in the FH group to attain a balanced design would increase the statistical power and would likely improve the robustness of these preliminary findings. Further, the current experimental design that randomly assigned participants to a single SOA for illusory trials but multiple SOAs for congruent trials may have affected participant’s performance, as previously discussed. Future experiments can address these design issues and further examine how the number of SOAs and step-size of SOA may differentially affect FH from NF and YA groups. In addition, the potential contribution of predictive coding strategies may further explain the present results. Examining beta activity may show group differences and relationships with illusory rate confirming the proposed hypothesis of increased reliance on perceptual priors in FH and NF. Final limitations worth noting address the time-frequency and PAC analytical methods. The selection of group-level time-frequency windows could have induced experimenter bias and may benefit from future analyses that conduct random field test of time-frequency windows (Kilner et al., 2005). While wavelet transformation prior to extracting phase and amplitude is a common approach and shows enhanced PAC performance relative to other filtering methods (Caiola et al., 2019), bandpass filtering the data (i.e., wavelet transformations) can induce spurious phase-amplitude coupling and alternative methods may be useful in identifying PAC (Aru et al., 2015; Hülsemann et al., 2019; Munia and Aviyente, 2019). Nevertheless, the present results provide preliminary support for our hypothesis of a more drastic reduction in sensory gating via top-down inhibitory mechanisms in older adults with a history of falls.
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Background: Late-life depressive symptomatology and motoric cognitive risk syndrome (MCR) have independently been associated with an increased risk for incident dementia. This study aimed to examine the association of late-life depressive symptomatology, MCR, and their combination on incident dementia in community-dwelling older adults living in Quebec (Canada).

Methods: The study was carried out in a subset of 1,098 community dwellers aged ≥65 years recruited in the “Nutrition as a determinant of successful aging: The Quebec longitudinal study” (NuAge), an observational prospective cohort study with 3 years follow-up. At baseline, MCR was defined by the association of subjective cognitive complaint with slow walking speed, and late-life depressive symptomatology with a 30-item Geriatric Depression Scale (GDS) score >5/30. Incident dementia, defined as a Modified Mini-Mental State score ≤79/100 test and Instrumental Activity Daily Living score <4/4, was assessed at each annual visit.

Results: The prevalence of late-life depressive symptomatology only was 31.1%, of MCR only 1.8%, and the combination of late-life depressive symptomatology and MCR 2.4%. The combination of late-life depressive symptomatology and MCR at baseline was associated with significant overall incident dementia (odds ratio (OR) = 2.31 with P ≤ 0.001) but not for MCR only (OR = 3.75 with P = 0.186) or late-life depressive symptomatology only (OR = 1.29 with P = 0.276).

Conclusions: The combination of late-life depressive symptomatology and MCR is associated with incident dementia in older community dwellers. The results suggested an interplay between late-life depressive symptomatology and MCR exposing them to an increased risk for dementia.

Keywords: aging, community dwellers, dementia, depression, motor dysfunction, cohort study, EPI–epidemiology


BACKGROUND

Late-life depressive symptomatology is a common psychiatric condition in older adults with a prevalence ranging from 8 to 16% (Diniz et al., 2013; Bennett and Thomas, 2014; Steffens, 2017). A systematic review and meta-analysis of community-based cohort studies have shown that late-life depressive symptomatology is associated with an increased risk for incident dementia, regardless of its type (i.e., Alzheimer's disease (AD) and non-AD) (Diniz et al., 2013). Older adults with late-life depressive symptomatology frequently have subjective cognitive complaints (SCC) and a slow walking speed compared to their healthy counterparts (Lichtenberg et al., 1995; Bennett and Thomas, 2014). The combination of these two clinical characteristics (i.e., SCC and slow walking speed) defines the motoric cognitive risk syndrome (MCR), which is associated with an increased risk for dementia (Verghese et al., 2013). Recently, it has been reported in the Canadian population that there was a higher prevalence of depressive symptomatology in adults with MCR compared to those without MCR (Sekhon et al., 2019a). We suggested that this overlapping condition influences the risk for incident dementia. More precisely, we hypothesized that the presence of late-life depressive symptomatology with MCR could increase the risk for incident dementia, regardless of its type, compared to each condition alone. We used the data collected in the “Nutrition as a determinant of successful aging: The Quebec longitudinal study” (NuAge) to test this hypothesis (Gaudreau et al., 2007). NuAge is a 3-year-follow-up observational prospective cohort study performed in community dwellers aged ≥65 years living in Quebec (Canada). This study aimed to investigate the association of late-life depressive symptomatology, MCR, and their combination with incident dementia in participants of the NuAge study.



METHODS


Population

The subset of NuAge participants selected for this study were participants without mobility disability defined by using a walking aid; with information on walking speed and depressive symptomatology assessed with the 30-item Geriatric Depression Scale (GDS) at the baseline assessment; and with information on their cognitive status performance using the Modified Mini-Mental State (3MS) and the simplified instrumental activity daily living (IADL) scores using items of the Functional Autonomy Measurement System (SMAF) over the 3-year follow-up (Yesavage et al., 1982–1983; Teng and Chui, 1987; Hebert et al., 1988; Pérès et al., 2006; Gaudreau et al., 2007). Participants lost to follow-up and those who withdrew their agreement to use data were also excluded. A total of 1,098 (62.6%) NuAge participants from the full set of 1,754 participants were selected.



Assessment

Age, sex, the number of medications, height (m), weight (kg), history of falls, walking speed (m/s), simplified IADL score, 3MS score, and 30-item GDS score were recorded at the baseline assessment (Yesavage et al., 1982–1983; Teng and Chui, 1987; Hebert et al., 1988; Pérès et al., 2006). The Physical Activity Scale for the Elderly (PASE) was used to determine the level of physical activity at baseline; a low level was defined by being below the lowest tertile (i.e., <69.1 for female and <87.7 for male) (Washburn et al., 1999). The body mass index (BMI; kg/m2) was also determined at baseline; overweight and/or obese were considered if BMI was ≥25 kg/m2. Polypharmacy was defined as ≥5 drugs taken daily. The 3MS and simplified IADL scores were recorded annually over the 3 years of follow-up (Yesavage et al., 1982–1983; Hebert et al., 1988; Pérès et al., 2006).



Definition of Late-Life Depressive Symptomatology, MCR, and Dementia

The late-life depressive symptomatology was defined at baseline as a 30-item GDS score >5/30 (Yesavage et al., 1982–1983; Alexopoulos et al., 2005). MCR was defined by the combination of SCC with slow walking speed in the absence of major neurocognitive disorders and motor disability (Verghese et al., 2013). The answer “Yes” to the item “Do you feel you have more problems with memory that most?” of 30-item GDS defined SCC. A walking speed of one standard deviation (SD) or more below the age-appropriate mean values in the selected subset of participants defined slow walking speed. Cut-off values for defining slow walking speed were calculated as described by Verghese et al. (2013). Overall, the incident dementia was defined with a 3MS score ≤ 79/100 and simplified IADL score <4/4 at each annual visit after the baseline assessment over the 3-year follow-up (Teng and Chui, 1987; Hebert et al., 1988; Pérès et al., 2006). Low education was associated with a greater risk for incident dementia (Sharp and Gatz, 2011). The number of years of education has been collected in the NuAge cohort and used as a measure of education. There was no significant difference in the number of years of education between groups (data not shown).



Standard Protocol Approval and Participant Consents

The NuAge protocol was approved by the Research Ethics Board (REB) of the University Institutes of Geriatrics of Sherbrooke and Montreal (Quebec, Canada), and the NuAge Database was approved by the REB of the CIUSSS-de-l'Estrie-CHUS (Quebec, Canada). All the participants signed consent for research. The REB of the Jewish General Hospital (Montreal, Quebec, Canada) approved the present study.



Statistical Analysis

Participants were separated into four groups using the baseline assessment information: (1) no late-life depressive symptomatology and no MCR, this group was used as the reference group; (2) late-life depressive symptomatology only (i.e., being in the group of participants with late-life depressive symptomatology only means that participants with late-life depression and MCR are excluded from this group); (3) MCR only (i.e., being in the group of participants MCR only means that participants with MCR and late-life depression and MCR are excluded from this group); and (4) combination of late-life depressive symptomatology and MCR. The characteristics of the participants were described using means, SD, and percentages. The ANOVA, Kruskal–Wallis, unpaired t-test, Mann–Whitney, Chi-square test, or Fisher's exact tests were used for group comparisons, as appropriate. Value of P < 0.01 was considered statistically significant because of multiple comparisons (Verghese et al., 2013). Multiple logistic regressions examined the association of overall incident dementia (dependent variable) with late-life depressive symptomatology, MCR, and their combination (independent variables in separated models) with adjustment for baseline characteristics of the participants. Cox regression models were not used because only the annual incidence of dementia was collected and not the exact date of diagnosis of dementia. Furthermore, the follow-up period was short and limited to 3 years. Value of P < 0.05 were considered statistically significant for logistic regressions. Statistics were performed using SPSS (version 24.0).




RESULTS

At baseline, the prevalence of having only late-life depressive symptomatology, MCR, or the combination of both late-life depressive symptomatology and MCR was 31.1, 1.8, and 2.4%, respectively. Polypharmacy, low level of physical activity, 3MS score, and abnormal IADL score were significantly different between groups (P ≤ 0.003; Table 1). A lower prevalence of polypharmacy, low level of physical activity, and abnormal IADL score were reported in individuals without late-life depressive symptomatology and MCR compared to those with late-life depressive symptomatology only (P ≤ 0.01). Individuals with MCR had a lower 3MS score and a higher prevalence of abnormal IADL score compared to those without late-life depressive symptomatology and MCR (P ≤ 0.01). The lowest 3MS score and the highest prevalence of abnormal IADL score were reported in individuals with late-life depressive symptomatology and MCR, the difference was significant compared to those without late-life depressive symptomatology and MCR (P ≤ 0.01). Individuals with late-life depressive symptomatology and MCR had a higher prevalence of abnormal IADL score compared to those with late-life depressive symptomatology (P ≤ 0.01).


Table 1. Baseline characteristics of participants grouped according to their late-life depressive symptomatology and MCR status (n = 1,098).
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The overall incidence of dementia was different between groups (P ≤ 0.001), the highest incidence was shown in individuals exhibiting both late-life depressive symptomatology and MCR. Individuals with MCR only and with late-life depressive symptomatology and MCR had a higher incidence compared to those without late-life depressive symptomatology and MCR (P ≤ 0.01). Individuals with late-life depressive symptomatology and MCR had a higher incidence of dementia compared to those with late-life depressive symptomatology (P ≤ 0.01). The combination of late-life depressive symptomatology and MCR at baseline was associated with significant overall incident dementia (odds ratio (OR) = 2.31 with 95% confidence interval (CI) = [1.51–3.52] with P ≤ 0.001 and R-Square = 0.224) but not for MCR only (OR = 3.75 with 95% CI = [0.53–26.56] with P = 0.186 and R-Square = 0.285) or late-life depressive symptomatology (OR = 1.29 with 95% CI = [0.82–2.04] with P = 0.276 and R-Square = 0.132) only (Figure 1).
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FIGURE 1. Logistic regressions showing odds ratios and confidence intervals of the association of late-life depressive symptomatology, MCR, and their combination with overall incident dementia adjusted for participant's baseline characteristics (n = 1,098). *score >5/30; MCR, motoric cognitive risk syndrome.




DISCUSSION

The results showed that the combination of late-life depressive symptomatology and MCR is associated with incident dementia but not late-life depressive symptomatology and MCR only in the NuAge participants.

The risk for incident dementia increased in participants combining late-life depressive symptomatology and MCR in the present study. This increased risk was higher compared to participants who had only one symptomatology (around 2.3-fold), and similar compared to the risk reported in individuals with MCR in previous original studies and a recent meta-analysis (pooled estimated ratio for risk of incident dementia in participants with MCR at baseline compared to those without the MCR = 2.5 with 95% CI = [1.75–2.39]) (Sekhon et al., 2019b). This result highlights that, first, an overlap between late-life depressive symptomatology and MCR is possible and, second, that this overlap does not interfere with the risk for dementia, suggesting a complex interplay between depressive symptomatology and MCR. This effect may be of clinical utility for the prevention of dementia. For instance, over half a million Canadians are living with dementia (Beauchet et al., 2021). The health care system in Canada, like others, is ill-equipped to deal with the resulting staggering costs of dementia. One of the three key objectives of the primary prevention strategy of Canada is to reduce the rate of conversion to dementia. Better understanding the association between late-life depressive symptomatology and MCR is in line with this objective. Indeed, this could improve the detection of individuals at risk for dementia at a population level and, consequently, orient appropriate interventions.

We did not report an association between MCR only and overall incident dementia, whereas we showed that this incidence of dementia was higher in participants with MCR only compared to those without MCR and late-life depressive symptomatology. These mixed results have been reported in a recent meta-analysis (Sekhon et al., 2019b). One study selected in this meta-analysis showed no significant association with incident dementia, similar to our study (Kumai et al., 2016). An explanation for the absence of a significant association between MCR only and overall incident dementia in our study may be the good health condition at the baseline assessment of the NuAge participants. Another explanation may be the classification of individuals. Being in the group of participants with MCR only means that participants with MCR and late-life depression were excluded from this group. Thus, the group of MCR patients has been split into two subgroups (i.e., MCR only and MCR with late-life depressive symptomatology) that may explain the absence of significant association between MCR only and incident dementia. Similar to MCR only, late-life depressive symptomatology only was not associated with an increased risk for dementia. Two reasons may explain this result. First, the 30-item GDS score is a way to identify an individual with depressive symptomatology. The final diagnosis of depression must be performed by a clinician. Second, similar to the inconclusive association between MCR only and the incident dementia, the good health condition of the NuAge participants may influence the association of late-life depressive symptomatology and dementia.

Some limitations of the present study need to be underscored. First, the NuAge population was composed of relatively healthy older adults that could prevent the generalization of the results of the present study. Second, the prevalence of MCR (1.8%) and the combination with depressive symptomatology (2.4%) was low, which may lead to a lack of power to show an association with incident dementia in one hand and bringing some degree of uncertainty on their association with incident dementia on the other hand. More studies with a greater variety of health status in older adults are, therefore, required to further confirm this association. Third, although we were able to control for many characteristics likely to modify the association, residual confounding might still be present. As confounding factors can impact both the magnitude and the direction of the association, it is difficult to speculate on the impact of residual confounding factors on the associations found in the study. Fourth, the diagnosis of dementia may be underestimated that may explain its low incidence. Indeed, this diagnosis is usually based on an interdisciplinary meeting and more exhaustive information. In our case, we used only the threshold for dementia of 3MS combined with abnormal simplified IADLs score.



CONCLUSIONS

Our study showed that the combination of late-life depressive symptomatology and MCR, but not its components, is associated with incident dementia in Quebec community-dwelling older adults. The results suggest an interplay between late-life depressive symptomatology and MCR increasing the risk for dementia.
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A wealth of evidence has shown that a single bout of aerobic exercise can facilitate executive function. However, none of current studies on this topic have addressed whether the magnitude of the acute-exercise benefit on executive function and oculomotor performance is influenced by different aerobic exercise modes. The present study was thus aimed toward an investigation of the acute effects of high-intensity interval exercise (HIIE) vs. moderate-intensity continuous exercise (MICE) on executive-related oculomotor performance in healthy late middle-aged and older adults. Using a within-subject design, twenty-two participants completed a single bout of 30 min of HIIE, MICE, or a non-exercise-intervention (REST) session in a counterbalanced order. The behavioral [e.g., reaction times (RTs), coefficient of variation (CV) of the RT], and oculomotor (e.g., saccade amplitude, saccade latency, and saccadic peak velocity) indices were measured when participants performed antisaccade and prosaccade tasks prior to and after an intervention mode. The results showed that a 30-min single-bout of HIIE and MICE interventions shortened the RTs in the antisaccade task, with the null effect on the CV of the RT in the late middle-aged and older adults. In terms of oculomotor metrics, although the two exercise modes could not modify the performance in terms of saccade amplitudes and saccade latencies, the participants’ saccadic peak velocities while performing the oculomotor paradigm were significantly altered only following an acute HIIE intervention. The present findings suggested that a 30-min single-bout of HIIE and MICE interventions modulated post-exercise antisaccade control on behavioral performance (e.g., RTs). Nevertheless, the HIIE relative MICE mode appears to be a more effective aerobic exercise in terms of oculomotor control (e.g., saccadic peak velocities) in late middle-aged and older adults.
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INTRODUCTION

Executive functions, referring to top-down cognitive processes, include three core components: response inhibition, cognitive flexibility, and working memory (Diamond, 2013). Such complex cognitive abilities enable an individual to independently perform complex, goal-directed, and self-serving activities (e.g., problem solving and inhibition of irrelevant processing) (Lezak et al., 2004). Impairment of executive functions is associated with poor functional achievement, lower ability to perform daily living tasks, and a more rapid progression to dementia (Royall et al., 2005; Tsai et al., 2018, 2019a). Therefore, executive dysfunctions affect the individual’s functional ability and increase the risk of cognitive decline in cognitively normal elderly individuals (Mirsky et al., 2011; Tsai et al., 2017b). Since the function of the frontostriatal network supporting executive functions decreases as a part of healthy aging (Buckner, 2004), and declines in executive function precede age-related memory loss (Blacker et al., 2007; Tsai et al., 2016a), determining how to circumvent executive dysfunction in individuals who are at increased risk for cognitive decline is an important issue.

It has been well established that a single bout of exercise can enhance executive functions in middle-aged and older adults, with behavioral performance being facilitated [e.g., shorter reaction times (RTs) and higher accuracy rates (AR)] following acute exercise when they perform cognitive tasks involving executive functioning (Kamijo et al., 2009; Barella et al., 2010; Johnson et al., 2016; Tsai et al., 2018; Formenti et al., 2020). In addition, in terms of cognitive electrophysiological performance, Kamijo et al. (2009) found that, as compared to the baseline session, event-related potential (ERP) P3 latency was significantly shorter following a bout of light or moderate aerobic exercise in older adults when performing a Flanker task. Tsai et al. (2018) also found that acute moderate aerobic exercise significantly enlarged ERP P3 amplitudes in middle-aged and older adults with mild cognitive impairment (MCI). However, some studies have found an inverted U-shaped relationship between acute-exercise intensity and cognitive performance (Kamijo et al., 2007) and have reported that the performance of executive function appears to be improved only with a single bout of moderate, not low or high, intensity exercise due to optimal acute-exercise-induced psychological and physiological arousal (Tomporowski, 2003; McMorris et al., 2010; Dietrich and Audiffren, 2011). In contrast, the “drive” hypothesis supports that the most beneficial effects on post-exercise executive improvements are elicited by heavy to near maximal levels of intensity (Chang et al., 2012) since regional cerebral blood flow and circulating neurotrophic factors levels increase with exercise intensity (i.e., engendering larger neurobiological magnitudes when individuals perform exercise with near maximal levels of intensity as compared to moderate intensity) (Knaepen et al., 2012; Tsai et al., 2014b). As a result, exercise intensity could be one of potential moderators of single-bout post-exercise executive benefits.

A robust body of literature has shown that a single bout of moderate intensity continuous exercise (MICE) can produce a transient facilitating effect on executive functions in various populations (Kamijo et al., 2007; Pontifex et al., 2009; Hung et al., 2013; Tsai et al., 2014a, 2016b, 2018; Hakansson et al., 2017; Formenti et al., 2020). High-intensity interval exercise (HIIE) is characterized by brief, intermittent bursts of intensive aerobic exercise interspersed with brief periods of low-intensity exercise or recovery (Laursen and Jenkins, 2002) and has recently proposed as a time-efficient alternative to traditional cardiorespiratory exercise (Alves et al., 2014; Tsai et al., 2021). Previous studies have reported that HIIE is more effective than MICE for increasing cardiovascular/metabolic health and exercise capacity in healthy individuals (Helgerud et al., 2007). The effectiveness of HIIE has also been demonstrated in older adults with various chronic diseases (Puhan et al., 2006; Tjønna et al., 2008; Angadi et al., 2015). Such a physical exercise mode has been promoted as a low-risk, practical, and time-efficient approach to optimizing health and well-being, thereby reducing the burden of chronic diseases associated with physical inactivity (Lucas et al., 2015). Although both of these aerobic exercise modes (i.e., HIIE and MICE) have been reported to modulate the impact on behavioral and cognitive electrophysiological performance, the potential effects are still somewhat equivocal at the moment (Tsukamoto et al., 2016; Schwarck et al., 2019; Tsai et al., 2021).

An antisaccadic task (i.e., looking mirror-symmetrical to a visual stimulus) highly correlates with neuropsychological measures of executive function and is a well-characterized measure of inhibitory control (Mirsky et al., 2011). The performance of antisaccade tasks declines with advancing age in normal elderly individuals (Peltsch et al., 2011). In addition, the antisaccade task is sensitive to frontal lobe processes that increase the risk of cognitive decline in older adults with or without incipient neurodegenerative progress (e.g., Alzheimer’s disease) (Mirsky et al., 2011). In contrast to prosaccades mediated via direct retinotopic projections within the superior colliculus (Wurtz and Albano, 1980), antisaccades is tightly regulated by frontoparietal executive networks involved in vector inversion and response inhibition (i.e., the suppression of a stimulus-driven prosaccade) that includes the frontal, supplementary, and parietal eye fields (Munoz and Everling, 2004; Everling and Johnston, 2013). As distinct from the prosaccadic task (i.e., saccade to a target’s veridical location), longer RTs, less ARs/increased directional errors, and more variable endpoints emerge when individuals perform an antisaccadic task (Gillen and Heath, 2014). Petrella et al. (2019) used prosaccadic and antisaccadic tasks to examine the effects of 10 min of continuous aerobic exercise at different intensities (i.e., moderate, heavy, and very heavy) on executive-related oculomotor performance in elderly adults. They found that antisaccade RTs, but not prosaccade RTs, were reduced across the continuum of moderate to very-heavy exercise intensities, indicating that the post-exercise benefits in antisaccade RTs did not reliably vary with exercise intensity (Petrella et al., 2019). Since cortical regions responsible for antisaccades show improved task-dependent prefrontal cortex activity following an exercise intervention (Colcombe et al., 2004), and impaired performance on the antisaccade task could serve as indices of potentially increased risk of cognitive decline in normal elderly individuals (Mirsky et al., 2011), the antisaccadic task is an ideal tool for detecting subtle changes in executive functions following a single bout of exercise in such a group (Petrella et al., 2019).

The age-associated declines in some cognitive domains (e.g., executive functions, memory, reasoning, and processing speed) have begun from middle age (i.e., 30 years old and onward) (Hedden and Gabrieli, 2004; Park and Reuter-Lorenz, 2009). Thus far, there have been no previous studies comparing the acute effects of different types and intensities of aerobic exercise (e.g., HIIE vs. MICE) on executive-related oculomotor control in individuals at risk for cognitive decline. Accordingly, the main purpose of the present study is to investigate the effects of a single bout of HIIE vs. MICE interventions on executive control in healthy late middle-aged and older adults when performing the saccade paradigm. Since a single-bout of aerobic exercise performed at a moderate-to-vigorous level of intensity produces a small but reliable cognitive benefit (e.g., executive control) (Lambourne and Tomporowski, 2010; Petrella et al., 2019), and the antisaccade task is a cognitive task modulated by the activity of prefrontal cortex, antisaccade planning processes could be facilitated by an exercise intervention (Samani and Heath, 2018). Therefore, it was hypothesized that an acute bout of 30 min of HIIE and MICE intervention would produce beneficial effects with regard to executive-related behavioral and oculomotor parameters in the exercise-intervention (i.e., HIIE and MICE) groups relative to those seen in the non-exercise-intervention (REST) group. In addition, an inverted U hypothesis regarding the acute exercise-and-cognitive performance relationship (i.e., optimal exercise-induced arousal elicited by acute moderate exercise intensity) was reported in a previous study (Kamijo et al., 2007). Accordingly, we also postulated that the facilitating effects on executive-related behavioral performance and oculomotor control induced by acute exercise would be more prominent in the MICE compared to HIIE intervention.



MATERIALS AND METHODS


Participants

Twenty healthy community dwelling participants (10 males, ages 55–73) were recruited using convenience sampling via an informative flyer and word of mouth. This sample size was determined based on an a priori power analysis (alpha = 0.05, power = 0.80) to detect a medium-to-large effect (d = 0.06 ∼ 0.14) (Cohen, 1988) of acute MICE and HIIE on behavioral and oculomotor performance during the saccadic task as computed using G∗Power 3.1.9 (Faul et al., 2007), with the estimate of the minimum required sample size being 18. A health-screening questionnaire and a structured interview on previous medical history confirmed that the participants were free of significant orthopedic conditions, sensory impairment, neurological or psychiatric disorders, cerebrovascular and metabolic diseases, and substance abuse or addiction influencing central nervous system function that would limit the ability to exercise. All participants had normal or corrected-to-normal vision based on the minimum 20/20 standard, and were non-smokers and right-handed according to the Edinburgh Handedness Inventory. None of the participants exhibited any symptoms of depression, as measured by the Beck Depression Inventory II (DBI-II, all scored below 13), and identified objective cognitive impairments, as measured by the Mini-Mental State Examination (MMSE, all scored over 24) and the Montreal Cognitive Assessment (MoCA, all scored over 26). The participants’ baseline demographics and clinical characteristics are shown in Table 1. The participants gave written informed consent and visited the laboratory on four occasions to participate in the experimental protocol conducted in accordance with the Declaration of Helsinki and approved by the Institutional Ethics Committee of National Cheng Kung University.


TABLE 1. Demographic data.

[image: Table 1]


Experimental Procedure

As illustrated in Figure 1, all participants visited the cognitive neurophysiology laboratory four times since a balanced within-subject cross-over design was adopted in the present study. On the first session, an informed consent form was signed prior to testing after the participants understood and agreed to participating in the experimental procedure. Then, the DBI-II, MMSE, MoCA, the basic information form (e.g., a medical history and demographic questionnaire), and a handedness inventory were administered. To lower potential exercise risks before the acute HIIE and MICE interventions, previous levels of physical activity, as assessed using the International Physical Activity Questionnaire (IPAQ), were used to calculate overall energy expenditure per week (MET-min/week) and resting heart rate, and a Physical Activity Readiness Questionnaire was also administered. The participants’ height and weight were measured to calculate their BMI. A certified fitness instructor then completed all assessments of senior functional physical fitness (Rikli and Jones, 2012) for each participant. The Rockport Fitness Walking Test (Kline et al., 1987) was used to estimate the participants’ cardiorespiratory fitness (i.e., VO2max), in which the participant was required to walk one mile as quickly as possible, with the heart rate (HR) being continuously recorded using a Polar HR monitor (RX800CX, Finland).
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FIGURE 1. Flowchart of the study.


For each of three (i.e., MICE, HIIE, or REST) intervention sessions, to control for circadian influences, the participants were required to come to the laboratory at about 8:30–9:30 am on three different days with an interval of 7 days between sessions. They were randomly allocated to a sequential order to conduct the three intervention sessions to minimize potential practice and mode of exercise effects (see Figure 1). Each participant was asked to get seven or 8 h of sleep before each intervention exercise session and was also asked refrain from participating in strenuous exercise and consuming alcohol for 24 h before their next arrival. All interventions were administered in an acoustically shielded room with a controlled temperature (23–25°C) and dimmed lights. At the beginning of each session, the participants’ body temperature (BT) and resting HR (HRrest) were measured, and then they were asked to be fitted with a Polar HR monitor (RX800CX, Finland) and to sit on a height adjustable chair in front of an IBM-compatible computer with their head placed comfortably in a head/chin rest, at a viewing distance of approximately 75 cm. After a practice session, the formal oculomotor test was immediately administered. All participants completed the saccadic tasks prior to and following a 30-min single bout of MICE, HIIE, or Rest intervention.

For the MICE and HIIE sessions, participants were introduced to a stationary adjustable bike and familiarized with the Borg’s rating of perceived exertion (RPE) scale (i.e., 6–20) to self-monitor and report individual effort perceptions to the experimenter every 1.5 min during exercise. The participant performed the two exercise modes on the bike for 30 min. MICE began with a 4 min warm-up, followed by 24 min of moderate-intensity exercise [50–55% Heart Rate Reserve (HRR)], and a 2 min cool-down. HIIE began with a 4 min warm-up, followed by 24 min of high-intensity intervals (1 min, 70–75% HRR) alternated with an active recovery period [2 min, target RPE = 9–11], and a 2 min cool-down. During the HIIE and MICE warm-up and cool-down, the participants’ RPE was set at levels ranging from 9–11. The exercise intensities of MICE and HIIE were monitored during which verbal encouragement was provided to facilitate exercise effort. After the acute HIIE and MICE interventions, HR was measured to ascertain it had returned to within 10% of the baseline (between 3 and 5 min following the cool-down). Then, the saccadic tasks test was carried out again. For the Rest session, the participants sat for 35 min and read magazines.



The Saccadic Paradigm

The saccadic paradigm employed in the present study was adapted from Petrella et al.’s (2019) and Ranchet et al.’s (2017) studies. It consists of prosaccade and antisaccade tasks and has been shown to effectively assess the neuropsychological performance of executive function among middle-aged and elderly participants (Mirsky et al., 2011; Ranchet et al., 2017; Petrella et al., 2019). Each of the prosaccade and antisaccade tasks contained both gap and overlap trials to maximize task sensitivity (Briand et al., 2001). A trial commenced with a 3-s countdown followed 1,000 ms later by the appearance of a yellow fixation cross (1° in diameter, 135 cd/m2, 1,000 ms). In the gap condition, there was a gap interval of 200 ms, and then the eccentric white target stimuli (1° in diameter, 127 cd/m2) appeared randomly either to the left or right side and in the same horizontal meridian, in a proximal (10.5°) or distal (15.5°) position to prevent stereotyped responses (Gillen and Heath, 2014). In the overlap condition, when the eccentric target appeared, the fixation cross remained visible throughout the remainder of the trial. The target stimuli remained visible for 3,000 ms, after which the next trial started. Each of the prosaccade and antisaccade tasks were divided into eight blocks of 192 trials between runs, with the target location (i.e., left and right of fixation)/eccentricity (i.e., proximal and distal) and gap/overlap fixation conditions being randomly interleaved throughout each block of 24 trials. For the prosaccade task, participants were instructed to shift gaze from the central fixation point to a left or right target (i.e., saccade to the veridical target stimuli location). As soon as the participant looked at the target, he/she pressed a button of the computer keyboard to record the reaction time. For the antisaccade task, the same visual presentations were used as in the prosaccade task, in which the participants were asked to look away from the eccentric target to its mirror location (i.e., saccade mirror-symmetrical to the target stimuli location) and press a button of the computer keyboard. Prosaccade and antisaccade tasks were completed at each pre- and post-intervention session in separate, randomly ordered blocks.



Oculomotor Recordings

The Tobii Pro X3-120 Eye Tracker (Tobii Technology, Inc., Stockholm, Sweden) was used to record the participants’ saccadic eye movement patterns at a sampling rate of 120 Hz. Saccade onset was determined by velocity values of greater than 30°/s, and saccade offset occurred when the velocity values were less than 30°/s for 20 ms. Given that the saccade metrics were strongly correlated with cognition (MacAskill et al., 2012; Connell et al., 2017), saccade latencies for correct trials were collected and determined as the duration of the interval from the appearance of an eccentric target to the onset of the first eye movement. Only latencies between 90 and 1,000 ms were analyzed (Chan et al., 2005). Saccade amplitude was defined as the angular distance the eye traveled during the movement, representing the saccade accuracy and spatial decision. Saccadic peak velocity was computed as the maximum eye velocity during the initial saccade.



Data Processing and Statistical Analysis

Trials with missing data (e.g., a blink), RTs less than 100 ms (i.e., anticipatory saccades), and an saccadic amplitude less than 2° or greater than 2.5 standard deviations from the mean value, were excluded from the data analyses, thereby ruling out outliers that could skew the group means. Trials involving a directional error were also not included in the data analyses since such responses are mediated via planning processes that are distinct from individual’s directionally correct counterparts (DeSimone et al., 2014). The dependent variables included the RT (time from stimulus onset to button press of the computer keyboard), the coefficient of variation (CV) of the RT (standard deviation/mean × 100%), saccade amplitude, saccade latency, and saccadic peak velocity. Kolmogorov-Smirnov and Levene’s tests were used to confirm normality and homogeneity of variance assumptions, respectively. Since the main purpose in the present study aimed to investigate the acute effects of MICE and HIIE interventions on executive-related oculomotor performance in the participants when performing the prosaccade and antisaccade tasks and, importantly, previous studies demonstrated that acute aerobic exercise with moderate and intense instensities could not produce a significant main effect on the “target eccentricity by intervention mode” interaction in the young and older adults (Samani and Heath, 2018; Petrella et al., 2019), for increasing the statistical power of the analyses, dependent variables were thus submitted separately to a three-way mixed-model ANOVA, with the following factors: 3 (Intervention mode: MICE vs. HIIE vs. REST) × 2 (Time: pre-intervention vs. post-intervention) × 2 (Task: prosaccade vs. antisaccade). Posterior comparisons of the mean values with paired-sample multiple comparisons (adjusted using the Bonferroni correction) were conducted when the RM-ANOVAs revealed significant main effect interactions. Analyses employing the Greenhouse–Geisser correction with three or more within-subject levels were performed if a major violation of the assumption of sphericity was detected. For complementary use of significance testing, the effect size, partial η2 (ηp2), was reported, with the effects of less than 0.08 considered small, 0.08–0.139 considered medium, and greater than 0.14 considered large. An alpha level of.05 was set for statistical significance.




RESULTS

Table 1 presents descriptive data for participants’ demographic characteristics. Briefly, the participants had a mean age of 61.15 ± 4.43 years and were free of depressive symptoms (BDI-II scores below 13) and cognitive impairment (MMSE scored over 24 and the MoCA scored over 26). Although the mean BMI values in the late middle-aged and older adults fell into the overweight category based on WHO criteria for Asian populations obtained from the Western Pacific Regional Office (Tsai et al., 2017a, 2019b), they exhibited enough physical activity levels (as seen from IPAQ data) (Sallis et al., 1985) and physical fitness (e.g., cardiorespiratory fitness) (Liskustyawati et al., 2020) to perform the acute HIIE and MICE interventions with lower potential risk factors.

In addition, the average RPE (MICE vs. HIIE: 10.95 ± 0.76 vs. 12.65 ± 0.67) and HRs (MICE vs. HIIE: 112.95 ± 1.50 vs. 129.10 ± 3.60 bpm) during the last 15 s of each minute were significantly lower during MICE than they were during HIIE (both ps < 0.001) in the present study.


Behavioral Performance


Reaction Time

As illustrated in Figure 2, the RM-ANOVA on the RTs exhibited significant main effects of Time [F(1, 57) = 10.91, p = 0.002, ηp2 = 0.16, power = 0.959] and Task [F(1, 57) = 177.55, p < 0.001, ηp2 = 0.76, power = 1.000]. The post hoc analyses showed that the post-intervention RTs (739.83 ms) were shorter than the pre-intervention RTs (776.26 ms) across the three intervention modes and two tasks, and the RTs for the antisaccade task (948.99 ms) were longer than those for the prosaccade tasks (567.09 ms) across the three intervention modes and two time points. These main effects were superseded by the Time × Intervention mode [F(2, 57) = 6.82, p = 0.002, ηp2 = 0.19, power = 0.952], Time × Task [F(1, 57) = 16.29, p < 0.001, ηp2 = 0.22, power = 0.999], and Time × Intervention mode × Task [F(2,57) = 3.22, p = 0.047, ηp2 = 0.10, power = 0.863] interactions. The post hoc analyses for the Time × Intervention mode × Task interaction indicated that the both MICE [t(19) = 2.20, p = 0.040] and HIIE [t(19) = 4.77, p < 0.001] modes produced significantly shorter RTs in the antisaccade task, but not in the prosaccade task, post- as compared to pre-intervention.
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FIGURE 2. Behavioral performance [i.e., Reaction time (RT) and Coefficient of variation (CV) of RT] (mean ± SE) in the prosaccadic and antisaccadic tasks for the moderate intensity continuous exercise (MICE) and high-intensity interval exercise (HIIE) modes before and after a single bout of exercise, and one non-exercise-intervention (REST) before and after resting (*p < 0.05).




Coefficient of Variation of Reaction Time

The RM-ANOVA on the CV of the RT exhibited a significant main effect of Intervention mode × Task [F(2, 57) = 3.49, p = 0.037, ηp2 = 0.11, power = 0.732]. The post hoc analyses indicated that only the value for the prosaccade task (31.29) was higher than it was for the antisaccade task (18.99) in the REST intervention mode. Neither significant main effects of Intervention mode, Task, and Time nor other significant interactions between the three factors (ps > 0.60 in all cases), were obtained.




Oculomotor Performance


Saccade Amplitude

As illustrated in Figure 3, the RM-ANOVA on the saccade amplitude exhibited significant main effects of Task [F(1, 57) = 5.52, p = 0.022, ηp2 = 0.09]. The post hoc analyses indicated that saccade amplitudes were less for prosaccades (3.32°) than for antisaccades (3.88°) across the three intervention modes and across two time points. Neither significant main effects of Intervention mode and Time nor significant interactions between Intervention mode, Task, and Time (ps > 0.36 in all cases) were obtained.
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FIGURE 3. Oculomotor performance [i.e., Saccade amplitude, saccade latency, fixation duration, and saccadic peak velocity] (mean ± SD) in the prosaccadic and antisaccadic tasks for the moderate intensity continuous exercise (MICE) and high-intensity interval exercise (HIIE) modes before and after a single bout of exercise, and one non-exercise-intervention (REST) before and after resting (*p < 0.05).




Saccade Latency

The RM-ANOVA on the saccade latency exhibited significant main effects of Time [F(1, 57) = 5.79, p = 0.019, ηp2 = 0.09]. The post hoc analyses indicated that saccade latencies were faster post- (275.89 ms) as compared to pre-intervention (293.36 ms) across the three intervention modes and across the two tasks. Neither significant main effects of Intervention mode and Time nor significant interactions between Intervention mode, Task, and Time (ps > 0.21 in all cases) were obtained.



Saccadic Peak Velocity

The RM-ANOVA on the saccadic peak velocity exhibited a significant main effect of Time [F(1, 57) = 9.21, p = 0.004, ηp2 = 0.14, power = 0.928]. The post hoc analyses showed that the saccadic peak velocities were lower post-intervention (186.19 degree/s) as compared to pre-intervention (200.37 degree/s) across the three intervention modes and the two tasks. The main effect was superseded by the Time × Intervention mode [F(2, 57) = 3.24, p = 0.047, ηp2 = 0.10, power = 0.683] interaction. The post hoc analyses for the Time × Intervention mode interaction indicated that the HIIE [t(19) = 4.06, p = 0.001] modes produced significantly shorter saccadic peak velocity across the two saccade tasks post- (174.94 degree/s) as compared to pre-intervention (200.45 degree/s). The MICE [t(19) = 1.85, p = 0.079] modes only approached significance in the saccadic peak velocity across the two saccade tasks post- (173.33 degree/s) as compared to pre-intervention (192.60 degree/s).





DISCUSSION

The objective of the current study was to examine the effects of acute HIIE and MICE interventions on behavioral and eye-movement performance in healthy late middle-aged and older adults when performing cognitive tasks involving executive-related oculomotor control. The main findings were that a 30-min single-bout of HIIE and MICE intervention modes could significantly shorten RTs in the antisaccade task in such a group, with the null effect on the CV of the RT. In terms of oculomotor performance, although the two exercise modes did not change the saccade amplitude and saccade latency performance, the saccadic peak velocity during the oculomotor tasks was significantly altered following an acute bout of HIIE, but not MICE, in the late middle-aged and older adults.

Separate parallel descending pathways involving the cerebral frontal and parietal cortex, basal ganglia, superior colliculus, and brainstem saccade generator differently control the generation of saccades, both visually guided (i.e., reflexive) and voluntary (Terao et al., 2013). The planning properties of prosaccades are operated with minimal top-down cortical control (Pierrot-Deseilligny et al., 1995) since spatial relations between stimulus and response are overlapped during the saccadic mode (Wurtz and Albano, 1980). In contrast, the antisaccade task is a task requiring the individual to inhibit a reflexive saccade toward the target (i.e., prosaccade) and instead generate a voluntary-triggered saccade toward a mirror position without a visual target stimulus (Terao et al., 2013). In the present study, longer RTs for the antisaccade task were shown as compared to the prosaccade task when the participants performed the saccadic paradigm, reflecting that such a cognitive task is time-consuming since it is associated with high-level executive demands related to inhibiting a stimulus-driven prosaccade (i.e., pre-potent response), transforming a target’s coordinate, and decoupling the spatial relations between the stimulus and the response (i.e., vector inversion) (Samani and Heath, 2018; Petrella et al., 2019). As such, the present findings demonstrated that the oculomotor paradigm adopted in the present study provides a viable framework for investigating acute-exercise-related changes to executive function in late middle-aged and older adults.

Similar to Tsai et al.’s (2014a) study exploring various neurocognitive indices after acute aerobic exercise in young adults with different cardiorespiratory fitness levels when performing a visuospatial attention task and finding the facilitated RTs and cognitive electrophysiological effects (e.g., event-related potential P3 amplitudes and Contingent Negative Variation), the participants in the present study showed significantly shorter RTs following a single bout of HIIE and MICE when performing the executive-related oculomotor paradigm. Both previous and recent studies demonstrate that a reliable post-exercise improvement in executive functions is supported by acute-exercise-based increases in regional cerebral blood flow to executive-related cortical structures and, importantly and specifically, by enhancing arousal, cortical efficiency, and attentional allocation in adults when performing cognitive tasks involving inhibitory control (Dietrich and Audiffren, 2011; Tsai et al., 2014a, 2018, 2021; Verburgh et al., 2014; Formenti et al., 2020). However, it is worth noting that shorter RTs post- as compared to pre-exercise interventions were only found in the antisaccade task, but not in the prosaccade one in the present study. This finding is in line with a previous work by Petrella et al. (2019) reporting that 10-min of single-bout aerobic exercise with different exercise intensities did not alter prosaccade metrics in healthy older adults. There are two plausible mechanisms to account for the pattern in the findings. It is likely that, given the reflexive nature of prosaccades (e.g., humans complete upward of 150,000 prosaccades per day) (Robinson, 1981), neural correlates of prosaccades supported by the midbrain are refractory to a single bout of exercise intervention (Petrella et al., 2019). Another possibility is that prosaccades operate independently of the vector inversion and response suppression executive demands (Pierrot-Deseilligny et al., 1995). However, since the antisaccade task is linked to increased activation of executive-related frontoparietal networks that support maintenance of high-level task rules (Ettinger et al., 2008; Everling and Johnston, 2013; Weiler et al., 2015), the present results support the premise that a single bout of 30 min of HIIE and MICE are effective in terms of improving the brain’s executive control in late middle-aged and older adults (Tsai et al., 2021). It is noteworthy that, relative to Petrella et al.’s (2019) study, pre- and post-oculomotor assessments were performed in separate sessions interleaved by a non-exercise (REST) condition in the present study, and non-significant changes in RTs in this intervention mode were observed. The present finding demonstrated that the improved RTs in the antisaccade task after a single bout of HIIE and MICE could not be attributed to practice effects and that executive-control-related performance (e.g., inhibitory control) benefits could be elicited via the two exercise modes in late middle-aged and older adults.

Although Petrella et al. (2019) found that a 10-min single bout of continuous aerobic exercise with moderate, heavy, and very heavy-heavy exercise intensities could not alter the oculomotor performance (e.g., eye-movement time, and saccade amplitude, and variability in the horizontal movement direction), and the post-exercise facilitation in antisaccade RTs did not reliably vary with exercise intensity in older adults, changes in the magnitude of the executive-related oculomotor control on saccadic peak velocity influenced by different exercise intensities was observed in the late middle-aged and older adults in the present study, with significant decrements in the peak velocity of saccades emerging following a 30-min single bout of HIIE, but not MICE. One possible explanation for these disparate findings is that the present finding regarding the altered saccadic peak velocity following the acute HIIE in part supports the previous studies reporting that short duration exercise sessions (less than 20 min) produce a null effect on executive control performance, whereas durations greater than 20 min produce a significant effect (Lambourne and Tomporowski, 2010; Chang et al., 2012). In addition, there is a relationship between brain catecholamines (e.g., dopamine and norepinephrine) and saccadic control (Allman et al., 2012). Indeed, the levels of peripheral norepinephrine are linked to saccadic peak velocity (Connell et al., 2017). Acute exercise could cause changes in central neurotransmitters (i.e., increased levels of norepinephrine) (Peake et al., 2014; McMorris, 2016), which could further reduce saccadic peak velocity (Connell et al., 2017). Since the acute HIIE relative to MICE intervention appeared to induce higher levels of norepinephrine (Peake et al., 2014), it is plausible that a significant alteration in saccadic peak velocity was only observed after a single bout of 30 min of HIIE, but not MICE, in the present study. Until now, the acute HIIE relative to MICE effects on executive benefits have appeared to be divergent. For example, Schwarck et al. (2019) found that the null-effect on cognitive response to an acute bout of MICE and HIIE was possibly due to a small sample size. However, a larger improvement in the trail-making task assessing cognitive flexibility was exhibited following MICE as compared to HIIE in the identified responder (Schwarck et al., 2019). In contrast, Tsukamoto et al. (2016) compared the effects of acute HIIE and MICE on executive function in young adults when performing the color-words Stroop task and found that, although the two aerobic exercise modes could improve cognitive performance, the post-exercise executive benefit during 30-min of recovery was sustained in the HIIE but not in the MICE mode. In the present study, although acute HIIE and MICE interventions equally improved the RTs in the antisaccade task, the former relative to the latter exercise mode appears to induce more oculomotor control performance related to saccadic peak velocity. However, it is still worth noting that the alteration in the oculomotor index approached the borderline of significance at 30-min post-exercise following MICE. Future research efforts should continue to address this unclear finding (e.g., exploring what effect aerobic training has on the norepinephrine response to exercise of the different intensities). Importantly, norepinephrine is associated with cognitive function (Holland et al., 2021), with an age-dependent reduction in such a molecular level being exhibited with poor contextual learning and memory (Dang et al., 2014). Also, increasing synaptic norepinephrine activity could improve response inhibition (Liu et al., 2015). It is conceivable that alterations to norepinephrine via acute HIIE and MICE interventions could retard age-related declines in executive control. In addition, the saccadic peak velocity seems to be a sensitive non-invasive index by which to observe neurocognitive changes.

Nevertheless, our results did not confirm significant changes in other saccade parameters (e.g., saccade amplitude and latency), which are considered interdependent with saccadic peak velocity. Saccadic amplitude is reported to be influenced by an interplay of processes in the basal ganglia, frontal cortex, and brainstem (Terao et al., 2016). In addition, the amplitude of the saccade made during visual scanning is associated with the function of basal ganglia (Machado and Rafal, 2004). In accordance with the findings of previous studies (Samani and Heath, 2018; Petrella et al., 2019) reporting that 10-min single-bouts of aerobic exercise at moderate to vigorous intensities did not significantly alter the saccade amplitudes in young and older adults, these oculomotor indices were also not significantly improved following a 30-min single-bout of HIIE and MICE in the late middle-aged and older adults in the present study. One plausible reason for the null effect on this oculomotor metric is that the specification of antisaccade amplitudes is mediated through retinotopic motor maps in the superior colliculus (Wurtz and Albano, 1980) in which the brain subcortical structure is considered to be refractory to exercise-based modulations (Colcombe and Kramer, 2003). However, there was a trend toward lower saccade amplitudes following the acute HIIE and MICE interventions in the present study since the reduced amplitude for the saccade task may be explained by the inhibition of the superior colliculus via the basal ganglia (Machado and Rafal, 2004), the two exercise modes could be sufficient to inhibit excessive neural impulses in this brain area.

Similarly, a significant difference in saccade latency was also not exhibited after a single bout of 30 min of HIIE and MICE in the late middle-aged and older adults in this study, which could be attributed to that, as mentioned above, saccade latency is correlated with the magnitude of response in the superior colliculus (Neggers et al., 2005). Until now, there has been no previous study exploring the effect of acute exercise on saccade latency. Nevertheless, Di Russo et al. (2003) found that elite shooters have faster saccadic latency to targets than controls in saccade tasks under standard (i.e., performing a visually guided saccade toward a target as fast as possible as the prosaccade condition in the present study) and distracter (i.e., only saccading toward the red, not the green, stimulus) conditions. In fact, the saccadic latency performance has been found to be associated with attentional levels (Di Russo et al., 2003) when a saccadic program toward a predictable direction is partially or completely prepared before the appearance of eccentric targets (Pare and Munoz, 1996). The facilitating effect that acute exercise has in terms of eliciting more attentional resource allocation (e.g., larger brain event-related potential P3 amplitude following a single bout of 30 min of exercise) has been demonstrated in many previous studies (Tsai et al., 2014a, 2016b, 2018). As such, faster saccade latency following a single bout of HIIE and MICE could be expected when the late middle-aged and older adults performed the oculomotor paradigm. However, there was only a decreasing, but not significant, trend on the saccade latencies observed post- relative to pre-acute-exercise in the present study. How the effect of the saccadic motor preparation coded at the retinotopic level through chronic exercise (Di Russo et al., 2003) could be significantly induced following an acute exercise intervention is worth investigating in further experiment.

There are limitations to the oculomotor approach that must be addressed. First, the posteriori power data of the statistical analyses for the behavioral and oculomotor results were 0.732–1.000 and 0.683–0.928, respectively. Although ηp2 was also included to provide a measure of effect size in the present study, the small sample size could still be a limitation. A confirmatory study in the future is required to determine whether some null effects translates into significant improvements following a single bout of acute MICE and HIIE protocols in a larger sample. Second, a significant correlation between dynamic saccade latency and visual acuity of saccadic eye movement has been reported (Kohmura et al., 2008). Accordingly, the accurate discrimination of a moving target at high speed could be influenced by the early start of saccadic eye movement. Because of age-related diabetes, macular degeneration, and cataracts, middle-aged and older adults frequently lose visual acuity as they age (Munoz et al., 2000). When performing oculomotor tasks, these individuals have to execute a fast saccade to an eccentric target stimuli. Although normal or corrected-to-normal vision was one of inclusion criteria in the present study, the non-significant finding regarding the saccade latencies after the acute HIIE and MICE interventions could not be avoided due to potential optic nerve degeneration/eye diseases in the middle-aged and older adults. Further investigation of this issue before the oculomotor experiment is warranted. Third, since a lingering inhibition that will elicit the unidirectional prosaccade switch cost (i.e., delayed planning of a subsequent prosaccade) will be engendered by the completion of an antisaccade (Weiler and Heath, 2014), future research efforts using randomly interleaved pro- and antisaccade trials into one block (e.g., a task-switching paradigm) will be necessary to confirm and better understand the specific mechanism contributing to improved executive-related oculomotor control in the antisaccade task elicited by the acute HIIE/MICE intervention, as well as an investigation of the performance benefits/costs following correct and incorrect antisaccade trials (Samani and Heath, 2018).



CONCLUSION AND PERSPECTIVES

Impaired performance on executive function tests precedes cognitive decline in the normal elderly population and conversion to Alzheimer disease in older adults with MCI (Blacker et al., 2007; Tsai et al., 2016a, 2018, 2019a). In the present study, a post-exercise antisaccade, but not prosaccade, benefit on behavioral performance (e.g., RTs) was observed in the late middle-aged and older adults when performing the oculomotor paradigm. In addition, the peak velocity of the first saccadic eye movement was only significantly altered after the HIIE, but not the MICE, intervention. These findings imply that a single bout of HIIE and MICE could produce a short-term “boost” to executive-related cognitive control in late middle-aged and older adults, supporting that the two acute aerobic exercise interventions improved task-specific activity within the frontoparietal networks supporting antisaccades. Nevertheless, the HIIE relative to the MICE mode appears to be a more effective alternative to the alteration of oculomotor control (i.e., saccadic peak velocity) in late middle-aged and older adults, possibly due to acute-exercise-induced in brain neurotransmitters (e.g., norepinephrine). In addition, it is worth noting that, given the deficits in executive functions and saccadic eye movement shown in the patients with neurodegenerative diseases (e.g., Alzheimer’s disease and Parkinson’s disease) (Tsai et al., 2018, 2019a; Chen et al., 2021; Lage et al., 2021), HIIE could be one of safe and preventive intervention strategies in lowering their declining cognitive functions and oculomotor control in clinical and medical settings.
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Drawing is a comprehensive skill that primarily involves visuospatial processing, eye-hand coordination, and other higher-order cognitive functions. Various drawing tasks are widely used to assess brain function. The neuropsychological basis of drawing is extremely sophisticated. Previous work has addressed the critical role of the posterior parietal cortex (PPC) in drawing, but the specific functions of the PPC in drawing remain unclear. Functional magnetic resonance imaging and electrophysiological studies found that drawing activates the PPC. Lesion-symptom mapping studies have shown an association between PPC injury and drawing deficits in patients with global and focal cerebral pathology. These findings depicted a core framework of the fronto-parietal network in drawing tasks. Here, we review neuroimaging and electrophysiological studies applying drawing paradigms and discuss the specific functions of the PPC in visuospatial and sensorimotor aspects. Ultimately, we proposed a hypothetical model based on the dorsal stream. It demonstrates the organization of a PPC-centered network for drawing and provides systematic insights into drawing for future neuropsychological research.
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DRAWING TASKS

Drawing is a unique high-order human ability that transforms mental representations into fine hand movements (La Femina et al., 2009; McCrea, 2014). Drawing tasks are widely used in the clinical assessment of brain function for their easy availability and high efficiency. Performing drawing tests requires only a pen and a piece of paper, but the drawing performance yields a wealth of information on the cognitive abilities of the drawer. By evaluating the drawing performance of patients, neurologists detect cerebral injuries (Gainotti and Trojano, 2018; Rusconi, 2018), make the diagnosis of dementia (Tan et al., 2015; Salimi et al., 2018), discriminate easily confused diseases (Tan et al., 2015; Salimi et al., 2019), and predict the development of cognitive decline (Youn et al., 2021). Recently, the value of drawing tasks has attracted much attention for their sensitivity in detecting visuospatial symptoms, which are identified as early diagnostic biomarkers for Alzheimer’s disease (AD) and Parkinson’s disease (PD; Mandal et al., 2012; Zhu et al., 2020; Aarsland et al., 2021; Robinson et al., 2021).

Drawing tasks can be classified into externally-cued (e.g., copying from an existing model) and internally-cued drawings (e.g., drawing from memory and imagery) according to the stimuli (Yuan and Brown, 2014, 2015; Griffith and Bingman, 2020). Moreover, drawing a familiar object (objective drawing) is distinguished from drawing unfamiliar or meaningless stimuli (nonobjective drawing; Yuan and Brown, 2015; Griffith and Bingman, 2020; Raimo et al., 2021). In addition, the need for creativity, complexity of stimuli, and other attributes should also be considered when performing drawing tasks (see Table 1, Figure 1A; Saggar et al., 2017).

TABLE 1. Comparison of common clinical drawing tests.
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FIGURE 1. Cortical neural circuitry underlying the visuospatial and sensorimotor functions of PPC in drawing tasks. (A) Stimuli. The first card with an irregular shape is an externally-cued nonobject stimulus and the contour of a car in the second card represents an external objective cue. The card with a word and the auditory instructions are instances of the internal cue of familiar objects. The primary visual cortex (PVC) and the superior temporal gyrus (STG) process the visual and auditory stimuli respectively. The information is subsequently conveyed to the adjacent PPC. (B) Object recognition. Transfer of object visual information to the temporal lobe through the ventral stream. The inferior temporal lobe is recruited to recognize and name the object presented. This conceptual information is then passed to the PPC through the connections between the dorsal and ventral streams. This extra procedure facilitates the construction of graphical representation to be drawn. (C) Coordinate transformation. The movement of limbs is encoded within the egocentric coordination, thus, the visual representation from the allocentric (world-centered) coordinate frame is transformed to an egocentric one (e.g., eye-centered or body-centered) in the PPC. (D) Sensorimotor integration.The PPC integrates multidimensional inputs of vision and somatosensory from the PVC and the primary somatosensory cortex (S1) respectively. These sensory inputs together determine the current position of the limb and provide guidance for planning and adjusting the trajectory toward the target on the canvas in the PPC. Then the premotor area (PMA) encodes the motor commands, and the primary motor cortex (M1) programs the motor signals and projects to the limb. As a result, the hand/pen moves to shape the final figure on the paper. (E) Spatial remapping. The PPC is communicated to the frontal eye fields (FEE) during saccades, which ensures the consistency of the graphical representations between the model and the copy. Abbreviations: EC, external cue; FEF, frontal eye fields; IC, internal cue; M1, primary motor cortex; MTL, medial temporal lobe; NO, nonobject; O, object; PMA, premotor area; PPC, posterior parietal cortex; PVC, primary visual cortex; S1, primary somatosensory cortex; STG, superior temporal gyrus; TE, rostral inferior temporal cortex.



To interpret the neural substrates of drawing, several theoretical neuropsychological models have been developed (Roncato et al., 1987; Sommers, 1989; Grossi, 1991; La Femina et al., 2009; McCrea, 2014). One of the most accepted cognitive models of drawing proposed by Sommers et al. posited that drawing mainly relies on visual perception and graphic production systems (Sommers, 1989; Guérin et al., 1999). Additionally, Roncato et al. (1987) presumed four stages in the externally-cued drawing: exploring the model, preparing the drawing plane, executing the drawing plan, and comparing the drawing to the model. La Femina et al. (2009) organized the drawing procedure into preliminary analysis, preparation of drawing plan, execution, and control processes. From the above theories, it can be concluded that visuospatial encoding of visual representations (visuospatial function) and execution of sensory-guided movements (sensorimotor function) are two fundamental components involved in drawing (McCrea, 2014). Certainly, other cognitive domains such as lexical semantics, visual imagination, and memory processes, may be engaged under specific drawing circumstances (Roncato et al., 1987; Trojano et al., 2009; Paula et al., 2013; Senese et al., 2015; Trojano and Gainotti, 2016).

Visuospatial abilities include the intelligence to specify the parts and overall configuration of a percept, appreciate its position in space, integrate a coherent spatial framework, and perform mental operations on spatial concepts (Salimi et al., 2018). In drawing situations, visuospatial processing produces mental images drawn from the stimuli, which are subsequently transformed into limb movements. Sensorimotor integration is the ability to incorporate sensory inputs from the body and the environment to inform and shape motor output (Edwards et al., 2019). In drawing tasks, sensory inputs provide information about the position of the hand and guide the hand to reach the target loci on canvas. The posterior parietal cortex (PPC) plays a critical role in visuospatial (Whitlock, 2017; Xu, 2018; Hadjidimitrakis et al., 2019) and sensorimotor functions (Chivukula et al., 2019; Edwards et al., 2019). Under the grand frame of the drawing model, here we endeavor to depict the visuospatial and sensorimotor aspects which are specified to be highly associated with the PPC in drawing tasks (Averbeck et al., 2009; Raimo et al., 2021). To better understand the functions of PPC in drawing tasks, we reviewed neuroimaging and electrophysiological studies investigating the anatomic-clinical correlates.



THE ANATOMY OF THE PPC

The PPC comprises the superior parietal lobule (SPL), inferior parietal lobule (IPL), and intraparietal sulcus (IPS). This anatomical region can be approximately equal to the Brodmann Area 5 (BA5), BA7, BA39, and BA40 (Whitlock, 2017; Caspers and Zilles, 2018). The medial portion of the parietal lobe is the precuneus (preCun). The IPL consists of the supramarginal gyrus (SMG, BA40) and the angular gyrus (AG, BA39). The SPL and IPL are further subdivided into a mosaic of cytoarchitectonically distinct areas (Caspers and Zilles, 2018).

The PPC is one of the key association cortices in the brain. It is adjacent to the postcentral gyrus, the occipital and temporal lobes connecting the distant frontal lobe and subcortical regions through the superior longitudinal fasciculus, middle longitudinal fasciculus, and arcuate fasciculus (Caspers and Zilles, 2018).



THE ASSOCIATION BETWEEN DRAWING AND PPC


Drawing Activates the PPC

Numerous functional magnetic resonance imaging (fMRI) and electrophysiological studies have shown that drawing tasks activate the PPC (see Table 2). Activation likelihood estimation (ALE) research on fMRI has identified the specific role of IPL and preCun in the core fronto-parietal network by drawing (Raimo et al., 2021).

TABLE 2. The activation of the PPC in drawing tests from fMRI studies.
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The intended drawing starts with the encoding of mental representations from either externally or internally-cued stimuli (McCrea, 2014). Externally-cued drawing requires the drawer to directly observe and reproduce the existing model (Tchalenko and Chris Miall, 2009; Perdreau and Cavanagh, 2015). Copying from a model activated more visual processing regions, such as the middle occipital gyrus, cuneus, and lingual gyrus, than internally-cued drawing (Ferber et al., 2007; Ogawa and Inui, 2009; Saggar et al., 2015). The information of visual perception was conveyed to the PPC, given that drawing activates the projection from the occipital cortex to the IPS (Yuan and Brown, 2014). The activation of the occipito-parietal network reflects the demand for intensive visual perception, visuospatial working memory, and attention remapping components (Ferber et al., 2007; Yuan and Brown, 2014). Given that the PPC and posterior inferior temporal sulcus (pITS, BA37) were activated when the subjects named and drew the object (Makuuchi et al., 2003; Harrington et al., 2009), it was implied that the PPC links the procedure of object recognition to the drawing processes (Ino et al., 2003; Makuuchi et al., 2003; Kravitz et al., 2011; Milner, 2017), by which the information from the ventral “what” pathway is communicated to the dorsal “how” stream.

For most internally-cued drawing tasks, the drawer usually obtains the stimuli by reading or listening to a text instruction instead of viewing graphical stimuli (Ino et al., 2003; Harrington et al., 2007, 2009; Yuan and Brown, 2014; Potgieser et al., 2015; Saggar et al., 2015). These paradigms engage lexical-semantic systems and memory retrieval to generate mental representations of the object (Gainotti et al., 1983; Ellamil et al., 2012; Coslett and Schwartz, 2018). It is supported by the fact that the left fronto-temporo-parietal network, including the temporal lobe, dorsolateral prefrontal cortex, and dorsal anterior cingulate cortex, is activated when the subjects draw a familiar object from memory (Harrington et al., 2009; Ellamil et al., 2012). The left IPL, the reading area, participates in semantic processing in the internally-cued drawing (Ellamil et al., 2012; Saggar et al., 2015; Bzdok et al., 2016; Coslett and Schwartz, 2018). Some tasks require the subjects to create or design novel objects (Chen Q. et al., 2020). Such creative drawing tasks may require elaborate mental imagery and spatial transformation. The PPC plays a causal role in mental rotation ability, which manipulates figural elements and assembles them into a whole (Hawes et al., 2019). Contrastingly, some studies found that parietal activation was relatively suppressed in the creation stage (Kowatari et al., 2009; Saggar et al., 2017) while cerebellar–prefrontal connectivity was activated in improvisation (Saggar et al., 2017). The prefrontal cortex (PFC), especially the dorsolateral prefrontal cortex (dlPFC), is essential for creativity (Chen Q. et al., 2020).

ALE analysis based on fMRI studies supported greater activation including the posterior IPS, right frontal eye field, right fusiform gyrus, and the cerebellum in copying tasks than in memory-based drawing. This indicates the need for more frequent saccades and more intensive visuospatial processing under copying conditions (Yuan and Brown, 2015). In contrast, internally-cued drawings elicit distinct activation of bilateral dlPFC, the occipital-temporal region of the ventral stream (Griffith and Bingman, 2020). The difference in activated patterns is consistent with the involvement of the dorsal and ventral pathways in different drawing paradigms.

Visuospatial encoding is followed by the production and output of limb movements. In an fMRI study (Ino et al., 2003), subjects were blindfolded and asked to draw the clock hands at a given time with their index finger. The bilateral SPL, IPS, together with the dorsal premotor area, supplementary motor area, ventral prefrontal cortex, precentral gyrus, and cerebellum were activated in this blind drawing test, suggesting the involvement of the PPC in encoding the movement of drawing. Generally, almost all paradigms that require hand-drawing have reported the activation of bilateral premotor area (BA 6), IPL (BA 40), preCun, and SPL (BA 7; Raimo et al., 2021).

To confirm that activation is associated with the intended drawing, the activation pattern during drawing was compared to that under nonmotor conditions (Harrington et al., 2007, 2009; Schaer et al., 2012; Yuan and Brown, 2014; Talwar et al., 2019; Raimo et al., 2021) and non-drawing hand movements (Ferber et al., 2007; Gowen and Miall, 2007; Ogawa and Inui, 2009; Potgieser et al., 2015; Saggar et al., 2015). Compared with nonmotor tasks, more widespread regions included the IPL (BA 40), precentral gyrus, premotor area (PMA), and supplementary motor area (SMA), and the cerebellum, were activated in drawing. Similarly, in contrast to non-drawing hand tasks, drawing recruits more areas of the PMA, SMA, and SPL (Raimo et al., 2021). These results show that PPC also contributes to planning the limb movements in addition to the frontal motor area and the cerebellum (Chivukula et al., 2019). This aligns with the idea that the IPL constructs the spatial representation while the SPL is connected with visuospatial working memory and sensorimotor processing (McCrea, 2014; Griffith and Bingman, 2020; Raimo et al., 2021). Collectively, these results addressed the core function of the fronto-parietal network in the drawing.

The apparent role of the PPC and the dorsal visual network in drawing was also demonstrated by electrophysiological evidence. High-density electroencephalogram (EEG) showed that the parietal and occipital regions were associated with event-related desynchronization (ERD) activity in the low-frequency theta/alpha range (van der Meer and van der Weel, 2017). This pattern of ERD activity could enhance the involved neurons for visual processing and sensorimotor integration, resulting in cortical activation at the macro level. The desynchronized alpha-range (8–10 Hz) and beta-range (12–30 Hz) activities were more pronounced in drawing than handwriting which may represent the stage of constructing the figure form (Ose Askvik et al., 2020).



PPC Lesions Cause Drawing Deficits

In the early 20th century, researchers noticed connections between parietal lesions and visuospatial impairments (Balint, 1909; Strauss, 1924; Mayer-Gross, 1935). Constructional apraxia (CA) is one of the most common manifestations observed in patients with parietal injury. Noninvasive neuroimaging and electrophysiological techniques facilitate the precise mapping of brain lesions with symptoms and better understand the pathogenesis of CA. Here, we discuss the lesion-symptom relationships in patients with global or bilateral cerebral injury (e.g., AD, frontotemporal dementia, and PD, see Table 3), and focal brain injury (e.g., stroke and tumors, see Table 4), respectively.

TABLE 3. Correlations between the PPC and drawing deficits in patients with global brain injury.
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TABLE 4. Correlations between the PPC and drawing deficits in patients with focal brain injury.
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The volume loss of the PPC causes significant visuospatial impairment, leading to CA in drawing tests (Lehmann et al., 2011; Crutch et al., 2012, 2017). Zink et al. reported that the thickness of the left parietal cortex could predict the performance of the patient on the visuospatial memory test. In contrast, the right parietal thickness predicted the performance on a block-design test (Zink et al., 2018), indicating hemispheric dominance for visuospatial working memory and visuospatial construction. The scores of the clock drawing test (CDT) were negatively correlated with the thickness of the right PPC and preCun (Matsuoka et al., 2011), SMG, and bilateral temporal lobes (Hirjak et al., 2017) in the AD population. AD patients with CA show more severe atrophy of the right preCun and AG than those without CA (Serra et al., 2014). Specifically, it is inferred that the preCun is critical for placing the figure, the AG is involved in salient object detection and spatial attention reorientation, and the SMG is the necessity for the control of elaborate reaching movements (Karnath, 2001; Gharabaghi et al., 2006; Xu, 2018).

In addition to structural changes, hypoperfusion and decreased metabolism of PPC undermine the performance of the drawing tests. Decreased regional cerebral glucose metabolism in the right IPL and posterior cingulate cortex is associated with poor performance on the CDT in patients with AD (Lee et al., 2008). Temporal-parietal, occipital, and frontal lobes were correlated with the performance of Rey-Osterrieth complex figure copying (ROCFC; Melrose et al., 2013). Shon et al. (2013) detected metabolic activity in PPC with positron emission tomography under both memory-based drawing and model-based copying. Drawing from memory recruited the left frontal cortex in addition to the PPC, indicating greater demand for the executive ability for the task, highlighting the functional specialization of the visuospatial processing in PPC.

Compared with the neural degeneration disease which generally injures the whole brain, studies in patients with unilateral and focal lesions due to ischemic infarction or tumors can reveal the more precise causal relationship between PPC injury and CA. Voxel-based lesion-symptom mapping (LSM) is usually adopted for such analysis (Bates et al., 2003; Karnath et al., 2018). These studies strongly support the idea that damaging the PPC or interrupting the fibers that pass through the dorsal stream network leads to CA, which indicate the specific role of PPC in visuospatial perceptual and constructional processing (Table 4, Vocat et al., 2010; Chechlacz et al., 2014; Chen et al., 2016; Toba et al., 2018).

The different impaired subregions of the PPC exhibited distinct drawing errors. A clock-drawing study found that whether the clock hands were properly oriented was correlated with metabolism in the bilateral PPC, right occipital lobe, right posterior temporal lobe, and right middle frontal gyrus; whether the numbers were correctly arranged and placed on the clock face was influenced by the metabolism of the temporal lobe (Matsuoka et al., 2013). Furthermore, the number loss was attributed to hypometabolism in the right BA40 and the uneven spacing between the numbers of hypometabolism in the right BA40 and BA7 (Nakashima et al., 2016). These results support the dominance of the right PPC in spatial processing by correctly orienting and placing the figure elements. A voxel-based morphology study suggested that injury to the right PPC was associated with visuospatial errors in CDT, and left PPC dysfunction resulted in time-setting errors (Tranel et al., 2008). Biesbroek et al. (2014) compared the anatomic correlates for the complex figure copying and the judgment of line orientation (JLO) test, and found that constructional abilities rely on the integrity of the right SPL, IPL, AG, and middle occipital gyrus (MOG). In another voxel-based LSM study, Chechlacz et al. found that right AG injury was more likely to cause errors in the left part of the figure, while damage to the right AG, IPS, and left preCun were related to inaccuracy in the right part. Furthermore, the left calcarine cortex, temporoparietal junction, and insular gyrus might process detailed local elements, whereas the right MTG organized the overall framework (Chechlacz et al., 2014).

Although these findings emphasized the close correlation between PPC injury and drawing deficits, this does not mean that drawing errors specifically indicate PPC dysfunction. Poor performance in drawing tasks due to the damage of occipital, temporal, frontal lobe, and basal ganglion was also mentioned in most LSM results. Of note, some characteristics of the drawing or specific categories of errors were significantly correlated with the PPC, such as the left part errors in complex figure with the right AG (Chechlacz et al., 2014), and the orientation errors with the SMG (Nakashima et al., 2016; Van der Stigchel et al., 2018).

Electroencephalographic studies have found altered activity in patients with cerebral disease and showing difficulties in drawig. Compared with other structures, EEG slowing of the parietal cortex was associated with visuospatial dysfunction in patients with PD (Eichelberger et al., 2017). The reduction in the alpha/theta ratio of the right posterior region (Jaramillo-Jimenez et al., 2021) and parietal sigma EEG abnormalities during non-rapid eye movement sleep may be predictors of dementia (Latreille et al., 2016; Jaramillo-Jimenez et al., 2021).




THE FUNCTIONS OF PPC IN DRAWING


Visuospatial Processing

Unerringly encoding the object to be drawn is a prerequisite for drawing accurately. An essential procedure of this step is to transform the spatial representation of the object from an allocentric (world-centered) space to an egocentric (body-centered) space (Buneo and Andersen, 2006; Ekstrom et al., 2017). This process is termed coordinated transformation. With this egocentric reference frame, the individual can manipulate the hand movements to reach the target on canvas (Jackson and Husain, 2006; Filimon, 2015; Edwards et al., 2019).

The PPC plays an important role in egocentric coordinate transformation. In nonhuman primates, the lateral and ventral intraparietal areas are important for egocentric-allocentric transformation (Cohen and Andersen, 2002; Chen et al., 2018). In humans, the PPC, especially the right PPC, encodes egocentric information during the perception and exploration of the peripersonal space (Chokron, 2003; Sherrill et al., 2015). Evidence demonstrated the activation of the IPS in blind drawing (Ino et al., 2003), tracing, and figure copying tasks (Ogawa and Inui, 2009), indicating its involvement in egocentric representation. Damage to the PPC severely disturbs the egocentric coordinate transformation, causing drawing errors (Chechlacz et al., 2014; Kenzie et al., 2015).

Spatial remapping refers to the operation that updates and integrates the selected visual information and spatial changes of objects into stable, successive visual representations during saccades or shifts of attention (Melcher and Colby, 2008; Wurtz, 2008; Pierce and Saj, 2019). In copying tests, spatial remapping is prominent, as the visual attention is frequently shifted between the model and the copy to ensure consistency. After an attentional shift, the newly acquired visual stimuli are seamlessly integrated into those stored before the saccade.

PPC is vital for spatial remapping operations (Melcher and Colby, 2008; Pierce and Saj, 2019). The neurons that encode saccades and coupling previous and current stimuli are located in the lateral IPS (LIP) of primates (Duhamel et al., 1992; Heiser and Colby, 2006; Subramanian and Colby, 2014; Mirpour and Bisley, 2016). The homologous region, SMG in humans, is specifically sensitive to detect intrasaccade orientation changes in goal-driven movements and is activated in tasks that depend on spatial remapping (Parks and Corballis, 2010; Pierce et al., 2019; Baltaretu et al., 2020). Spatial remapping impairments explain the failure of patients with CA to copy accurately, leading to disorganized, inaccurate images (Pierce and Saj, 2019; Pierce et al., 2019). Right AG atrophy is associated with spatial remapping dysfunction (Serra et al., 2014). SMG lesions lead to spatial remapping dysfunction deficits and cause errors in the shaping and orientation of the pentagons during the pentagons copying task (Van der Stigchel et al., 2018).



Sensorimotor Integration

Intrinsically, drawing can be decomposed into a series of sensory-guided reaching movements. The shape and position of the figure are essentially determined by the location where the hand or pen reaches (Battaglia-Mayer et al., 2003; Huette et al., 2013). With the guidance of multisensory information, the target is set and the movement scheme is planned. In most conditions, visual information is the dominant form of sensory inputs. For blind drawing tests, inputs from the proprioception and the vestibular system instead guide hand movement.

The PPC coordinates the eyes and hands to modulate reaching movement (Jackson and Husain, 2006; Huette et al., 2013). Specifically, the PPC directs hand placement, adjusts velocity, and amends bias along the trajectory to the targeted loci (Buneo and Andersen, 2006; Jackson and Husain, 2006; Averbeck et al., 2009; Archambault et al., 2011; Battaglia-Mayer et al., 2015). In primates, the anterior intraparietal area (AIP) contains neurons for reaching and hand posture (Chivukula et al., 2019). Several areas have been associated with reaching movement, including the preCun, posterior IPS, occipito-parietal conjunction, superior parietal occipital cortex, and lateral IPS (Karnath and Perenin, 2005; Andersen et al., 2014; Xu, 2018).

Besides, damage to other parts of the parieto-frontal network can also affect the PPC’s connection, resulting in visuomotor incoordination (Caminiti et al., 2015; Gainotti and Trojano, 2018). Lesions in the frontal motor cortex that receive projections from PPC cause CA (Chen et al., 2016). Damage to the thalamus, caudate nuclei, and putamen, interrupts the connection between the PPC and the motor cortex, resulting in poor visuospatial construction (Chechlacz et al., 2014; Chen et al., 2016).




A HYPOTHETICAL PPC-CENTERED NEURAL CIRCUITRY FOR DRAWING

According to the classic dual-stream theory, drawing is a typical task of the dorsal or “action” stream (Goodale and Milner, 1992; Freud et al., 2016; Milner, 2017). After that, Kravitz et al. (2011) further identified three branches that projected from the PPC for specific visuospatial skills: (1) the parietal-prefrontal pathway, which is related to visuospatial working memory and visual-guided eye movement; (2) the parietal-premotor pathway, which coordinates the position and movement of body parts with the peripheral environment; and (3) the parietal-medial temporal pathway for spatial navigation (Kravitz et al., 2011). Drawing is highly related to the first two branches. Caminiti et al. described a detailed processing frame for the fronto-parietal network. According to the theory, the sensorimotor functions of the PPC in drawing may encompass (1) visual guided hand movement (SPL); (2) visual guided hand-object coordination (ventral parietal-PMC pathway); and (3) direct kinetic and kinematic limb information processing (somatosensory cortex and medial IPS; Caminiti et al., 2015). Interestingly, drawing tasks just perfectly embody the integrated functions of the dorsal stream and concretize the functional organization of the occipital-parietal-frontal network.

With the anatomic-functional corrections, we propose a plausible model of cortical neural circuitry based on the dorsal visual pathway (Figure 1). First, the PPC is involved in the visuospatial processing for constructing the mental graphic representations. In drawing tasks, the stimuli can be either from an external or internal cue (Figure 1A). Distinct upstream occipital and temporal areas transmit the information to the PPC. Nonobjective visual stimuli (e.g., the first card with the picture of meaningless shape in Figure 1A) are directly processed through the occipital-parietal pathway. Objective stimuli (the second card with the picture of a car in Figure 1A) are synchronously recognized and conceptualized in the ventral pathway to facilitate visuospatial processing (Figure 1B). Non-graphic internally cued stimuli (the third card with the written word of “car” or the auditory instruction of “car” in Figure 1A) are initially comprehended by the semantic system; then, the graphic representation is either created out of nothing or retrieved from long-term memory.

Second, the PPC collects perceptual information, constructs the mental representation, and transforms it into an egocentric coordinate (Figure 1C), which is essential for producing limb movement. Meanwhile, the IPL also takes part in spatial manipulation in complex drawing tasks.

Third, the PPC encodes the drawing plan and directs the downstream motor cortex to produce and execute the intended movements (Figure 1D). Multiple sensory inputs such as visual perception and somatosensory are integrated for eye-hand and hand-object coordination. In this way, continuous visual feedback guides the hand to complete the drawing task. Additionally, the PPC interacts with the frontal eye area and coordinates the saccades, which are especially required for copying tasks (Figure 1E). This model may provide new insight into how the PPC works in the occipital-parietal-frontal network and how the PPC communicates between the dorsal and ventral streams.



CONCLUSIONS AND FUTURE PERSPECTIVES

Drawing tasks are powerful neuropsychological assessment tools. The strategic anatomical location of the PPC and its extensive connections make it a bridge between sensory inputs and motor output. Evidence from fMRI and EEG studies has shown that PPC is activated in different drawing tests, and damage in the PPC is associated with various drawing errors, according to LSM research. These findings suggest that the PPC contributes to both visuospatial and sensorimotor processing in drawing.

As the neural mechanism involved in drawing activity is elusive and multifaceted, many unsolved questions remain. Although the PPC is highlighted in drawing activities, its functions are based on the comprehensive degree of association with other parts of the brain. The functional network for drawing may involve a large scale of networks such as the dorsal stream, execution network, attention network, and memory network (Yuan and Brown, 2015; Griffith and Bingman, 2020). How these complex functional networks are organized remains to be explored in future studies.

Recent studies have focused on the value of visuospatial assessment in the early prediction of dementia (Coughlan et al., 2018; Wang et al., 2020; Aarsland et al., 2021). For better diagnostic efficiency, progress has been made by applying artificial intelligence algorithms to evaluate drawing performance (Chen S. et al., 2020; Youn et al., 2021). It is feasible to anticipate the invention of assessing systems with higher accuracy for the diagnosis and differential diagnosis of cerebral disorders. Finally, despite some studies that have shown the benefits of drawing training in cognitive rehabilitation, drawing as a therapeutic method is still controversial in clinical practice. Further investigations are needed to interpret the therapeutic effect of drawing practice and its potential effect on promoting brain plasticity.
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The question of whether and how aging affects humans’ visuomotor adaptation remains controversial. This study investigates how the effect of aging on visuomotor adaptation is related to age-related cognitive declines. We compared the performance of 100 older people (age: 55–82 years) and 20 young adults (age: 18–27 years) on a visuomotor adaptation task and three cognition tasks. A decline in visuomotor adaptation of older people was well observed. However, this decline was not strongly correlated with chronological age increase but was associated to the age-related declines of cognitive functions and speed of motor planning. We then constructed a structural mediation model in which the declined cognitive resources mediated the effect of age increase on the decline in visuomotor adaptation. The data from the present study was well-explained by the mediation model. These findings indicate that the aging effect on visuomotor adaptation mainly reflects the age-related decline of cognitive functions, which results in insufficient explicit processing on visual perturbation during visuomotor control.
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INTRODUCTION

One fundamental function of humans’ sensorimotor system is to adapt to extrinsic and/or intrinsic environmental changes. This function of visuomotor adaptation has been extensively studied by examining rapid adaptation in simple reaching tasks with deviated visual feedback. With this approach, many studies have found evidence that healthy young people can rapidly adapt to visual feedback deviation (i.e., extrinsic environmental changes) in simple reaching tasks (e.g., Krakauer et al., 1999; Ghilardi et al., 2000; Taylor and Ivry, 2013; Galea et al., 2015; Haar et al., 2015).

While rapid sensorimotor adaptation has been observed for healthy young people, it is not yet clear how aging affects sensorimotor adaptation. Given that the functioning of cognitive systems (Raz et al., 2000) and sensorimotor performance (Cerella, 1990) substantially decline across the human lifespan, it is intuitive and reasonable to expect that visuomotor adaptation would decline with age increase as well. However, previous empirical studies have reported mixed findings. Multiple studies have reported that the reaching adaptation of older people could be subject to minor decline or even be well-preserved compared to that of young adults (e.g., Buch et al., 2003; Heuer and Hegele, 2008b; Cressman et al., 2010). On the other hand, multiple studies found that older adults had significantly weaker adaptation (i.e., smaller angular deviation against the direction of perturbation) or slower adaptation (i.e., more trials before angular deviation reaches the maximum) than young adults (e.g., Buch et al., 2003; Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008a).

Roller et al. (2002) tested 73 subjects (age: 20–80 years) by asking them to throw balls while wearing a set of prisms that displaced the visual scene by 20° to the right. The researchers did not observe systematic change in measures of visuomotor plasticity with advancing age. However, a number of studies using a reaching task with visual perturbation have found that older people performed significantly worse than young adults under a condition in which online feedback of angular deviation could be explicitly noticed or participants did open-loop control (Buch et al., 2003; Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008a, 2009, 2011, 2014; Hegele and Heuer, 2010a,b, 2013). However, Heuer and Hegele (2008b) reported no age-related decline of adaptation with a simplified version of the reaching task. Likewise, both Cressman et al. (2010) and Buch et al. (2003) found that older people could perform the visuomotor adaptation task as well as young adults. They both suggested that adults over 60 years old recalibrated their sensory and motor systems to preserve visuomotor adaptation.

Despite a number of studies that have investigated the correlation between age and the decline of visuomotor adaptation in reaching, only two recent studies used large samples of older people. Wolpe et al. (2020) recruited 183 older participants (age: 50–89 years) and Vandevoorde and de Xivry (2019) recruited 71 (age: 59–76 years). One possible reason for the mixed results from previous studies could be that aging effects on visuomotor adaptation vary among different age ranges and tasks. The present study further investigates the issue using a relatively large sample of older people whose ages were evenly distributed in a wide range (55–82 years), providing better conditions for data analyses.

Another possible reason for the mixed results could be individual differences in functions other than visuomotor control. Aging affects cognitive functions, and this effect varies largely across individuals (Rapp and Amaral, 1992; McClearn et al., 1997). Previous research has suggested that interindividual variabilities of cognitive function, including decision-making, inhibition, and flexibility as measured by a battery of reaction-time tests, and of adaptive visuomotor control were larger within older subjects than within young subjects (Bock and Girgenrath, 2006). Despite recent studies that conducted cognitive-test batteries prior to the visuomotor adaptation task to check whether older subjects had declined cognitive functions compared to young adults (Heuer and Hegele, 2008a,b, 2009, 2011, 2014; Hegele and Heuer, 2010a,b; Vandevoorde and de Xivry, 2019), how cognitive functions and visuomotor adaptation covary across the life span is yet to be further investigated.

In addition, it is still controversial whether visuomotor adaptation is linked to cognitive functions. Simon and Bock (2017) observed that the aging effects on adaptation were associated with the ability for inhibition, whereas an earlier study (Bock and Girgenrath, 2006) did not find an association between declined inhibition function and aging effects on the visuomotor adaptation of older people. More importantly, according to our knowledge, only one study (Vandevoorde and de Xivry, 2019) has investigated the associations between declined cognitive functions and aging effects on adaptive visuomotor control using a relatively large sample of older people. To address this issue, the present study used a large sample of 100 older participants whose cognitive functions were evaluated to investigate their relationships with visuomotor adaptation.

The present study also investigated how decline in visuomotor adaptation was related to visuomotor planning and online visuomotor control. Prior to a movement’s initiation, cognitive factors coupled with a visual “planning” representation together determine the following motor program (Glover, 2004). Initiation time (IT) refers to the duration of the planning phase, which included several sub-processes of target identification, response selection, and movement planning or reprogramming (Liu et al., 2008). For instance, when participants need to avoid collision with obstacles and reach a target, it would incur a larger reaction-time cost for movement preparation (Wong et al., 2016). Recent evidence has also shown that anticipatory motor planning proficiency rapidly declined around 70 years of age in an end-state comfort task (Scharoun et al., 2016; Stöckel et al., 2017; Wunsch et al., 2017). However, planning ability has not been sufficiently investigated for its role in the visuomotor adaptation across the life span. Therefore, this study tested the relationship between IT and visuomotor adaptation to investigate whether variation of visuomotor planning is related to visuomotor adaptation decline of older people.

Different from IT, movement time (MT) refers to an online control process that uses limited but quickly updated visual information to adjust movements during movement execution (Glover, 2004; Liu et al., 2008). Empirical evidence has suggested that online motor corrections are at least partially automatic. Correction of arm movement could be completed between 125 and 350 ms without awareness (Pisella et al., 2000; Johnson et al., 2002; Chen and Saunders, 2016). In this study, we used MT as a measure of the speed of online motor adjustment, so as to investigate the relationship between age-related changes in online motor control and the aging effect of visuomotor adaptation.

This study aimed to systematically investigate how aging effects on visuomotor adaptation vary across different age groups and the association between aging effects of visuomotor adaptation and the decline of cognitive functions, using a relatively large sample of older people (100 people) whose ages were evenly distributed in a wide range (56–82 years old). We conducted a typical rapid aiming task with 30°counterclockwise rotation (cursor relative to hand) perturbation, which was supposed to induce explicit visuomotor adaptation. 100 elderly people with a control group of 20 young people (age: 19–27 years) voluntarily participated in the study (see Table 1). We hypothesized that performance in visuomotor adaptation declined with aging and this decline was associated to worse performance on the cognitive tasks that measured inhibition control function, visual-spatial ability, and processing speed. We also analyzed whether the decline of visuomotor adaptation was associated to the age-related change of visuomotor planning and online visuomotor control, measured by the IT and MT of hand movement during the adaptation phase, respectively.


TABLE 1. Summary of participant demographics across age groups.
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MATERIALS AND METHODS


Participants

One hundred and twenty participants in total volunteered for the present study. 100 healthy right-handed older participants were recruited and stratified by age and gender, resulting in 10 men and 10 women in each of five age brackets (55–59, 60–64, 65–69, 70–74, and 75+ years). Twenty additional healthy right-handed young participants (range: 18–28 years, mean: 21.4 years, and SD: 2.4 years, 10 women) were recruited as a control group. The handedness of the participants was checked using the Edinburgh Handedness Inventory (Oldfield, 1971). Visual acuity was measured binocularly for all participants to confirm normal or corrected-to-normal vision. No participant had a history of neurological diseases, psychiatric disorders, or musculoskeletal dysfunctions. All were paid 50 RMB for their participation. The study was approved by and conformed to the standards of the Human Research Ethics Committee for Non-Clinical Faculties at East China Normal University.

According to the existing literature, studies that investigated the differences of visuomotor adaptation between older and young people often used sample sizes around 20 people for each age group (e.g., Buch et al., 2003; Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008a,b, 2009, 2011, 2014; Cressman et al., 2010; Hegele and Heuer, 2010a,b). To match the designs and compare the results with the previous studies, we chose to recruit 20 people for each age group.



Apparatus

Figure 1 shows the experiment setup. The participant was seated comfortably in a dim room, facing an LCD monitor (NEC 192WG, 1440 × 768 pixels, 19-in., 60 Hz) which was positioned in the frontal plane 50 cm from the participants’ eyes. To block the participant from the visual feedback of hand movement, a board was positioned under the participant’s chin to make the right hand invisible. Hand movement trajectories were sampled at a rate of 40 Hz by a digitizer (216 × 135 mm, Wacom, Intuos). The experiment was programmed in MATLAB using the Psychtoolbox package (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007).
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FIGURE 1. The illustration of experiment setting.




Tasks and Procedure

Each participant first passed a line drawing task, through which participants who had visuomotor deficits would be screened out. Then the participant performed a computer-based visuomotor adaptation task with a visual perturbation of 30° rotation and three paper-based tests for cognitive functions. Each participant spent about 30–50 min to finish the whole experiment.


Line Drawing

The line drawing task was adapted from the task by Alty et al. (2017). The target was placed on an invisible ring whose center was located on the center of the square white paper and whose radius was 100 mm. Target directions were displayed 0°, ±22.5°, ±45°, and 180° relative to the vertical midline of the ring. Participants held the pen to draw straight lines from the center to the targets in a clockwise sequence. Those who showed obvious hand tremors during the straight line drawings would be screened out and not continue to participate in the visuomotor adaptation tasks.



Visuomotor Adaptation Task

As shown in Figure 2A, stimuli were presented against a gray background. In each trial, a hollow square with white edges (1.2° × 1.2° of visual angle) was presented at the center of the screen as the start position. A red point (1° of visual angle) was presented to index the position of the cursor online and always in the center of the start square at the beginning of each trial. A white circular target (diameter: 1.4° of visual angle) was placed on an invisible ring whose center was located in the center of the screen and whose radius was 20.3° of visual angle. Target positions were 0°, ±22.5°, and ±45° relative to the vertical midline line of the ring, randomly chosen for each trial. Figure 2B illustrates the procedure of a certain trial in the task. At the beginning of each trial, the participant moved the digitizer to the center of the tablet and a red point appeared on the center of the screen. The target was presented at the same time. The participant controlled the red point using the digitizer by the right hand and was asked to move the red point to reach the visual target as quickly and accurately as possible. The red point was kept visible for online feedback during the movement (i.e., closed-loop control). Both the red point and the target disappeared immediately when the red point moved beyond the invisible ring boundary. After that, the participant moved the digitizer back to the start position. The next trial would not start until the participant located the digitizer onto the start position. The whole movement trajectory was tracked and recorded online by the digitizer during the movement.
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FIGURE 2. (A) Illustrates stimuli presented on each trial, including the start position (S) with the red point cursor inside, and white circular target (T). The solid line with arrow represents the cursor moving direction and the dash line represents the actual hand movement direction (H). (B) illustrates the task procedure of two sample trials, (C) illustrates the experiment design for each participant, including first 40 baseline trials and then 80 adaptation trials. Rotation direction perturbation was fixed to 30°counterclockwise in reference to the actual hand movement direction in the adaptation phase.


As Figure 2C shows, each participant first finished 15 trials without perturbation for practice and then started the formal experiment, in which the participant sequentially received 40 baseline trials and 80 adaptation trials. For each trial, the target position was randomly chosen from 5 alternative positions (i.e., 0°, ±22.5°, ±45°), and trials with different target positions were collapsed for data analysis.



Tests of Cognitive Capabilities

We measured three cognitive capabilities (i.e., inhibition control function, visual-spatial ability, and processing speed) for each participant. We first administered a Chinese version of the Stroop Color and Word Test, which was translated from the original version of Stroop Color and Word Test one (Stroop, 1935), as a measure of the inhibition control function. In this test, the participant needed to name aloud the colors of colored rectangles (baseline conditions) or of color words that were printed in incongruent colors (inhibition conditions) in the different blocks. The participants were asked to respond as quickly and correctly as possible, and their reaction times were recorded manually. The inhibition control was measured by the mean RT difference between the correct trials in inhibition conditions and in baseline conditions for each participant.

The Block Design Test was from the Chinese version of Wechsler Adult Intelligence Scale (abbr. WAIS – RC; Gong, 1982). For the Block Design Test, the participant was presented with a set of blocks in different colors that were arranged into a specific pattern every time. The participant was asked to replicate the pattern in a limited time. The participant was tested with four blocks in the first 6 trials and then with nine blocks. The test would be terminated after three consecutive failures. This test was used to measure the individual’s visual-spatial ability.

The Digit Symbol Test was also from WAIS-RC. In the Digit Symbol Test, each of the digits (i.e., 1–9) was mapped onto a unique, easy-to-draw symbol (e.g., “o,” “=,” and “×”). According to the mapping rule (shown at the top of the answer sheet), the participant was asked to fill the corresponding symbols under each of a set of randomly selected digits. The participant needed to fill as many symbols as possible in 90 s. This test was used to measure the individuals’ processing speed. The experimenter would score the test by giving one point for each correct response.

For evaluation of cognitive functions, some of previous studies used more complete batteries of cognitive tests (e.g., Heuer and Hegele, 2008b, 2009; Hegele and Heuer, 2010a,b; Anguera et al., 2011). However, considering that a too long session might not be suitable for older participants, the present study only included three cognitive tests to maintain the duration of the whole experiment within 1 h for each participant. The three tests may not provide a most comprehensive evaluation of cognitive functions, but they together should be sufficient to give a reliable evaluation of a general cognitive function. The existing literature has shown that, despite multiple aspects of cognitive functions and various tests on those, individual differences of performances on most cognitive tests had moderate-to-high correlations with each other, indicating a common component that underlies performances on most cognitive tasks (e.g., McCabe et al., 2010; Huang et al., 2012; Kovacs and Conway, 2016; Shipstead et al., 2016). We also used structural equation modeling to construct a latent variable to represent a general cognitive resource so that the relationships among age, visuomotor adaptation and general cognitive functions could be further investigated (for details, see section “Correlation Analyses of Visuomotor Adaptation, Kinematics, and Cognitive Functions”).



Data Analysis

The hand movement onset for each trial was marked when the velocity first exceeded 5% of the peak velocity of the hand movement in this trial. The movement orientation of each trial was defined by direction from the movement onset point to the point on which peak velocity was reached, so as to minimize the influence from movement corrections based on feedback. To calculate the angular deviation of hand movement in each trial, a standard vector was defined from the position of the start point to the target point, and the angular deviation in this trial was defined as the orientation difference between the movement orientation and the orientation of the standard vector.

We measured the adaptation effect of hand movement by the mean angular deviations of hand movement from the last 15 adaptation trials minus the mean deviation from the baseline trials. This manipulation helped to remove the variation of individual biases in hand movement from the adaptation effects (Leow et al., 2012; McDougle et al., 2015; Song and Smiley-Oyen, 2017).

In addition, we analyzed the kinematics of the hand movements, including the IT of hand movement, which was defined by the time from stimulus presentation to the onset of movement for each trial, and the MT of hand movement, which was defined by the time from the onset of movement to when the cursor reached the invisible boundary for each trial.



RESULTS


Aging Effects on Visuomotor Adaptation

We first analyzed the mean angular deviations in the baseline phase of the reaching task to investigate whether the older and young participants had differences in constant biases in the reaching task. An ANOVA showed that they had no biases difference in the baseline trials [F (1,118) = 0.793, p = 0.375, and partial η2 = 0.007], and both showed a small clockwise bias, namely, young adults (−1.54° ± 1.44°) and older adults (−1.13° ± 1.96°). This effect might be because all the participants were right-handed. Then, we compared the mean standard deviations of individuals’ angular deviations in the baseline phase between two groups to test whether two groups differed in reaching precision, and found that the older participants had a significantly higher mean standard deviation [F (1,118) = 33.06, p < 0.001, and partial η2 = 0.219], indicating that the visuomotor control of the older participants were less accurate than of the young participants.

Over the adaptation period, the cursor moving direction was rotated by 30°CCW. A best solution to counter cursor rotation was to adjust the hand movement direction by 30°clockwise with reference to the direction from the start point to the target point. Figure 3A illustrates how angular deviation varied across trials for three sample participants and Figure 3B shows the mean angular deviations of the young participants and the older participants across the experiment. One can see that, although both the young and older sample participants showed adaptation to compromise visual perturbation, the adaptation of the older participants were not as sufficient as of the young participants. The young adults group had a mean deviation of −24.04° (±0.88° s.e.) and older adults group −21.21° (±0.51° s.e.) in the last 15 trials (also see Figure 3C). An ANOVA showed a significant main effect of age groups, F (1,118) = 5.47, p = 0.021, and partial η2 = 0.044, confirming more visuomotor adaptation of the young participants.
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FIGURE 3. (A) Illustrates the angular deviation as a function of trial number of three sample participants of different age groups and (B) illustrates the mean angular deviation as a function of trial number of young adults (blue) and older people (red). The shadow areas depict ± 1 standard errors, (C) illustrates the mean angular deviation of last 15 adaptation trials of different age groups (for each group, n = 20). The error bars depict ± 1 standard errors.


We then analyzed the adaptation effect among the five age groups (i.e., 55–60 years, 60–65 years, 65–70 years, 70–75 years, and over 75 years) of the older participants (see Table 1 for more information of the groups). However, an ANOVA showed that the effect of age groups was not significant, F (4,95) = 0.881, p = 0.478, and partial η2 = 0.036. We also calculated the correlation between age and adaptation and found a weak but significant correlation, r (98) = 0.20, p = 0.044 (see also Figure 4A). These results indicated that, despite the aging effect on visuomotor adaptation, the relationship between the increase of age and the decline of visuomotor adaptation was not strong within older participants.
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FIGURE 4. (A) Adaptive angular deviation, (B) initiation time, and (C) movement time as a function of age of older participants. The solid lines indicate linear regression model fits and rs represent the Pearson correlations between variables. Note, ∗p < 0.05; ∗∗p < 0.005.




Aging Effects on Kinematics: Initiation Time and Movement Time

To analyze the IT and MT differences between the young and older participants during the baseline phase and the adaptation phase (last 15 trials), we first performed two 2 (phase) × 2 (young vs. older) mixed-design ANOVAs for mean IT and MT, respectively. The main effects of phase were significant for both IT and MT [IT: F (1,118) = 8.95, p = 0.003, and partial η2 = 0.071; MT: F (1,118) = 11.90, p = 0.001, and partial η2 = 0.092], indicating longer IT and MT in the adaptation phase than in the baseline phase. For IT, we also found a significant main effect of young vs. older [F (1,118) = 29.76, p < 0.001, and partial η2 = 0.201], indicating longer IT of the older participants. However, the main effect of young vs. older was not significant for MT, F (1,118) = 0.187, p = 0.666, and partial η2 = 0.002. The interaction between two factors was not significant for IT [F (1,118) = 1.897, p = 0.173, and partial η2 = 0.016] and significant for MT [F (1,118) = 4.63, p = 0.034, and partial η2 = 0.038]. The significant interaction for MT indicated that the MT difference between the phases was larger for the older participants.

We then analyzed how IT and MT in the adaptation phases varied among the age groups of the older participants (see also Figure 5). The effect of age groups was significant for IT [F (4,95) = 3.45, p = 0.011, and partial η2 = 0.127] but not for MT [F (4,95) = 0.937, p = 0.446, and partial η2 = 0.038]. As shown in Figure 4B, IT increased with advancing age across the groups. The correlation analyses provided consistent results. The correlation was significant between age and IT [r (98) = 0.34, p = 0.001] but not significant between age and MT [r (98) = −0.02, also see Figure 4C].
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FIGURE 5. (A) The mean initiation times and (B) the mean movement times of different age groups in the adaptation phase. The error bars depict ± 1 standard errors.




Aging Effects on Cognitive Capabilities

The comparisons of cognitive capabilities showed that the older participants had significantly poorer performance on all three tasks (i.e., Digit Symbol Test, Block Design Test, and Stroop Color and Word Test), F (1,118) > 15.64, p < 0.001, and partial η2 = 0.130. As depicted in Figure 6, we also analyzed trends in cognitive functions with age for the older participants. Considering that there were large differences in age between the older participants and the control group, the control group was not included in the correlation analyses that were directly related to age. Performance on the Digit Symbol Test and Stroop Color and Word Test both had significant correlations with age [Digit Symbol Test: r (98) = −0.35, p < 0.001; Stroop Color and Word Test: r (98) = 0.38, p < 0.001], whereas the correlation between performance on the Block Design Test and age was not significant [r (98) = −0.10, p = 0.333].
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FIGURE 6. (A) The scores in Digit Symbol Test, (B) the scores in Block Design Test, and (C) the reaction time difference in Stroop Color and Word Test as a function of age of older participants (n = 100). The solid lines indicate linear regression model fits and rs represent the Pearson correlations between variables. Note, ∗∗∗p < 0.001.




Correlation Analyses of Visuomotor Adaptation, Kinematics, and Cognitive Functions

As shown in Figures 3, 4, the adaptive angular deviation and IT had a similar tendency for participants over 55 years old. Therefore, we conducted an analysis of correlation between them for all participants, which revealed that the correlation between angular deviation and IT was significant [r (118) = 0.33, p < 0.001]. We also tested whether the adaptive angular deviation and IT were correlated with performance on three cognitive tests (see Figure 7), respectively. For angular deviation, it was significantly related to scores of the Digit Symbol Test [r (118) = −0.32, p < 0.001] and the Block Design Test [r (118) = −0.37, p < 0.001] but not to scores of the Stroop Color and Word Test [r (118) = 0.13, p = 0.167]. The insignificant correlation between angular deviation and scores of the Stroop Color and Word Test might be due to that individual performances in this task were measured by differences between reaction times in different conditions. The process of finding differences might have resulted in the increase of measurement noise. For IT, all the correlations were significant [r (118) > 0.31, p < 0.001]. For the results of other correlation analyses, please see Table 2. Note that the correlation between MT and angular deviation was negative and statistically significant, indicating that the participants whose hand movements were faster showed more visuomotor adaptation. However, MT did not differ systematically with the participants’ age. Thus, the MT-adaptation correlation was apparently not related with the aging effect on visuomotor and was not further analyzed.
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FIGURE 7. (A) Adaptive angular deviation as a function of initiation time of hand movement, (B) adaptive angular deviation (upper row) and initiation time of hand movement (lower row) as functions of performance in cognitive tests (left: Digital Symbol Test; middle: Block Design Test; and right: Stroop Color and Word Test), respectively. The red dots represent the group of older participants (n = 100) and the blue dots represent the group of younger participants (n = 20). The solid lines indicate linear regression model fits and rs represent the Pearson correlations between variables. Note, ∗∗∗p < 0.001.



TABLE 2. Correlations between visuomotor adaptation, kinematics, and cognitive functions.

[image: Table 2]
The correlation analyses showed clear associations among performance on the cognitive tests and motor planning speed (i.e., IT) and similar aging effects on them. These findings together indicated that a common cognitive resource affected performance on both cognitive tests and motor planning and declined with increase of age. Moreover, the observed associations among performance on the cognitive tests, IT, and adaptive angular deviation indicated the possibility that there was an association between adaptive angular deviation and this hypothetical cognitive resource. Considering the relatively weak correlation between age and adaptation effect, we think that chronological age increase might not directly result in a decline of visuomotor adaptation, but this cognitive resource possibility mediated the relationship between age and adaptive angular deviation.

According to the cross-sectional design of the present study, we could not directly test causal relationship among chronological age increase, changes in visuomotor adaptation and cognitive function. However, to further test this possible mediation effect using a statistical approach, we did path analysis by constructing and fitting two structural equation models and using the data of all 120 participants. The structure of the models is illustrated in Figures 8A,B. We hypothesized a latent variable, labeled as “cognitive resource,” and included it in both models as a mediator between aging and adaptation effect. Using the methods of path analysis and structural equation modeling, we could test (1) whether there was a general cognitive resource that affected both performance on the cognitive tests and motor planning/initiation (i.e., IT) and (2) whether this cognitive resource mediated the effect from age to adaptive angular deviation from a perspective of statistics. In addition, we could test whether there was a full or partial mediation effect by comparing models with/without a direct path between age and adaptive angular deviation (Figures 8A,B).


[image: image]

FIGURE 8. The diagrams illustrate the structures and summary results of (A) the full mediation structural equation model and (B) the partial mediation structural equation model, respectively. The numbers on the paths of the diagrams refers to standardized coefficients. Note, (1) “Cognitive” refers to cognitive resources; “Adaptation” refers to adaptive angular deviation; “IT” refers to initiation time of hand movement; (2) ∗∗p < 0.005 and ∗∗∗p < 0.001.


The model construction and fitting were implemented by Mplus 7 (Muthén and Muthén, 1998-2017). The results of model fitting and the indices of goodness-of-fit are presented in Figure 8 and Table 3. The numbers on the diagrams refer to standardized coefficients of the paths. The indices of goodness of it were chosen according to a common practice (Schermelleh-Engel et al., 2003; Marsh et al., 2005). We also list the criteria for acceptable fit in Table 3. The full mediation model (Figure 8A) appeared to be acceptable based on the indices of goodness-of-fit, and both the paths related to mediation effect were significant, indicating that there was a significant mediation effect. On the other hand, the indices of goodness-of-fit indicated that the partial mediation model (Figure 8B) was acceptable as well. However, the direct path from age to adaptive angular deviation was not significant, indicating that the full mediation model was preferred. The full mediation effect suggested that aging did not directly result in decline of visuomotor adaptation, but the aging effect on visuomotor adaptation was more likely to be due to the age-related cognitive resource decline.


TABLE 3. Model fit indices for latent variable mediation model.
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DISCUSSION

The present study is focused on how aging affects visuomotor adaptation. In brief, we found that the older participants (>55 years) had less adaptation to visual feedback perturbation in a reaching task, compared to the young adults. However, this aging effect on visuomotor adaptation was not strongly associated to the chronological age of the older participants; instead, we observed that the effect was more correlated with the decline of performance on the cognitive tests and speed of motor planning. We then tested a structural mediation model, in which we hypothesized a latent variable, entitled “cognitive resource,” both accounted for performance on the cognitive tests and speed of motor planning and mediated the effect from chronological age to adaptive angular deviation. The fitting results confirmed this model and indicated that there was a full mediation effect of cognitive resource.


Aging and Visuomotor Adaptation

Multiple studies have reported that visuomotor adaptation, as an important function of the visuomotor feedback system, declines in older people compared to young adults (Buch et al., 2003; Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008a, 2009, 2011, 2014; Hegele and Heuer, 2010a,b, 2013). From this study, the data consistently showed that the older group had less adaptive angular deviation by visual feedback perturbation. With a relatively large sample, we further tested whether this aging effect was correlated with chronological age. Not much literature has addressed this issue. In a very recent study, Wolpe et al. (2020) found a considerable correlation of 0.35 between age and adaptive angular deviation, which appears to be higher than observed in the present study (0.20). This difference could be caused by the different age ranges of the participants in the two studies. Wolpe et al. tested the correlation across the span of adulthood (age: 18–89 years) while we focus on older people (age: 55–82 years). As shown in Figure 2B of Wolpe et al., older people apparently had a larger variation in adaptive angular deviation than young adults had, which could possibly have caused a lower correlation within the older group. We also tested the correlation between age and adaptive angular deviation using all the participants in this study (though this analysis apparently violated the assumption of normal distribution of sample), and found a slightly higher correlation [r (118) = 0.26, p = 0.004]. But considering the sample distribution, we don’t think that any conclusion could be given with such a small difference. Another recent study also showed an insignificant correlation between age and visuomotor adaptation within older people (Vandevoorde and de Xivry, 2020).

Despite the observed weak correlation between chronological age and adaptive angular deviation, we found that adaptive angular deviation was also correlated with performance in cognitive tests, which was associated to adaptive angular deviation. These observed associations point toward the mediation effect of age-related cognitive function decline on the aging effect of visuomotor adaptation. The mediation model (Figure 8A) confirms this effect. Multiple previous studies have shown age-related cognitive function decline (Salthouse, 1996; Raz et al., 2000; Park et al., 2003). Recently, some studies have further noted that this age-related decline possibly contributed to the aging effect on visuomotor adaptation. For example, Vandevoorde and de Xivry (2019, 2020) found that age-related visuomotor adaptation decline was likely to link to the decline of working memory capacity by aging. Wolpe et al. (2020) also reported that aging effect on visuomotor adaptation was related to short-term memory decline. In an early study, Heuer and Hegele (2008a) did not find the correlations among age, visuomotor adaptation, and cognitive functions but still pointed out that both performance on the Digit Symbol Test and visuomotor adaptation declined with the increase of age. In addition, this study found that speed of visuomotor planning (i.e., IT) was related to the aging effect on visuomotor adaptation. The present finding was consistent with previous studies (Scharoun et al., 2016; Stöckel et al., 2017; Wunsch et al., 2017), which reported age-related decline in anticipatory motor planning.

The findings of this study can potentially explain why the aging effect on visuomotor adaptation was not observed in some studies. For instance, in Heuer and Hegele’s (2008b) study, older people did not show a decline of visuomotor adaptation in a simplified visuomotor adaptation task. This could be because the simplification of the task decreased the involvement of explicit visuomotor planning, making the decline of cognitive resources less influential in the task performance. Similarly, in Buch et al. (2003) and Cressman et al. (2010), the researchers gradually changed the visuomotor feedback and further provided proprioceptive feedback, both of which were likely to reduce the involvement of explicit visuomotor planning and potentially helped older people to perform as well as young adults. These previous findings are consistent with our conclusion that the decline of cognitive resources is the main cause of the aging effect on visuomotor adaptation.

Based on the findings that performance on the cognitive tests and speed of motor planning were correlated with both chronological age and adaptive angular deviation, we propose a mediation model (Figure 8A), in which age-related decline of cognitive resources underlies the aging effect on visuomotor adaptation. The indices of goodness of fit show that the mediation model statistically explains the observed data well (see Table 3). In the next subsection, we further discuss the relationships among visuomotor adaptation, motor planning, and cognitive functions from a more general perspective.



Visuomotor Adaptation, Motor Planning, and Cognitive Functions

The results of the present study have demonstrated that the aging effect on visuomotor adaptation was mediated by age-related cognitive function decline. An explanation of these findings is that cognitive resources are shared for cognitive functions (e.g., working memory, spatial representation, and numerical representation), motor planning, and visuomotor adaptation (especially explicit visuomotor adaptation). This explanation is supported not only by evidence from research on older people but also by evidence from young adults and children. For example, studies on young adults have shown that both working memory capacity (Christou et al., 2016; Wolpe et al., 2020) and performance intelligence quotient (Anwar et al., 2015) could predict explicit visuomotor adaptation. Cognitive cost by dual task (Vandevoorde and de Xivry, 2020) and attentional disorders (Kurdziel et al., 2015) both affected visuomotor adaptation as well. These findings convergently indicated shared resources for visuomotor adaptation and cognitive functions. Moreover, Logan and Fischman (2011) reported that motor planning interfered with performance in memory recall, and Pennequin et al.’s (2010) research on child development found covariation between motor planning and executive functions, suggesting that motor planning and cognitive functions have shared resources.

Heuninckx et al. (2005, 2008) pointed out that aging results in more cognitive demand and increased neural recruitment during motor tasks. Vandevoorde and de Xivry (2020) further proposed a shared cognitive resource hypothesis to explain the aging effect on explicit visuomotor adaptation. This hypothesis is consistent with the findings of the present study that performance in cognitive functions and speed of motor planning predicted adaptive angular deviation better than chronological age. The mediation model tested in the present study also supports Vandevoorde and de Xivry’s (2020) hypothesis by identifying shared cognitive resources change as a full mediator from chronological age increase to visuomotor adaptation decline. In other words, the findings of the present study, with the previous findings, indicate that the aging effect on visuomotor is not an independent effect but reflects the age-related decline of cognitive functions. Visuomotor adaptation at least partially relies on the same cognitive mechanisms that underlie a set of cognitive functions (e.g., working memory, spatial representations) and motor planning.

Recent evidence from neuroimaging studies also supports this explanation. Anguera et al. (2010) found that individual differences in visuomotor adaptation performance could be partially attributed to differences in spatial working memory and these two tasks activated overlapping brain regions, including the right dorsolateral prefrontal cortex and bilateral inferior parietal lobules. In a follow-up study (Anguera et al., 2011), they further found that reduced activation of these regions contributed to worse performances in both spatial working memory and visuomotor adaptation tasks. Wolpe et al. (2020) reported that the observed decline of visuomotor adaptation by aging was associated to the structural retention of the medial temporal lobe, which is related to cognitive functions such working memory and attention. In contrast, they did not observe an association between decline of visuomotor adaptation and retention of cerebellum, which involves in the internal model recalibration of motor control. All these results are consistent with the findings of the present study that aging effect on visuomotor adaptation was directly due to the age-related decline of cognitive functions, and support Vandevoorde and de Xivry (2019)’s argument that impaired internal model recalibration of motor control is not the main inducement of the age-related decline of visuomotor adaptation.

Despite that the shared cognitive resource hypothesis well explained the relationship between explicit visuomotor adaptation and cognitive functions, it apparently could not predict how aging affects implicit visuomotor adaptation. Previous studies have reported that explicit visuomotor adaptation was affected by aging, whereas implicit visuomotor adaptation was not (Bock and Girgenrath, 2006; Heuer and Hegele, 2009, 2011; Hegele and Heuer, 2010a,b, 2013; Huang et al., 2017). In the present study, we used a sudden rotation perturbation of 30°CCW, which could be easily noticed by participants. So, although we did not separately measure the explicit and implicit components, the participants apparently introduced explicit strategies for visuomotor adaptation. As mentioned above, explicit visuomotor adaptation is associated to cognitive functions, and from this perspective, our findings are generally consistent with the existing literature. However, we could not distinguish the contributions of the explicit and implicit components on the aging effect on visuomotor adaptation with the design. Note that a rotation perturbation of ≥30° is not a necessary condition for either explicit adaptation or detecting an age-related effect on adaptation. In both Buch et al. (2003) and Cressman et al. (2010), the final perturbation magnitude was equal to or larger than 30°. However, the perturbations were both gradually increased from zero to maximum, and neither study found a significant effect of aging on adaptation. So we consider that aging effect on adaptation is dependent on not only magnitude of perturbation but how perturbation is presented as well, which shall be further investigated in future research.

Compared to speed of motor planning (i.e., IT of hand movement), MT did not differ between young adults and older people in the present study. This was possibly because MT is more associated with online visuomotor control, which is generally considered as an automatic process (Pisella et al., 2000; Johnson et al., 2002; Chen and Saunders, 2016) and does not apparently involve explicit strategies. This also explains why MT was not significantly correlated with performance in cognitive functions. Although MT was negatively correlated with adaptive angular deviation, it was more likely to be due to individual differences in online visuomotor control than to age-related variation (see Table 2).



CONCLUSION

This study found an age-related decline of visuomotor adaptation that was mediated by performance in cognitive tests and speed of motor planning of individual participants. We proposed a structural model with a latent variable, entitled “cognitive resource,” which was due to both performance in cognitive tests and speed of motor planning and mediated the association from aging to visuomotor adaptation decline. These findings are consistent and extend the existing literature on visuomotor adaptation and aging.
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Background: Hearing impairments are associated with reduced walking performance under Dual-task (DT) conditions. Little is known about the neural representation of DT performance while walking in this target group compared to healthy controls or younger adults. Therefore, utilizing the Mobile Brain/Body Imaging approach (MoBI), we aim at gaining deeper insights into the brain dynamics underlying the interaction of cognitive and motor processes during different DT conditions (visual and auditory) controlling for age and the potential performance decrements of older adults with hearing impairments.

Methods: The cross-sectional study integrates a multifactorial mixed-measure design. Between-subject factors grouping the sample will be age (younger vs. older adults) and hearing impairment (mild vs. not hearing impaired). The within-subject factors will be the task complexity (single- vs. DT) and cognitive task modality (visual vs. auditory). Stimuli of the cognitive task will vary according to the stimulus modality (visual vs. auditory), presentation side (left vs. right), and presentation-response compatibility (ipsilateral vs. contralateral). Analyses of DT costs and underlying neuronal correlates focus either on gait or cognitive performance. Based on an a priori sample size calculation 96 (48 healthy and 48 mildly hearing impaired) community-dwelling older adults (50–70 years) and 48 younger adults (20–30 years) will be recruited. Gait parameters of speed and rhythm will be captured. EEG activity will be recorded using 64 active electrodes.

Discussion: The study evaluates cognitive-motor interference (CMI) in groups of young and older adults as well as older adults with hearing impairment. The underlying processes of the interaction between motor and cognitive tasks will be identified at a behavioral and neurophysiological level comparing an auditory or a visual secondary task. We assume that performance differences are linked to different cognitive-motor processes, i.e., stimulus input, resource allocation, and movement execution. Moreover, for the different DT conditions (auditory vs. visual) we assume performance decrements within the auditory condition, especially for older, hearing-impaired adults. Findings will provide evidence of general mechanisms of CMI (ST vs. DT walking) as well as task-specific effects in dual-task performance while over ground walking.

Keywords: hearing impairment, MoBI, dual-task, overground walking, older adults


INTRODUCTION

Age-related decline in hearing is one of the most common chronic conditions in older adults, affecting nearly half of people over the age of 65 (Goman and Lin, 2016). In recent decades, a worldwide increase in the prevalence of hearing impairments has been observed. With 42 million people affected worldwide in 1985 (∼0.8%), the number increased more than eightfold to 360 million in 2011 (∼5.2%, Olusanya et al., 2014; Olusanya et al., 2019). According to current research, this number grew further to 466 million people (∼6.1%) in 2018 and is estimated to increase to 900 million in 2050 (World Health Organization, 2020). These numbers emphasize the increasing importance of hearing impairment as a public health burden.

Longitudinal studies have shown that hearing impairment is independently associated with poorer cognitive performance even when controlling for age and sex (Valentijn et al., 2005; Lin, 2011). Several researchers have tried to explain this association between age-related hearing impairment and cognitive decline (cf. Mudar and Husain, 2016). Some have proposed a common cause hypothesis, which explains hearing impairment and cognitive decline as a widespread neural degeneration that occurs during aging. Others have proposed an information degradation hypothesis, which suggests poorer cognitive performance as a result of hearing impairment. Presumably, additional cognitive resources are devoted to auditory processing, resulting in fewer resources available for other processes. The sensory deprivation hypothesis views poorer cognitive performance not as an instantaneous consequence of the hearing impairment as the information degradation hypothesis does, but as a long-term change in brain plasticity (Mudar and Husain, 2016).

Age-related changes in the auditory system can include both, higher pure-tone detection thresholds and supra-threshold auditory difficulties (Schneider et al., 2010), requiring a more deliberate allocation of resources to hearing. Consequently, hearing becomes more effortful and cognitively demanding (Pichora-Fuller et al., 2016). Beyond hearing difficulties, hearing impairment further affects physical activities (Chen et al., 2014; Gispen et al., 2014). As a result of cognitive and physical challenges, hearing impairment negatively affects several aspects of one’s personal and social life, such as psychosocial well-being, quality of life, economic independence, and interpersonal communication (Mick et al., 2014). Frequently observed consequences encompass social isolation and stigmatization, substance abuse, psychiatric disturbance, depression, difficulties in relationships with partners and children as well as occupational stress (Olusanya et al., 2019). Moreover, activities of daily living (ADL) are further aggravated by hearing impairments in older adults (Chang et al., 2009; Gopinath et al., 2016). Effects of age-related hearing impairment on locomotion and cognition were examined in comparison to age-matched reference groups with hearing-impaired older adults exhibiting lower levels of physical activity and functional performance (Chen et al., 2014; Gispen et al., 2014). A decline in hearing has been found to correlate with balance impairments (Viljanen et al., 2009a,b), self-reported walking limitations (Chen et al., 2014), poor endurance (Gopinath et al., 2016), and increased frailty (Kamil et al., 2014). There are also findings on gait parameters that accompany hearing impairment. An increasing deficit of auditory perception has been found to negatively affect stride length as well as gait speed and cadence under dual-task conditions, independent of age and comorbidities (Wollesen et al., 2018). The effects of hearing impairment on gait even exceed the influence of age, disease, and previous falls (Lin and Ferrucci, 2012). Furthermore, both hearing impairment and decrements in gait quality are associated with the risk of falling in older adults (Lin and Ferrucci, 2012; Jiam et al., 2016).

Researchers have attempted to explain the association between hearing impairment and mobility decline in terms of competition for limited shared cognitive resources (Bruce et al., 2019). In everyday life, balancing or walking is rarely the only task performed at a time (single-task) and it is mostly performed together with another task (dual-task) or sometimes even as a multitasking activity (Faulkner et al., 2007). Cognitive-motor dual-task (CMDT) studies usually compare a single-task condition, such as a postural or walking task, with a dual-task condition, which combines the same motor task with a synchronous cognitive task. By comparing performance in both conditions, we can then calculate dual-task costs (DTCs: single-task minus dual-task performance divided by single-task performance) which indicate the degree of performance decline in one or both tasks due to limited cognitive capacity (Li and Lindenberger, 2002; Marusic et al., 2015; Janouch et al., 2018; Wollesen et al., 2018). CMDT studies have shown that as cognitive load increases during the manipulation of sensory information, older adults show greater postural performance decrements compared to their younger counterparts (Redfern et al., 2001; Doumas et al., 2008). Competition for cognitive capacity is also observed when auditory challenges are experimentally imposed on different motor tasks, such as balancing or walking (Nieborowska et al., 2019), or when older adults with hearing impairment undergo CMDT (Lau et al., 2016). The so-called “posture-first” hypothesis or strategy (Shumway-Cook et al., 1997) describes the prioritization of physical safety by allocating more attention to motor performance than to cognitive performance. In older adults, such prioritization increases with task complexity, postural threat, or fear of falling (Li et al., 2001).

Since older adults often exhibit hearing impairments that severely affect their lives, investigating the interaction between age-related hearing impairment and decline in other domains (e.g., vision, cognition, and mobility) at the behavioral and neurophysiological levels could elucidate the underlying mechanisms. In addition, this research could lead to therapeutically promising insights by providing a better understanding of the risk of falls leading toward improved fall prevention programs.

Daily dual-task situations entail different levels of cognitive complexity and therefore will require different cognitive abilities. According to Colcombe and Kramer (2003), cognitive complexity can be classified as (1) simple stimulus-response reaction reflecting processing speed (e.g., reacting to stop at a red traffic light); (2) visuo-spatial tasks to orient in the environment (e.g., walking on uneven ground or avoiding puddles, detecting and deciding whether to evade an approaching object or person), and (3) executive tasks which represent action planning, and response-inhibition (e.g., crossing a street without traffic lights while constantly adapting movement to current traffic flow or remembering a shopping list). For all these daily activities visual information processing is ubiquitous and is relevant to walking itself (Rosano et al., 2012; Mahoney and Verghese, 2018; Owsley et al., 2018). Therefore, a visual dual-task condition while walking will be used as one experimental manipulation of this study. Furthermore, growing evidence indicates that hearing has an important influence on walking performance as well (Chang et al., 2009; Viljanen et al., 2009a; Gopinath et al., 2016; Wollesen et al., 2018). Moreover, daily situations requiring executive decision-making are often solved by a multi-sensory integration including hearing (e.g., the sound of approaching cars) and not only by vision (Wollesen et al., 2021). Therefore, this study will also look at neuronal correlates of dual-task walking with an auditory secondary task. As we assume that participants with hearing impairments compared to participants with normal hearing might have more difficulties during auditory dual-task walking situations, the study will allow for more insights about possible differences in cognitive processing (i) in the different dual-task situations and (ii) between the participants with and without hearing impairments.

Previous research on cognitive-motor interference (CMI) while dual-task walking showed that spatio-temporal gait parameters like walking speed, step length, and arm swing symmetry are affected by the secondary task (Mirelman et al., 2015; Killeen et al., 2017). Moreover, there is evidence that different pre-conditions of the individuals’ cognitive-motor abilities, such as balance decline, concern about falling, and hearing impairments, negatively influence dual-task walking, that is reduced walking speed, step length, heel-strike, and foot-rolling movements (Wollesen et al., 2017a,b). These effects were maintained after controlling for age and comorbidities and showed that older adults with concerns about falling or hearing impairment have worse initial conditions on their gait quality and therefore have an increased risk of falling. More research is warranted to confirm these findings, as they relied purely on behavioral data with biomechanical walking measurements and cognitive performance through error counting or reaction times. Therefore, it is relevant to investigate the interaction between the motor and the cognitive system by analyzing the processes and conditions that influence older adults’ gait performance in situations that require concurrent performance of sensorimotor and cognitive tasks.

The following experiment will use walking tasks with different complexities and priorities, and record behavioral (spatio-temporal gait parameters) as well as neurophysiological data.


Mobile Brain/Body Imaging to Evaluate Cognitive-Motor Interference

Mobile brain/body imaging (MoBI; Makeig et al., 2009; Gramann et al., 2011, 2014) combines mobile brain imaging (in most cases Electroencephalography; EEG) of freely moving participants with synchronized recordings of task performance and body movements. MoBI is the only brain imaging method that allows for investigating the neuronal correlates of dual-task costs during over ground walking. Motion capture provides the necessary biomechanical data as well as measures of gait quality including arm swing and hip rotation. Walking is associated with movement of the head and the eyes producing electrical activity that will, due to volume conduction, be recorded as a mixture with other active sources in the brain at the sensor level (Jung et al., 2000). Recording and analyzing EEG data from actively walking participants thus requires analysis approaches that differentiate between the brain and non-brain activity. It was demonstrated that brain dynamics can be recorded and successfully analyzed using independent component analysis (ICA) even when subjects walk or run on a treadmill (Gramann et al., 2010; Gwin et al., 2010, 2011; Seeber et al., 2013; Wagner et al., 2013, 2014). Importantly, event-related spectral perturbations (ERSPs) demonstrated a desynchronization of theta oscillation when transitioning from standing to walking while the P300 event-related potential (ERP) component revealed amplitude reductions while walking (Wagner et al., 2016). A similar reduction of an ERP component amplitude was found for the N2 in a Go/NoGo task for dual-task walking as compared to sitting with older adults revealing less pronounced component amplitudes and increased latencies compared to young adults reflecting increased dual-task costs during walking (Malcolm et al., 2015). These behavioral and brain dynamic results indicate that walking poses higher attentional demands compared to standing and thus leaves fewer resources during walking for solving a secondary task. This effect is even more detrimental for older adults with an increased difficulty to allocate attention selectively across several domains (Protzak and Gramann, 2021). Age-related sensory and cognitive decline leads to an increase in demand on attention allocation and working-memory. This was for example shown in a speech in noise perception task by Wong et al. (2009) using fMRI investigating healthy older adults.



Previous Neurophysiological Studies in Hearing Impaired

Evidence indicates several anatomical and functional brain alterations in hearing-impaired older adults. These changes occur not only in regions involved in auditory processing but also in regions involved in attention and emotional processing (cf. Mudar and Husain, 2016). For the present study, we will further describe the brain activity alterations in individuals with hearing impairment.

Two studies by Campbell and Sharma examined auditory (Campbell and Sharma, 2013) and visual evoked potentials (Campbell and Sharma, 2014) in adults with bilateral mild to moderate high-frequency (2–8 kHz) hearing loss and normal-hearing controls. In the auditory evoked potentials study (2013), performance on a speech-in-noise test was positively correlated with increased latencies of the frontal P2 component. Compared to the control group, the hearing-impaired participants showed increases in P2 latency and amplitude. Increased activation in the frontal cortex and decreased activation in the temporal cortex in hearing-impaired subjects compared to the control group were found using cortical source localization, indicating possible changes in the allocation of cortical resources. In the study published in 2014, Campbell and Sharma examined visual evoked potentials and correlated auditory performance in a speech perception task with the visual evoked N1 latency for persons with mild-moderate hearing loss. Adults with hearing loss showed decreased N1 latencies compared to controls and a negative correlation with auditory performance. Furthermore, the amplitudes of P1, N1, and P2 were significantly larger for hearing-impaired participants (Campbell and Sharma, 2014). Using source localization, the authors showed that the P1 component originated from similar brain areas (cerebellar and higher-order visual cortical regions) for both, hearing-impaired and healthy participants. However, for the N1 and P2 components, the hearing-impaired group showed increased activation in temporal areas, which are associated with auditory processing (e.g., superior temporal gyrus, medial temporal gyrus, and inferior temporal gyrus; Campbell and Sharma, 2014). This suggests visual cross-modal reorganization (i.e., intact visual systems can recruit and repurpose deprived audio cortices for processing of their input). Similarly, Cardon and Sharma (2018) investigated cross-modal reorganization between the auditory and somatosensory modalities in older adults with normal hearing and mild-moderate hearing in response to vibrotactile stimulation using high-density electroencephalography. Results showed activation of the somatosensory areas in both hearing-impaired and adults with normal hearing. However, adults with age-related hearing impairment also showed activation of auditory cortical regions in response to somatosensory stimulation.

Regarding the current literature, existing studies with hearing impaired older adults only addressed one of the described aspects but not the comparison of the two most relevant domains for daily activities (vision and hearing) for this target group. Moreover, the neural correlates of existing studies with hearing impaired participants were only examined in a sitting condition. It remains unclear if these findings can be transferred to daily situations that reflect dual-tasking aspects during real life activities. Therefore, the multicomponent MoBI-approach will help to overcome the research gap and gain deeper insights into the neural underpinnings of the interaction of motor and cognitive tasks in different dual-task conditions (visual and auditory). We will further systematically control for the impact of age and potential performance decrements of older adults with hearing impairments.



Aims and Research Questions for the Study

The present study is designed to investigate the following three foci using a MoBI approach:

Focus 1: General characteristics of dual-task walking of all participants.


• How does cognitive task performance differ when using visual or auditory stimuli in single- and dual-task conditions?

• How are dual-task costs represented in gait parameters?

• How are neuronal correlates of auditory and visual information processing impacted by dual-task interference during walking?



Focus 2: Age-related differences in dual-task walking.


• Can we replicate the age-related increase in dual-task costs?

• How are the age-related differences in performance reflected in the respective brain activity of younger and older adults?

• How do younger and older adults differ in their gait parameters and gait-phase related stimuli processing?



Focus 3: Differences of hearing-impaired and healthy older participants in dual-task walking.


• How do auditory vs. visual information processing and movement control vary with regards to the effect of hearing impairment represented in both cognitive task stimuli modalities and dual-task vs. single-task performance?

• How are dual-task costs reflected in biomechanical and neuropsychological measures of hearing-impaired participants?



The overall hypothesis is that there are differences in dual-task costs and their corresponding neuronal correlates between the three groups with the highest disadvantages for the group of older adults with impaired hearing. We hypothesize that the performance differences are linked to the different cognitive-motor processes; i.e., information or stimulus input, resource allocation, and movement execution. Further, we hypothesize that the increasing task complexity (from single-task to dual-task), as well as the stimulus modality (visual vs. auditory), will further diminish the walking performance and increase neuronal activity.



METHODS/STUDY DESIGN

This protocol paper was drafted according to the SPIRIT statement (Chan et al., 2013).


Trial Design

This protocol will reflect a multifactorial mixed-measure design with the two two-level between-subject factors, age (younger vs. older adults) and hearing impairment (mild hearing-impaired vs. not hearing impaired). The design will be incomplete as the sample contains older adults with hearing impairments and healthy controls matched by age and gender as well as a younger age group. No data of young hearing-impaired adults will be recorded.

The within-subject factors will be the task condition (single- vs. dual-task) and cognitive task modality (visual vs. auditory). Stimuli of the cognitive task will vary according to the presentation side (left vs. right), modality-specific properties (magenta vs. cyan or low vs. high pitch, respectively), and presentation-response compatibility (ipsilateral vs. contra-lateral). Analyses of dual-task costs and underlying neuronal correlates can focus either on gait parameters or cognitive task performance.

The chosen colors and tone pitch levels are the conclusion of extensive piloting. In case further testing reveals that other properties are more appropriate for the experimental paradigm, we keep the option open to change the modality-specific properties.



Participants, Interventions, and Outcomes


Ethical Approval

The study will be conducted in agreement with the principles of the Declaration of Helsinki and the guidelines of Good Clinical Practice. Written informed consent will be obtained from all participants before enrolment in the study. The local ethics committee of the TU Berlin, Germany, has approved the study protocol {BPN_WOL_1_210129}. The trial was registered at DRKS.de with registration number DRKS00024453 on April 14th, 2021.



Recruitment of Participants

To assure eligibility and recruitment of participants, community-dwelling older adults will be recruited from a database of the TU Berlin (e.g., “TUB-Versuchspersonenportal”) as well as public advertisement and collaborating audiologists in the surrounding areas of Berlin and Hamburg.

Based on sample size calculation (for details see section “Sample Size Estimate/Power Calculations”), a group of 96 community-dwelling older adults (50–70 years) and 48 younger adults (20–30 years) will be recruited. The older experimental group will be divided into the following 2 equally sized subgroups: (1) hearing impaired, (2) not hearing impaired. The participants’ allocation to the group will be done after prior assessment using a test battery in a first session. Data analyses will be done on anonymized data.



Confidentiality

All recorded data will be pseudonymized using a participants’ number. Only the individual participant code recreated by the participant will allow identifying the participants number of the respective data set in case data deletion is requested within thirty days after end of the data recording. No questionnaire or digital data file will include names or other personal information that would allow identification of data-participant-relations. Video recordings will be stored only after pixelating the face (e.g., Sensarea). Raw data of video will be already deleted permanently on the day of the recording as soon as the pixelating is done.



Eligibility Criteria

The group assignment will be based on the severity of hearing impairment using 4-frequency (0.5, 1, 2, and 4 kHz) pure-tone average (PTA 0.5–4 kHz) and defining PTA 0.5–4 kHz ≤ 25 dB HL as normal and PTA 2–4 kHz = 26–40 dB HL as mild in the better hearing ear. Participants will be asked to do the hearing acuity testing with and without their hearing aid to record if their hearing ability was corrected to normal which has effects on the sensory stimulation of the brain.

Inclusion criteria for the healthy young participants will be (1) no diagnosis of hearing impairment (PTA 0.5–4 kHz ≤ 25 dB HL), (2) age range between 20 and 30 years, (3) no color blindness.

Inclusion criteria for the non-hearing-impaired older participants will be: (1) no diagnosis of hearing impairment (PTA 0.5–4 kHz ≤ 25 dB HL), (2) score > 7 for the Short Physical Performance Battery (SPPB), (3) living independently in the community, (4) maximally moderate risk of falls (< = 13% in the QuickScreen Clinical Falls Assessment Tool), (5) age range between 50 and 70 years, (6) no color blindness.

Inclusion criteria for the hearing-impaired older participants will be: (1) diagnosis of mild hearing impairment (PTA 2–4 kHz = 26–41 dB HL), (2) score > 7 for the SPPB, (3) living independently in the community, (4) maximally moderate risk of falls (≤ 13% in the QuickScreen Clinical Falls Assessment Tool), (5) age range between 50 and 70 years, (6) no color blindness. The severity of hearing impairment will be based on the pure tone audiometry results (evaluated by qualified audiologists prior to the pre-screening session).

Exclusion criteria will be (1) severe hearing impairment (PTA 0.5–4 kHz ≥ 41 dB), (2) any acute or chronic diseases, especially of the peripheral and central nervous system, (3) recurrent falls, (4) impaired vision that is not corrected with e.g., glasses, (5) SPPB score ≤ 7, (6) indication for impaired cognition (MoCA), (7) risk of falls > 13% (QuickScreen Clinical Falls Assessment Tool).



Outcome Measures

The assessment will focus on behavioral, gait-related as well as neurophysiological markers to gain a deeper understanding of the CMI during dual-task walking. Standardized questionnaires and assessments, as described in the section “Secondary Outcomes,” will be used to collect general health information and used to control for covarying factors.


Primary Outcomes

The primary outcome of the present study will be the dual-task cost occurring in over-ground walking with a cognitive secondary task. Gait parameters will be recorded for single and dual task walking, EEG measures will be conducted throughout the entire experiment (ST cognitive; ST walking; DT walking).


Cognitive Task Performance

Participants will receive an auditory or visual discrimination task which fits all criteria for the analyses of gait parameters and event-related as well as continuous brain activity. Task performance will be analyzed using response accuracy and response time.



Gait Performance

Gait parameters like walking speed, step length, double support time, etc., will be captured by the OptoGait system (Microgate, Italy). The OptoGait utilizes photoelectric bridges between LEDs and photodiodes to record ground contacts. Therefore, two parallel positioned rows of bars frame the area of measurement. The temporal resolution of the OptoGait is 1 kHz, with a spatial resolution of 1.041 cm. The OptoGait has already been cross-validated against a three-dimensional motion capture system (ICC 0.690–0.999; p < 0.001; Healy et al., 2019). The heel strike will be used as event to calculate gait parameters such as step length, swing phase, stance phase, double support phase and more. The heel strike has been proven to be the most suitable event for our purposes (Rudisch et al., 2021).

Arm swing and hip rotation will be recorded using the HTC Vive trackers and four lighthouse cameras (HTC Corporation, Taoyuan City, Taiwan). Both measures will be analyzed for regular and natural patterns using the amplitude and variability of the respective measure.



Brain Activity Changes

EEG activity will be recorded using 64 active electrodes on an elastic cap (actiCAP snap and LiveAmp 64, Brain Products GmBH, Gilching, Germany) with electrode positions of the 10% system (Oostenveld and Praamstra, 2001) and one electrooculography electrode placed on the cheek for capturing vertical eye movements. Brain activity data will be analyzed on the sensor- as well as source-level. Individual electrode positions will be recorded using a handheld scanner (CapTrak, Brain Products GmBH, Gilching, Germany).

Event-related measures of interest will be event-related potentials (ERPs, e.g., visual P1/N1, P3 over the occipital and parietal cortex, auditory P1/N2, P3 over the temporal and parietal cortex) as well as event-related spectral perturbations (ERSPs, visual and auditory evoked, and event-related desynchronization of mu (10–12 Hz) and beta (18–30 Hz) rhythms during walking). Further analyzed ERPs will be response-related slow cortical potentials (e.g., movement-related cortical potentials like the lateralized-readiness potential at left and right central electrode sites), and eye-movement as well as gait-phase related analysis. EEG data will be analyzed in the time and frequency domain. In addition, functional connectivity measures will be investigated.



Secondary Outcomes

Secondary outcome measures will be recorded in order to ensure the eligibility criteria and to control for the influence of various covarying factors.


Demographic and General Questionnaire Regarding Participants’ Current State

Demographic data such as age, body height and body mass, sex, and socio-educational status will be collected, as well as data on the current state of health on the respective assessment day. As a possible contributing factor to the impact of the response side (e.g., on reaction time in cognitive tasks), participants will be asked for their handedness in ten everyday life situations.



Short Falls-Efficacy-Scale-International

The Short Falls-Efficacy-Scale-International (SFES-I) is a 7-item questionnaire addressing fear of falling during easy and complex physical activities as well as social activities (Yardley et al., 2005). A validated German version is available, the completion time is approximately 10 min.



QuickScreen Clinical Falls Assessment Tool—Translated to the German Language

The QuickScreen Clinical Falls Risk Assessment is a multifactorial assessment tool adapted to clinical settings. Measurement properties have already been confirmed in cohorts of community-dwelling older adults. The QuickScreen shows low measurement error, good reliability, and high sensitivity for physical status changes (Tiedemann et al., 2010). The instrument captures information on risk factors of falling in about 10 min. Assessed risk factors are (1) previous falls, (2) medication usage, (3) vision, (4) peripheral sensation, (5) lower limb strength, (6) balance, and (7) coordination. The number of affirmed risk factors is translated into the potential risk of falling for the respective participant, expressed as a percentage. The calculated percentage indicates the risk of falling within the next year. Therefore, a higher value represents a higher risk of falling.



Montreal Cognitive Assessment (MoCA)

The Montreal Cognitive Assessment is a one-page 30-items test developed for screening Mild Cognitive Impairment. It involves items to assess a range of cognitive domains, including executive functions, visuospatial abilities, language, attention, working memory, abstraction, and orientation to time and place. The internal consistency of the MoCA is good (Cronbach’s alpha = 0.84; Wong et al., 2018) and a validated German version is available. The duration of the assessment is about 10 min.



Short Physical Performance Battery (SPPB)

The Short Physical Performance Battery (Guralnik et al., 1994) assesses the valid physical function of the lower extremity in older people. Participants are required to stand in an upright position under three conditions (Romberg stance, semi-tandem stance, tandem stance). After that, comfortable gait speed is assessed by measuring the time to walk a four-meter track, starting from a standing position and stopping when the first foot is at the four meters line. Finally, a five-time sit-to-stand transfer is completed as fast as possible. Each domain is scored between zero and four points; SPPB overall scores range from zero (low mobility) to twelve (full mobility). Participants with a score less than 8 will be excluded. The SPPB takes about 10 min.



Pure Tone Audiometry

Qualified audiologists with their medical-approved equipment will perform the audiometry on-site testing both ears of the participants. When hearing aids are used by the participant during everyday life, the measurement will be performed with and without a hearing aid. Special solutions for this situation will be conducted in cooperation with the hearing aid acoustician.



Dual-Task Strategy Assessment

Participants will be asked to answer a customized six yes/no-items questionnaire about the strategy used during dual-task walking with a modified version of the questionnaire used by Wollesen et al. (2017a):


Did you feel insecure while walking with the addition of the visual task?

Did you feel insecure while walking with the addition of the auditory task?

I was annoyed by the mistakes I made in the secondary tasks.

Did you concentrate more on the secondary tasks compared to gait performance?

Did you try to equally allocate attention to walking and the secondary tasks?

Was your preferred walking speed slower while walking with a secondary task?

(German Translation: Haben Sie sich unsicher gefühlt, als Sie während des Laufens die Farbe der Lichtblitze unterscheiden sollten? Haben sie sich unsicher gefühlt als Sie während des Laufens die Tonhöhe der Töne unterscheiden sollten? Ich habe mich über meine Fehler in den Entscheidungsaufgaben geärgert. Haben Sie sich mehr auf die Entscheidungsaufgabe konzentriert als auf das Gehen? Haben Sie versucht Ihre Aufmerksamkeit gleichermaßen auf Gehen und Entscheidungsaufgabe zu verteilen? Hat die Entscheidungsaufgabe dazu geführt, dass sich Ihre präferierte Ganggeschwindigkeit verlangsamt hat?)





Procedure


Description of the Testing Procedure

The cross-sectional study will consist of 2 days of measurement for each participant. After recruitment and signing informed consent, participants’ characteristics will be gathered via a standardized assessment (Prescreening) on day one lasting approximately 1.5 h. Questionnaires will be utilized to capture demographic characteristics, health assessment, fear of falls, fall risk, and cognitive capacity. The physical function will be rated by leg strength, gait- and balance testing. Pure tone audiometry and familiarization with the measurement setup of day two will complete the first day of measurement. The utilized instruments are listed in chronicle order of application below:


Measurement Day 1: Prescreening to Identify Confounders and Security Risks


a) Demographic and general questionnaire regarding participants’ current state

b) Handedness Questionnaire

c) Short Falls Efficacy-Scale-International (SFES-I)

d) QuickScreen Clinical Falls Assessment Tool

e) Montreal Cognitive Assessment (MoCA)

f) Short Physical Performance Battery (SPPB)

g) Pure Tone Audiometry

h) Familiarization with the experimental setup



At the end of day one, participants fulfilling the requirements for inclusion in the study will be invited to return on another day for the second set of measurements. The measurements on day two will mainly comprise EEG measurements while sitting and walking under single- and dual-task conditions. The order of measurement conditions will be pseudo-randomized on day two, always starting with a walking condition and then constantly switching between walking and sitting conditions. Dependent on the task instructions, one of the combinations will represent motor-response ipsilateral (cyan-right, magenta-left, high pitch-right, low pitch-left) or contra-lateral (magenta-right, cyan-left, high pitch-left, low pitch-right) to the presentation side (Table 1). Following the questionnaire about the current state of the participant, familiarization trials for auditory and visual stimuli, and 3 min baseline recordings during sitting and walking will take place.


TABLE 1. Stimuli number of the cognitive tasks dissociated by task condition, presentation side, cognitive task modality, modality-specific properties, and presentation-response compatibility with shaded entries representing that the correct response is contralateral to presentation side.

[image: Table 1]


Measurement Day 2: Dual-Task Walking With EEG


a) General questionnaire regarding participants’ current state

b) Baseline EEG and Gait Performance without response device

c) Single-Task-Walking with a response device

d) Cognitive tasks while sitting (Single-Task-Conditions)

e) Cognitive tasks while walking (Dual-Task-Conditions)



Measurement day 2 will take approximately 2.5–3.5 h per participant and will string together conditions of sitting and walking. Breaks will be at least 2 min between the conditions and may be extended as required. At the end of the measurement of day 2, the participants will be asked about their dual-task strategy.



Baseline Electroencephalography and Gait Performance Without Response Device

To collect EEG baseline data and to familiarize participants with the setting, participants will first sit quietly for 3 min and then walk at their preferred walking speed within a 10-m gangway of the OptoGait (Microgate, Bolzano, Italy) system without the response device (3 min). Following the baseline measurements, a 2 min break will take place.



Single-Task Walking With Response Device

Single-task walking will take place as one of five conditions in pseudo-randomized order. Participants will walk constantly 520 m (400 m within the OptoGait), but with the response devices in their hands. Participants will be able to choose their preferred walking speed and turn around by walking around a cone placed at least 1 m from the ends of the OptoGait gangway. From the single-task walking, we will also extract the distance walked within the first 6 min as a slightly modified measure of the 6-min walk test (ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories, 2002).



Cognitive Tasks While Sitting—Single-Task-Conditions

Participants will be asked to perform cognitive tasks (stimulus-discrimination). During these tasks, participants will be wearing the EEG-system, a custom-made spectacle frame with two LEDs attached to present light stimuli in the peripheral visual field. In addition, participants will wear headphones for presenting auditory stimuli. While sitting in the middle of the OptoGait and performing the task, participants will be asked to look in a walking direction. 200 stimuli (in either the visual or the auditory condition) will be presented with a varying inter-stimulus interval (400–800 ms) and a duration of 100 ms. Participants will be asked to react within a time window of 900 ms to the stimuli by pressing a button on the Vive controller in the respective hand. Thus, the maximal trial duration will vary between 1.4–1.8 s. The participant’s response will initiate the next trial and in case no response is given within the required time window, the next trial will start after 900 ms.

Visual task: Visual light stimuli, magenta (red and blue LED) and/or cyan (green and blue LED) flashes, will be presented counterbalanced and pseudo-randomized on the left or right side of the spectacle frame. Participants will have to which color (magenta or cyan) was presented (color discrimination task) with a right/left hand button press.

Auditory task: Auditory stimuli (high and low tone of 1000 and 500 Hz) will be presented for the duration of 100 ms either binaurally or to the left or right side with a volume of 50–60 dB (equals volume of an indoor conversation, Pearsons et al., 1977), regardless of presence and severity of the hearing impairment. Participants will have to indicate which pitch (low or high) was presented (pitch discrimination task) with a right/left hand button press.



Cognitive Tasks While Walking—Dual-Task-Conditions

For the dual-task conditions, a walking time of 6–7.5 min is estimated for each condition, including turnarounds at the end of the gangway. The same visual and auditory stimuli as described in the previous section will be used. Participants will be asked to simultaneously walk up and down the OptoGait gangway. Participants will be able to choose their preferred walking speed and turn around by walking around a cone, placed at least 1 m from the ends of the OptoGait gangway. Five stimuli will be presented each time participants walk the 10 m gangway of the OptoGait. Each task will end after the participants walked 520 m (400 m within the OptoGait) and 200 presented stimuli.



Data Collection, Management, and Analysis


Data Collection

Both, single-task (ST) and dual-task (DT) will be investigated in separate conditions in the experiment. For this purpose, over ground walking will serve as the primary task, while secondary tasks comprise visual or auditory stimulus discrimination. The within-subject comparison between conditions will enable the investigation of dual-task costs vs. task-specific demands. Furthermore, a between-subject comparison will allow for comparing the performance of hearing-impaired older persons with healthy young and older adults. All groups will be treated identically to allow for a comparison of results of dual-task performance across groups.



Data Management

All data gathered by questionnaires will be digitalized for further processing. Functional testing will be controlled via Unity3D (Unity Technologies, San Francisco, United States), which also assigns basic demographic data to the measurement data of each participant. All functional measurements will be streamed and synchronized using the LabStreamingLayer (Swartz Center for Computational Neuroscience, UCSD, US). Synchronized data streams will comprise gait analyses (OptoGait, Microgate, Bolzano, IT), EEG recording (LiveAMP, Brain Products, Gilching, DE), kinematics (VivePro, HTC, Taoyuan, TW), and secondary task performance (VivePro, HTC, Taoyuan, TW & Raspberry Pi, Raspberry Pi Foundation, Cambridge, GB).

Data processing and feature extraction will be done using customized MATLAB scripts (The MathWorks, Inc.), EEGLAB (Delorme and Makeig, 2004). After importing all synchronized Motion Capture and EEG data streams, we will preprocess the EEG data using the bemobil-pipeline.1 This pipeline comprises filtering, data cleaning (channel and line noise), independent component analysis computation and equivalent dipole modeling for activity sources. Gait data will be analyzed separately as well as events will be extracted which in turn will be used in joint analyses like gait-phase-related brain activity changes. Following processing of the event-related potentials or spectral measures will be done with respective processing pipelines like the unfold-toolbox (Ehinger and Dimigen, 2019). Source-based analysis will apply repetitive k-means clustering to ensure a stable clustering solution for further analysis of clusters representing the brain regions of interest and connectivity measures.



Statistical Analysis

Descriptive data will be presented as mean (M) and standard deviation (SD). Normal distribution and homoscedasticity will be checked by the Shapiro-Wilk-Test and the Levene-Test, respectively. Dual-task costs will be analyzed using univariate analyses of variances (ANOVA) including the between-subject factors age (younger vs. older) and in case of older hearing ability (hearing impaired vs. non-hearing impaired) and the within-subject factors task complexity (single- vs. dual-task) and stimulus modality (visual vs. auditory).

Significance will be set at α = 0.05. The effect size will be presented as partial eta squared. In all post hoc comparisons we will control for multiple comparisons (e.g., Bonferroni). Statistical analyses will be done by using SPSS (IBM, SPSS Inc., Chicago, IL, United States) or R (R Core Team, 2013).



Sample Size Estimate/Power Calculations

A g∗power sample size calculation (a priori: F-tests; repeated measures, within-between interaction, effect size f = 0.25; alpha error prob = 0.05; power (1-beta error prob) = 0.8; number of groups = 3) revealed a total of N = 36 for each group. Due to an expected drop-out rate of about 20 percent, we will integrate at least 44 participants for each group. We aim to recruit 48 participants per group for the Prescreening.



DISCUSSION

This study aims to gain more insights into CMI while walking of older adults with hearing impairments by using a MoBI-approach. The analysis will be conducted to investigate whether older adults with and without hearing impairments as well as younger adults differ in their cognitive-motor performance while DT walking. Moreover, underlying processes of the interaction between motor and cognitive tasks will be identified at a behavioral and neurophysiological level comparing people with hearing impairments with healthy younger and older adults and while walking with an auditory or a visual secondary task. The overall hypothesis is that there are performance differences and corresponding neuronal correlates between the subgroups with the highest disadvantages for the group of hearing-impaired older adults. We hypothesize that the performance differences are linked to the different cognitive-motor processes; i.e., stimulus input, resource allocation, and movement execution. Moreover, for the different DT conditions (auditory vs. visual) we assume performance decrements within the auditory condition, especially for older, hearing-impaired adults.

As multitask performance mimics everyday life (Faulkner et al., 2007), an understanding of how we adapt to CMI is critical. For example, with increasing age, adults might need cognitive-motor strategies to reduce the risk of falling during daily walking situations (Lövdén et al., 2008; Godde and Voelcker-Rehage, 2010; Schaefer and Schumacher, 2011; Klotzbier et al., 2021). These strategies need to be tailored for adequate exercise interventions addressing different health-related problems, like hearing impairments, to overcome the CMI, for example in fall prevention. To gain more systematic and structured results of different aspects of cognitive-motor performance this study firstly addresses three blocks of behavioral and performance outcomes and their neurophysiological correlates.

Starting with the general characteristics of dual-task walking for all participants this study will compare the influence of visual or auditory secondary stimuli while walking. One might expect that with respect to age comparison the behavioral data might be different and that older adults show more changes in the observed gait parameters (e.g., speed, step length, double support time; refs). Because the walking performance between younger and older adults already differs at ST walking (Neider et al., 2011; Klotzbier et al., 2021), we expect especially the DT situation with additional visual input to lead to the highest performance decrements (for an overview cf. Beurskens and Bock, 2012). Additionally, there is first evidence that older and younger adults might show DT-related differences in walking patterns related to pace (like walking speed) or rhythm (like cadence or double support time; Beauchet et al., 2019; Klotzbier et al., 2021). The study by Klotzbier et al. (2021) showed that younger adults’ gait performance during a verbal fluency DT (naming animals) only led to reduced walking speed, whereas for the older adults both elements of pace and rhythm were affected (Klotzbier et al., 2021). It is of interest if these results could be replicated for the integrated visual and auditory tasks within this study. Moreover, we expect first insights into the neuronal correlates of the interaction of the secondary task and the two dimensions of gait performance (parameters of rhythm vs. parameters of pace and effects on arm swing as well as hip rotation) as well as the different phases of a gait cycle (gait initiation, swing phases as well as double support phase; for example as shown for persons with Parkinson’s disease; Fino et al., 2018).

Regarding the EEG, it is expected that during DT walking as compared to the single cognitive task, the early evoked P1 covaries in amplitude and latency with walking speed independent of age (Protzak et al., 2021). In addition, a reduction in the late positive complex in the dual-task setup as compared to the single task is expected only in young but not older participants (Protzak et al., 2021). However, older participants without hearing impairments might demonstrate less reduction in the late positive complex as compared to the hearing impaired group. Gait-related spectral modulations are expected in different frequency bands including alpha, beta, and gamma (Onton et al., 2005; Seeber et al., 2014; Wagner et al., 2016). Studies have shown that EEG spectral power in the μ and β band decreases over sensorimotor areas during walking on the treadmill (Severens et al., 2012) when compared to a static condition. The μ and β are suppressed during movement and their amplitudes are modulated locked to the gait-cycle phase during walking (Seeber et al., 2014). It remains unclear if this changes under DT conditions. Moreover, it needs to be investigated whether this also happens during over ground DT walking.

In addition, older participants with hearing impairments are expected to show reduced amplitudes in auditory evoked potentials compared to older participants with normal hearing and younger controls. Previous studies suggest that visual-evoked P1, N1, and P2 amplitudes might be significantly increased in hearing-impaired participants accompanied by increased activation of temporal areas underlying auditory processing. This suggests visual cross-modal reorganization (i.e., intact visual systems can recruit and repurpose deprived audio cortices for processing of their input (Campbell and Sharma, 2014). The described study within this protocol might have the potential to support this hypothesis while using two different sensory modalities and thus allowing for a direct comparison of the results within the same participants.

Findings will provide evidence of general mechanisms of CMI (ST vs. DT walking) as well as task-specific effects underlying changes in dual-task performance while over ground walking. We will use the newly acquired knowledge to tailor intervention programs on physical activity and falls prevention to the special needs of the target group of older adults with hearing impairments. Systematic assessment of individual dual-task performance compared to their healthy cohort, and gained insights into the neural-correlates of motor-control in different conditions will guide training interventions with the overall goal to reduce the number of falls within this target population.
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Background: The dual task (DT) was commonly used to assess the risk of falls in older adults and patients with neurological disorders. However, the performance on DT conditions has not been well investigated in patients with cerebral microbleed (CMB). This study is aimed to compare the performance in DT tests between older adults with and without CMB, and to explore the association between CMB and cognitive performances of DT.

Methods: This is a cross-sectional study. A total of 211 old adults participated, involving 68 CMB patients. The task protocol involved two global cognition tests, two single cognitive tests (serial 7 subtraction and semantic fluency), two single motor tasks [8-m walking and timed up and go test (TUG)], and three DT tests [walking and serial subtraction (WSS), walking and semantic fluency (WSF), and TUG and serial subtraction (TUGSS)]. The time taken to complete each task and the number of correct responses were recorded. For each DT condition, the correct response rate (CRR) and the dual-task effect (DTE) for the correct number were calculated.

Results: Compared with subjects without CMB, CMB patients had worse cognitive performances on DT condition in CRR of WSS (p = 0.003), WSF (p = 0.030) and TUGSS (p = 0.006), and DTE of WSS (p = 0.017). Binary logistic regression analysis showed that the presence of CMB was an independent risk factor for the impairment group for CRR of TUGSS (OR, 2.54; 95% CI, 1.11–5.82; p = 0.027) with the adjustment for confounders, rather than CRR of WSS and WSF, or DTE of WSS. Multiple linear regression analysis showed that CRR of TUGSS decreased with the increase of CMB number grades (β, −0.144; 95% CI, −0.027, −0.002; p = 0.028).

Conclusion: The present study indicated that CMBs were closely associated with poor cognitive performances on DT in the elderly. Strongest effect size was seen for CRR of TUGSS, where performance deficits increased in proportion to the degree of CMB burden.

Keywords: cerebral microbleed, dual task, cognitive-motor interference, cognition, motor


INTRODUCTION

Dual task (DT) refers to a paradigm that an individual performs two attention-demanding tasks with different goals simultaneously. Taking two tasks concurrently has negative effects on the performance of both tasks (Nonnekes et al., 2020). The difference between the performance on each single task and DT provides an index of DT ability. In people's daily life, performing various activities requires the coordination of complex cognitive and motor functions. And the one-dimensional cognitive or motor test may not be accurate enough to assess people's ability of daily living. Thus, the DT may be an important method for the complemental assessment of physical function.

Previous studies have reported that the performance in DT tests of the elderly is significantly worse than that of the young (Lindenberger et al., 2000; Pothier et al., 2015; Papegaaij et al., 2017). White matter hyperintensity (WMH), a kind of aging-related small vessel lesions that is common in older adults, has been found a close relationship with poor gait performances on the DT condition (Ghanavati et al., 2018; Hairu et al., 2021). It's suggested that cerebral small vessel disease (CSVD) may be an underlying cause of poor DT performances in the elderly. Cerebral microbleed (CMB) is one of the crucial markers of CSVD, and its pathological mechanism is closely related to hypertension and cerebral amyloid angiopathy (Shuaib et al., 2019). Many studies have indicated that CMB is associated with the cognitive impairment or gait dysfunction (Akoudad et al., 2016; Chiu et al., 2018; Nyúl-Tóth et al., 2020; Li et al., 2021a; Sullivan et al., 2021). However, there are no studies specifically focusing on the effect of CMB lesions on DT performances.

The purpose of the current study is to investigate how performances of a cognitive-motor DT protocol differ between older adults with and without CMB, and to prove the association between CMB and cognitive performances under the DT condition. We hypothesize that the DT performance of old adults with CMB is worse than that of those without CMB, and that the presence and the severity of CMB are closely related to the cognitive performance decline in DT.



METHODS


Subjects

This study was designed as a cross-sectional study. Participants for physical examinations were recruited in the Neurology Department of Beijing Chao-yang Hospital, Capital Medical University from January 2021 to September 2021. Written informed consent was obtained from eligible participants. The study was performed in compliance with the Declaration of Helsinki and approved by the Ethics Committee of Beijing Chao-yang Hospital, Capital Medical University (2021-Sci-56).

Inclusion criteria were age ≥60 years, available clinical data and brain magnetic resonance imaging (MRI), and agreement to participate in this study. The exclusion criteria included: (1) acute cerebrovascular diseases such as acute cerebral infarction, cerebral hemorrhage, venous sinus thrombosis and so on; (2) history of the massive relevant cerebral infarction (recent infarct > 2.0 cm in diameter and the correspondent lacuna > 1.5 cm in diameter) and cerebral hemorrhage with neurological sequelae; (3) the neurodegenerative disease (Parkinson's disease, Alzheimer's disease, multiple system atrophy, etc.), history of nervous system infection, inflammatory demyelinating disease, brain trauma, poisoning, radioactive encephalopathy and metabolic encephalopathy; (4) severe neuropsychological diseases and mental illnesses affecting the results of cognitive function assessments; (5) patients with cardiac insufficiency, hepatic failure, kidney failure or other medical conditions that were too weak prevented the patients from performing a proper assessment; (6) orthopedic conditions or pain affecting natural motor function; (7) taking cognitive-affecting drugs within 24 h; (8) severe visual or hearing impairment; (9) incomplete data of clinical records, motor function assessments and neuropsychological tests, or brain MRI with poor quality.

Baseline information including age, gender, years of education, height, weight, smoking and drinking status, medication use and medical history of hypertension, diabetes, hyperlipidemia, stroke, transient ischemic attack, or coronary artery disease was collected from all participants according to medical records and questionnaires.



Neuroimaging Assessments

MRI was performed on a 3.0-T MRI scanner (Prisma; Siemens AG, Erlangen, Germany). The parameters of the MRI examination were as follows: T1-weighted imaging (repetition time = 2000.0 ms, echo time = 9.2 ms, slice thickness = 5 mm, and field of view = 220 × 220 mm2), T2-weighted imaging (repetition time = 4,500.0 ms, echo time = 84.0 ms, slice thickness = 5.0 mm, and field of view = 220 × 220 mm2), T2-weighted fluid-attenuated inversion recovery sequence (repetition time = 8,000.0 ms, echo time = 86.0 ms, slice thickness = 5.0 mm, and field of view = 199 × 220 mm2), diffusion-weighted imaging (repetition time = 3,300.0 ms, echo time = 91.0 ms, slice thickness = 5.0 mm, field of view = 230 × 230 mm2, and b = 0 and 1,000 s/mm2), and susceptibility-weighted imaging (repetition time = 27.0 ms, echo time = 20.0 ms, slice thickness = 3.2 mm, and field of view = 172 × 230 mm2).

Main neuroimaging markers of CSVD were defined according to the STandards for ReportIng Vascular changes on nEuroimaging published previously (Wardlaw et al., 2013). The location and number of CMB were collected based on the Microbleed Anatomical Rating Scale (Gregoire et al., 2009). And the severity of CMB was classified into four grades by the number of lesions (0 CMB, 1 CMB, 2 CMBs and ≥3 CMBs). The paraventricular hyperintensity (PVH) and deep white matter hyperintensity (DWMH) were graded according to the Fazekas scale ranging from 0 to 3, respectively (Fazekas et al., 1987). The burden of perivascular space (PVS) in centrum semiovale and basal ganglia (BG) was evaluated separately (grade 0 to 4) (Maclullich et al., 2004; Li et al., 2021b). The visual rating scale for posterior atrophy was used to assess the severity of brain atrophy ranging from 0 to 3 (Koedam et al., 2011). Moreover, we noted the total number and distribution of lacuna lesions.

Neuroimaging markers of CSVD were identified and labeled by consensus of two experienced neurologists blinded to clinical data. Disagreement was resolved by discussing with other coauthors.



Procedures


Cognitive Tests

Global cognition was assessed using the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA). Besides, the serial 7 subtraction task and semantic fluency task (animals) in MoCA were selected as two kinds of single cognitive tasks. For the serial 7 subtraction task, subjects were asked to calculate at least 60 s and at least five times. If the subject cannot perform the subtraction, the time for this item was limited to 60 s. For the semantic fluency task, subjects were asked to generate as many nouns as possible within 60 s. Besides, we recorded the subjects' responses and noted the number of correct answers. Cognitive assessments and DT tests were conducted within 5 days after the MRI scan.



Motor and Dual Tasks

Subjects performed all the following five tasks walking over a tiled floor. On the DT condition, subjects walked with the instruction to “perform both tasks as well as possible without giving priority to either motor or cognitive task”. Subjects' responses were recorded, and we also noted the number of correct responses.

1. Eight-meter walking task: Participants were asked to walk on level ground along an 8-m pathway at their usual and comfortable pace.

2. Walking and serial subtraction task (WSS): Participants walked along the 8-m walkway while repeatedly subtracting 7 from a random number concurrently.

3. Walking and semantic fluency task (WSF): Participants were instructed to walked along the 8-m walkway while doing semantic fluency task (vegetables) concurrently.

4. Timed up and go test (TUG): Participants were asked to stand up from a chair, walk 3 m, turn 180°, then walk back, and sit down at their usual and comfortable speed.

5. TUG and serial subtraction task (TUGSS): Participants performed the TUG test and serial 7 subtraction task from a random number simultaneously.

To avoid the learning effects, the rater assigned different word categories (animals or vegetables) or random numbers (between 80 and 100) when assessing the single cognitive test and the DT test. And our pilot study found that different sets of numbers or word categories produced comparable difficulty among participants.

Subjects' motor data were captured using the Intelligent Device for Energy Expenditure and Activity (IDEEA®, MiniSun LLC) system. The main recorder of IDEEA system was secured on the left waistband. One sub-recorder was taped above each lateral malleolus. Five sensors were placed on the sternum and bilaterally on the plantar aspect of foot and midline of the anterior aspect of thigh. The IDEEA system automatically recognized the movement of body and the change of posture, and recorded various parameters of tests including the start and end time, duration, gait, etc. The data was downloaded from the recorder to the computer after performing tests on each subject. Two gait parameters on each DT condition, the walking speed (m/s) and stride length (m), were included in this analysis.



Dual Task Performance Assessments

The correct response rate (CRR) was calculated using the duration and the number of correct responses in each DT test for measuring the cognitive performance under the DT condition. The CRR was computed as (Yang et al., 2016):

[image: image]

We used the dual-task effect (DTE) to assess the influence of the added motor task on the cognitive performance. The DTE was computed as (Kelly et al., 2010):

[image: image]

In this study, we calculated the DTE for the number of correct responses. The time limit given to count the answers in each single cognitive task was matched to the duration of the corresponding DT test. For example, if it took the subject 30 s to perform the DT of walking and subtraction, then we noted the number of correct responses in the first 30 s in the single task of subtraction in MoCA according to the recording. The negative value of the DTE indicates worse cognitive performance on the DT condition compared with the single task condition (“cognitive costs”), while the positive value indicates the improvement of performances (“cognitive benefits”) (Al-Yahya et al., 2011; Pumpho et al., 2020).

The increased time of WSS, WSF and TUGSS was calculated as the duration of WSS minus the duration of 8-m walking, the duration of WSF minus the duration of 8-m walking, and the duration of TUGSS minus the duration of TUG task, respectively.

The increased numbers of WSS, WSF and TUGSS were calculated as the correct number of WSS minus the correct number of single subtraction task, the correct number of WSF (vegetables) minus the correct number of semantic fluency (animals), and the correct number of TUGSS minus the correct number of single subtraction task, respectively. The time to count responses in each single cognitive task was matched to the duration of the corresponding DT test.

Impaired cognitive performance on DT was defined as the lowest quartile of CRR or DTE. Those participants with impaired cognitive performance were considered as the impairment group, the others were assigned to the control group.




Statistical Analyses

Data were presented as n (%) for categorical variables, mean (standard deviation) for normally distributed variables, or median (quartiles) for continuous data with non-normal distribution. The severity grade of WMH, PVS and PA was represented by the median (range). Differences among groups were determined using χ2, Mann-Whitney U or Kruskal-Wallis H test where appropriate.

The univariate analysis was used to identify the statistical differences of parameters in the cognitive performance between CMB patients and non-CMB subjects. Next, subjects were divided into the impairment group and the control group according to each parameter with statistical difference, separately. Then, age, sex, years of education and variables with significant differences between the impairment group and control group were adjusted in the following regression analysis as confounding factors.

Binary logistic regression analysis was performed to determine whether the presence of CMB was an independent risk factor of the DT performance. Multiple linear regression analysis was used to explore the trend of the DT performance with the increase of CMB number grades. All analyses were performed with Statistical Product and Service Solutions 22.0, and the statistical significance was considered at p < 0.05.




RESULTS

Sample characteristics are depicted in Table 1. A total of 211 elderly subjects were recruited in this study, including 116 males and 95 females with the median age of 70 years old. There were 68 patients with CMB and 143 subjects without CMB. As for the location of CMB, 24 patients had strictly lobar CMB, 16 patients had strictly deep CMB, two patients had strictly infratentorial CMB (cerebellum or brain stem, or both), 12 patients had mixed CMB (lobar, deep and infratentorial), 6 patients had mixed CMB (lobar and deep), 5 patents had mixed CMB (lobar and infratentorial), and 3 patients had mixed CMB (deep and infratentorial). There were 83 subjects with lacuna, including 32 patients with one lesion and 51 with multiple lesions. Six patients had lobar lacuna located in the cerebral lobe, 57 had lacuna in the basal ganglia, 39 had paraventricular lesion, and 20 had infratentorial lesion.


Table 1. Characteristics of the study population.
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Compared with non-CMB subjects, CMB patients had lower scores of MMSE (p = 0.012) and MoCA (p = 0.001), and worse cognitive performances on DT in CRR of WSS (p = 0.003), WSF (p = 0.030) and TUGSS (p = 0.006), and DTE of WSS (p = 0.017). There were no significant differences in the increased correct number or time of WSS, WSF and TUGSS, or DTE of WSF and TUGSS between CMB patients and non-CMB subjects (all p > 0.050) (Table 2). In CMB patients, numbers of correct answers of WSS and TUGSS were significantly lower than those of time-matched single subtraction tasks [1 (0, 2) vs. 2(1, 4), p < 0.001; 1 (0, 3) vs. 3 (1, 4), p < 0.001], while no significant difference was observed in the semantic fluency [7 (5, 8) vs. 7 (6, 8), p = 0.713]. After comparing gait parameters on each DT condition between two groups, CMB patients had slower stride speeds and shorter stride lengths, while the differences were statistically significant only in the stride length in TUGSS (p = 0.045) (Table 2).


Table 2. Comparison of cognitive performances and gait parameters between participants with and without CMB.
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Subjects were divided into the impairment group (the lowest quartile of CRR or DTE) and the control group (the other subjects) based on CRR of WSS, WSF and TUGSS, and DTE of WSS, respectively. Grouped by CRR of WSS, there were statistical differences in years of education (p = 0.003) and Fazekas scores of DWMH (p = 0.046) between the impairment group and the control group. Grouped by CRR of WSF, significant differences were found in diabetes (p = 0.013), hyperlipidemia (p = 0.044), antidiabetic drug (p = 0.037), presence or absence of lacuna (p = 0.046), Fazekas scores of DWMH (p < 0.001) and PVH (p < 0.001) and severity of BG-PVS (p = 0.044) between the impairment group and the control group. As for DTE of WSS, statistical differences were found in education (p = 0.003) and DWMH (p = 0.046) between two groups. In each grouping method, statistical differences were found in scores of MMSE (p < 0.05) and MoCA (p < 0.05) between the impairment group and the control group.

Grouped by CRR of TUGSS, there were significant differences in education (p = 0.014), smoking (p = 0.022), hyperlipidemia (p = 0.011), lipid-lowering drug (p = 0.011), MMSE (p < 0.001) and MoCA (p < 0.001) scores between the impairment group and the control group (Table 3). Binary logistic regression analysis showed that the presence of CMB was an independent risk factor for the impairment group of CRR of TUGSS (OR, 2.54; 95% CI, 1.11–5.82; p = 0.027) with the adjustment of age, sex, education, smoking, hyperlipidemia, lipid-lowering drug, MMSE and MoCA (Table 4).


Table 3. Comparison of characteristics between the impairment group and the control group classified by CRR of TUGSS.
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Table 4. Binary logistic regression analyses of the relationship between the presence of CMB and the cognitive performance on dual tasks based on different grouping methods.
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Participants were further classified into four grades according to the number of CMB lesions. There were 143 participants without CMB, 32 participants with 1 CMB, 12 participants with 2 CMB lesions and 24 participants with more than 2 CMB lesions. A significant difference was found in CRR of TUGSS among four CMB number grades (p = 0.032) (Figure 1). Multiple linear regression analysis showed that CRR of TUGSS decreased with the increase of CMB grades (β, −0.144; 95% CI, −0.027, −0.002; p = 0.028) after the correction of age, sex, education, smoking, hyperlipidemia, lipid-lowering drug, MMSE and MoCA.


[image: Figure 1]
FIGURE 1. Comparison of CRR of TUGSS among four CMB number grades (Kruskal-Wallis H test). CRR, correct response rate; TUGSS, timed up and go and serial subtraction; CMB, cerebral microbleed.


Moreover, binary logistic regression analysis suggested that the presence of CMB was not an independent risk factor for the impairment group on CRR of WSS (OR, 1.79; 95% CI, 0.85–3.74; p = 0.125), CRR of WSF (OR, 1.15; 95% CI, 0.51–2.57; p = 0.742) or DTE of WSS (OR, 1.79; 95% CI, 0.85–3.74; p = 0.125) after adjusting confounding factors respectively (Table 4).



DISCUSSION

When people perform a cognitive task and a motor task at the same time, there will be competition or interference between different tasks leading to the deterioration in one or both task performances. This is known as cognitive-motor interference, a specific kind of DT interference (Leone et al., 2017). The underlying mechanisms are still unclear. Several theories exist to explain it in humans (Pashler, 1994; Leone et al., 2017): (1) the capacity-sharing theory, which means limited resources must be reallocated between two tasks when people are performing them at the same time; (2) the bottleneck theory, which means when two tasks need the same mechanism, a bottleneck occurs, and one or both tasks will be delayed or impaired; and (3) the cross-talk theory, which refers to the content-dependent degradation or outcome conflict of two tasks, and theorists have usually favored that it is more difficult to perform two tasks even if they involve similar information.

Based on these theories, DT tests have been widely used to study the cognitive-motor interference and the risk of falls in different populations, such as patients with stroke, Alzheimer's disease, Parkinson's disease, or multiple sclerosis (Mofateh et al., 2017; Feld et al., 2018; de Oliveira Silva et al., 2020; Penko et al., 2020). Some studies found that old people had greater DT costs compared to young adults, and this deficit was related to the high incidence of falls in the elderly (Lindenberger et al., 2000; Bock, 2008; Pothier et al., 2015; Papegaaij et al., 2017; Uematsu et al., 2018). An age-related decrease in gait and balance function was also found in studies, which was in greater need of “attentional resources” (Lindenberger et al., 2000; Pothier et al., 2015; Papegaaij et al., 2017). In recent years, more and more studies have focused on the role of CSVD in the decline of DT performance in old people. A recent cross-sectional study found that WMH volume was related to slower gait speed and reduced stride length under DT conditions in dementia patients (Hairu et al., 2021). A study based on community-dwelling older people suggested the negative correlation between deep WMH volumes and the walking speed on DT conditions, which was mediated in part by global cognition and executive abilities specifically (Ghanavati et al., 2018). However, another study showed the opposite result that deep WMH was associated with impaired gait velocity of the single TUG test rather than DT walking (Hashimoto et al., 2014). Most studies have focused on gait disorders in the DT, and no studies have specifically targeted the DT performance of CMB patients. One study has collected the data of CMB, but the number of CMB patients was too small to find a difference between the gait disturbance group and the normal group (Hashimoto et al., 2014).

In this study, the combined protocol of various DT tests and single tasks was used to describe the feature of cognitive performances on DT of CMB patients. The results showed that the global cognitive function of CMB patients was worse than that of subjects without CMB, which was consistent with previous studies (Akoudad et al., 2016; Li et al., 2021a). Compared to subjects without CMB, CMB patients had worse cognitive performances on the DT condition in CRR of WSS, WSF and TUGSS, and DTE of WSS. In CMB patients, cognitive performances in two subtraction-DT tests were worse than those in single subtraction tasks, although the subjects were asked to perform two tasks without prioritization. Logistic regression analysis showed that the presence of CMB was a risk factor for the impairment group on CRR of TUGSS, independent of education, basic cognition and other confounders. These results also further confirmed the significant influence of CMB on cognitive function of the elderly.

As for the design of DT paradigm, the difficulty of DT can be changed by adjusting the level of complexity and novelty of each task (McIsaac et al., 2015). Verbal fluency and serial subtraction are widely used in CSVD patients to examine the sustained attention, information processing speed and executive function. One prior study has reported that the two tests are recommended for the assessment of TUG-cognitive task in stroke patients (Pumpho et al., 2020). Besides, two motor tasks of different levels of difficulty were used in this study, including 8-m walking and TUG tests. TUG is reliable and sensitive to detecting cognitive and mobility disorders, and can provide information about the gross motor function which is important for the maintenance of mobility in everyday tasks (Montero-Odasso et al., 2019). According to our results, CMB was an independent risk factor for the impairment group on CRR of TUGSS, where the performance worsened with the increasing degree of CMB burden. Thus, we propose that TUGSS may be a suitable DT test for evaluating the ability of CMB patients.

The underlying pathophysiological mechanisms of CMB-related cognitive and motor impairment have not been fully elucidated. The direct damage of CMB lesions on focal brain tissues may cause myelin loss, neuronal loss and variable extent of gliosis, and lead to the brain function disorder. The remote effects manifested by white matter microstructure changes and cortical thinning may also be an indirect damage to brain function caused by CSVD (Ter Telgte et al., 2018). Besides, CMBs are associated with the impairment of brain network, including longer path length and less global efficiency than people without CMB (Heringa et al., 2014; Reijmer et al., 2015). Another study in patients with cerebral amyloid angiopathy suggested that the brain network impairment worsened from posterior to frontal connections (in the fractional anisotropy) with the increasing disease severity (Reijmer et al., 2016). Moreover, a synergistic effect was found between CSVD and other neurodegenerative pathologies (such as Alzheimer's disease and Parkinson's disease) on patients' dysfunctions (Ter Telgte et al., 2018). Consequently, CMB lesions may lead to cognitive or motor disorders through the direct or indirect damage to the brain parenchyma and brain networks. Many prospective studies on the single cognitive task have demonstrated that the CMB is a crucial risk factor for cognitive deterioration and dementia (Akoudad et al., 2016; Ding et al., 2017). Our results expanded the above conclusion that CMB patients also had worse cognitive and gait performances on DT conditions than those without CMBs, especially in the decreased CRR and shortened stride length in TUGSS test. According to the therapy of reserve mechanisms (Ter Telgte et al., 2018), we speculated that for CMB patients with impaired reserve ability, the additional motor task on the basis of the single cognitive task would cause an aggravation of the cognitive dysfunction. On the other hand, the damaged brain tissue caused by CMB lesions made the cognitive-motor interference more significant. It might be related to the limited resources reallocated between two tasks and an inability to process the attentional demand of each task accurately (Leone et al., 2017; Ma et al., 2021). However, whether the influence of CMBs on motor function under DT conditions is directly caused by the lesions or mediated by cognitive dysfunction is an interesting question that needs further consideration and verification.

To our knowledge, this is the first study targeting the influence of CMB lesions on the cognitive performance under DT conditions in old adults. And the compound protocol of global cognition assessments, basic gait tests and different DT designs makes the functional assessment more diversified in this study. Moreover, the IDEEA, a microcomputer-based portable gait analysis system and physical activity monitor, has advantages in the detection and analysis of multiple gaits, postures, limb movements, and the energy expenditure with great accuracy (Huddleston et al., 2006).

However, there are still some limitations to this study. This is a single-center cross-sectional study, and the sample size is relatively small. So, we did not perform the subgroup analysis based on the CMB location or cognitive domains. Not all the gait parameters were included in the analysis, because this study paid more attention to the cognitive performance on DT that other studies had focused less on in CSVD patients. In the future, the sample size will be further expanded to conduct the interested subgroup analysis, and the motor function such as gait and balance will be complementally analyzed. In addition, those semi-quantitative scales were relatively subjective for the assessment of CSVD imaging markers. It may have some impact on the effectiveness of proving the tendency that cognitive performances on DT are changing with the severity of CMB burden. Further studies with advanced imaging techniques and post-processing methods may be of great value to provide more information and solve this problem.



CONCLUSION

The presence of CMB was an independent risk factor for the cognitive impairment group of TUGSS on the DT condition, where performance deficits increased in proportion to the degree of CMB burden. Failing to consider the effect of DT may lead to an underestimation of the difficulties in CMB patients' daily life, including those with mild impairments. In the future, more large-scale studies with longitudinal designs are needed to clarify the causality between CMB and DT performances and to explore the mechanisms using multimodal imaging techniques and experimental sciences.
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Standing upright on stable and unstable surfaces requires postural control. Postural control declines as humans age, presenting greater risk of fall-related injury and other negative health outcomes. Secondary cognitive tasks can further impact balance, which highlights the importance of coordination between cognitive and motor processes. Past research indicates that this coordination relies on executive function (EF; the ability to control, maintain, and flexibly direct attention to achieve goals), which coincidentally declines as humans age. This suggests that secondary cognitive tasks requiring EF may exert a greater influence on balance compared to non-EF secondary tasks, and this interaction could be exaggerated among older adults. In the current study, we had younger and older adults complete two Surface Stability conditions (standing upright on stable vs. unstable surfaces) under varying Cognitive Load; participants completed EF (Shifting, Inhibiting, Updating) and non-EF (Processing Speed) secondary cognitive tasks on tablets, as well as a single task control scenario with no secondary cognitive task. Our primary balance measure of interest was sway area, which was measured with an array of wearable inertial measurement unit sensors. Replicating prior work, we found a main effect of Surface Stability with less sway on stable surfaces compared to unstable surfaces, and we found an interaction between Age and Surface Stability with older adults exhibiting significantly greater sway selectively on unstable surfaces compared to younger adults. New findings revealed a main effect of Cognitive Load on sway, with the single task condition having significantly less sway than two of the EF conditions (Updating and Shifting) and the non-EF condition (Processing Speed). We also found an interaction of Cognitive Load and Surface Stability on postural control, where Surface Stability impacted sway the most for the single task and two of the executive function conditions (Inhibition and Shifting). Interestingly, Age did not interact with Cognitive Load, suggesting that both age groups were equally impacted by secondary cognitive tasks, regardless the presence or type of secondary cognitive task. Taken together, these patterns suggest that cognitive demands vary in their impact on posture control across stable vs. unstable surfaces, and that EF involvement may not be the driving mechanism explaining cognitive-motor dual-task interference on balance.

Keywords: cognitive-motor multitasking, dual-tasking, executive function, aging, multitasking ability


INTRODUCTION

Research over the past several decades has found that standing upright involves multiple levels of controlled and automatic processing to integrate multiple streams of information (Peterka, 2002; Boisgontier et al., 2013). Biologically speaking, postural control involves interactions between cerebellar and cortical regions (Jacobs and Horak, 2007), as well as interactions among fronto-striatal regions (Mihara et al., 2008).

To complicate matters even further, humans often face situations in which they must maintain balance on unstable, irregular surfaces (e.g., an uneven sidewalk or a muddy patch of grass), which may require additional neural resources to avoid falls and injuries (Peterka, 2002; Agrawal et al., 2009). In line with this, research has found reduced postural control with decreased surface stability (Dault et al., 2001b; Bayot et al., 2018), with the impact of these physical demands varying as a function of specific surface stability manipulations (Barbado Murillo et al., 2012; Remaud et al., 2012; Lanzarin et al., 2015).

Postural control is not just impacted by physical demands but also by concurrent cognitive demands (Pellecchia, 2003; Costa et al., 2020), which further emphasizes the importance of cortical areas for standing upright (Woollacott and Shumway-Cook, 2002). One finds evidence for this in studies that require participants to maintain balance while performing cognitive tasks, which leads to impaired postural control (Lajoie et al., 1993; Andersson et al., 2002; Huxhold et al., 2006). This cognitive-motor interaction may be due to limitations in how humans use higher-order cognitive processing to manage the coordination of multiple tasks. For instance, task performance costs may come from bottlenecks in our information-processing architecture (Pashler, 1994; Borst et al., 2010) or from competition for limited attentional resources (Wickens, 2002). If task performance costs come from information-processing bottlenecks, then we expect to see general interference regardless the specific tasks; however, if the costs come from limited attentional resources, then we expect to see greater interference for tasks that require similar attentional resources.

Postural control is especially important for older adults who are at a higher risk of injury from falls (Fuller, 2000). In general, aging has been associated with postural and balance problems (Hageman et al., 1995; Laughton et al., 2003; Laufer et al., 2006; Ambrose et al., 2013), including declines in postural stability (Gill et al., 2001; Choy et al., 2003). Even without additional cognitive demands, healthy older adults tend to exhibit more postural sway than their younger counterparts (Kim et al., 2010). Furthermore, in cognitive-motor dual-task settings, older adults have demonstrated poorer balance and cognitive performance compared to younger adults (Schaefer, 2014), which has implications for daily activities and risk of falls (Lajoie and Gallagher, 2004; Beauchet et al., 2009).

Interestingly, age-related differences in cognitive-motor dual-task interference differ depending on the nature of the secondary cognitive task, especially when both the postural task and cognitive task recruit common neural resources that may atrophy as humans age (Rypma et al., 2001; Johnson et al., 2004; Fraizer and Mitra, 2008). For example, one study had older and younger adults verbally list words or type words while standing on stable or unstable surfaces and found differences in how the verbal and texting tasks impacted postural control across their age groups (Hsiao et al., 2020).

The current study builds on this line of research by further exploring the specificity of cognitive-motor dual-task interference in younger and older adults within the same modality. In the cognitive domain, we focused on executive function, which consists of higher cognitive processes important for controlling goal-directed behaviors (Garavan et al., 2000; Jurado and Rosselli, 2007; Chan et al., 2008; Bayot et al., 2018). Contemporary models suggest that executive function is made up of distinct but related components that allow humans to control, maintain, and flexibly direct attention to achieve goals (Miyake et al., 2000; Li et al., 2017). Important for postural control, executive function purportedly relies on the same frontal neural systems supporting motor control (Stuss, 2011).

As humans age, motor control increasingly relies on executive function (Duncan and Owen, 2000; Seidler et al., 2010; Al-Yahya et al., 2011, 2019; Holtzer et al., 2014), yet executive function also declines with age (Elderkin-Thompson et al., 2008; Grady, 2012; King et al., 2013; Yuan and Raz, 2014). Thus, in cognitive-motor dual-task situations involving executive function tasks, older adults’ restricted supply of executive function might result in greater performance costs compared to younger adults. In contrast, non-executive function tasks that do not rely as much on neural resources common to motor control may not result in comparable interference. This has not been directly tested in terms of balance performance; however, cognitive-motor dual-task interference from EF and non-EF tasks has been investigated in related motor domains such as gait (Beauchet et al., 2012). For example, one study measured gait for 20 younger adults and 17 older adults who completed single and dual-task walking scenarios. They found that EF-based secondary tasks slowed gait more non-EF tasks, and this EF-specific cognitive-motor dual-task interference was greater for older adults compared to younger adults (Walshe et al., 2015).

The current study builds on this prior research by investigating the specificity of cognitive-motor dual-task interference on balance using tablet-based executive function and non-executive function tasks, stable and unstable surfaces, and younger and older adults. Building on prior motor control research and leveraging a dominant model of EF (Miyake et al., 2000), we wanted to identify which combinations of cognitive load (i.e., non-EF demands, EF switching demands, EF updating demands, EF inhibition demands) and surface stability (i.e., stable, unstable) lead to the greatest impacts on sway, which could indicate situations where resources are most scarce (and thus, most shared). If secondary EF tasks lead to greater sway specifically on unstable surfaces compared to a non-EF task selectively, this would align more with models of limited attentional resources, such that performance declines as demand for a shared resource increases. This would also provide additional support for an overlap or taxation of concurrent processing between specific higher-level EFs and balance. On the other hand, if we see comparable impairment (i.e., greater sway) from the non-EF and EF tasks, then it’s possible that cognitive-motor dual-task impairment is not specific and perhaps instead results from general information-processing bottlenecks (Maylor and Wing, 1996; Dault et al., 2001a). Furthermore, we were interested in whether or not levels of cognitive-motor dual-task interference on balance would be comparable for young and older adults since prior research found greater impairments on EF tasks for older adults in a related motor domain (Walshe et al., 2015).



MATERIALS AND METHODS


Participants

Based on prior research involving postural control, dual tasking, and young vs. older adults, our goal was to have at least 30 participants in each age group (Kerr et al., 1985; Yardley et al., 1999; Bergamin et al., 2014; Bohle et al., 2019; Hsiao et al., 2020). For the younger adults, we recruited 53 healthy adults (ages 18–35) and excluded 11 due to technical errors for a final sample of 42 younger adult participants (mean age = 23 years; 26F/16M). For the older adults, we recruited 37 healthy older adults (ages 60 or older (Walshe et al., 2015) and excluded 7 due to technical errors for a final sample of 30 older adult participants (mean age = 73 years; 27F/3M). For our convenience sample, we only recruited participants from the local community who could stand upright without assistance; had no balance impairments; were not taking any medication that could impact balance; were free from musculoskeletal and neurological disorders including dementia, depression, and other cognitive impairments; and had normal or corrected-to-normal vision. All participants provided written consent according to the Declaration of Helsinki, and our protocol was approved by the Tufts University IRB.



Protocol

Participants completed a single session lasting approximately 1.5 h. After participants provided informed consent, we placed wearable sensors that measured postural sway on them. Next, participants completed baseline standing conditions on firm and foam surfaces while holding a tablet, and then they completed four tablet-based cognitive tasks on the firm surface and on the foam surface (Figure 1). We counterbalanced surface type blocks (i.e., firm surface first and foam surface second vs. foam surface first and firm surface second), and we randomized cognitive tasks within each surface type block. Finally, participants completed a brief survey at the end of the study before being debriefed and compensated for their time. The post experiment survey included two measures of interest. First, participants completed the Activities-Specific Balance Confidence Scale (ABC), which was a 16-item scale that assessed balance confidence when performing activities, such as walking up/down stairs or getting into/out of a car (Powell and Myers, 1995). We summed the scores and then divided by 16 for an overall balance confidence rating. Second, participants completed the short version of the Mobile Device Proficiency Questionnaire (MDPQ-16). The MDPQ-16 measures mobile device proficiency across eight domains, such as mobile device basics and data/file storage, with two items per domain (Roque and Boot, 2018). We averaged each of the subscales and then summed across the eight domains for a total score.
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FIGURE 1. Top figures represent sensor placement for both age groups as they performed the various conditions on stable and unstable surfaces. Bottom images depict the five experimental conditions, which were Baseline (no task), non-EF processing speed, EF shifting, EF updating, and EF inhibition.




Balance Procedure

We used six APDM Opal sensors to measure postural sway (Opal v2, APDM Inc., Portland, OR, United States). Participants wore these sensors on their feet, lumbar, sternum, and wrists (Deshmukh et al., 2012; Mancini et al., 2012; Martinez-Mendez et al., 2012; Doherty et al., 2017; Pissadaki et al., 2018; Morris et al., 2019). We measured center of pressure variability using the root mean square distance of sway acceleration (RMS Sway in m/s2), which quantified the magnitude of center of pressure displacements (Maki et al., 1994; Prieto et al., 1996; Rocchi et al., 2004; Mancini et al., 2011a; King et al., 2017), and we used APDM Mobility Lab v2.0 to process postural sway data (Mancini et al., 2011b). To ensure consistent foot placement across all trials, we used a foot placement template so that participants had approximately 10 cm between the right and left heel with a 30-degree outward foot rotation (Chiari et al., 2002; Morris et al., 2019). Participants stood on the firm floor of the lab for the stable conditions, and they stood on an Airex Elite foam balance pad (approximately 6 cm in height) for the unstable conditions (Šarabon et al., 2010; Gera et al., 2018).



Computerized Cognitive Tasks

Participants completed tablet-based cognitive tasks administered through the mobile application BrainBaseline, which is a scientifically validated research tool (Lee et al., 2012; White et al., 2020; Ward et al., 2021). For our non-EF measure, participants completed a simple processing speed task in which they responded as quickly as possible whenever a circle appeared in the middle of the screen, and we used response time as our primary measure (Basner and Dinges, 2011). For our EF measures, participants completed a shifting task, an updating task, and an inhibition task (Miyake et al., 2000). For EF shifting, participants completed a task switching task in which they made parity (odd vs. even) or magnitude (less than 5 vs. greater than 5) judgments depending on the background color on each trial for a centrally presented number, and we calculated switch costs (i.e., the difference between correct switch trial RTs and correct repeat trial RTs) as our primary measure (Monsell, 2003). For EF updating, participants completed an N-back task which consisted of viewing a stream of sequentially presented numbers and determining whether the current number matched the number presented two trials previously, and we used 2-back accuracy as our primary measure (Owen et al., 2005). For EF inhibition, participants completed a Stroop task in which they responded to the font color of centrally presented words while ignoring the lexical content of the word, and we calculated the Stroop effect (i.e., the difference between correct incongruent RTs and correct congruent RTs) as our primary measure (Stroop, 1935; MacLeod, 1991). Full details on these four tasks have been described elsewhere (Lee et al., 2012).




RESULTS


Balance Performance

For the postural sway data, we ran a 5 (Cognitive Load: Baseline vs. non-EF processing speed vs. EF shifting vs. EF updating vs. EF inhibition) × 2 (Surface Stability: firm vs. foam) × 2 (Age: younger vs. older) mixed model ANOVA (see Table 1 for postural sway descriptive statistics).


TABLE 1. Postural sway descriptive statistics.

[image: Table 1]
We found a main effect of Cognitive Load [F(4, 280) = 3.89, p = 0.004, η2p = 0.05]. As seen in Figure 2, planned comparisons revealed that sway was significantly lower in the baseline condition compared to the EF shifting (p < 0.001) and the EF updating (p = 0.04) conditions, as well as the non-EF processing speed condition (p = 0.03). Although numerically in the expected direction, the difference between baseline and EF inhibition was not significant (p = 0.09). Interestingly, the non-EF processing speed condition did not differ from the EF conditions (p’s > 0.10), but the EF inhibition condition was significantly lower than the EF shifting condition (p < 0.05).
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FIGURE 2. Main effect of cognitive load on postural sway. Error bars are ± SE. Significant differences are indicated by asterisks: *p < 0.05.


We also found a main effect of Surface Stability [F(1, 70) = 16.07, p < 0.001, η2p = 0.19] with significantly less sway in the firm condition compared to the foam condition (Figure 3).


[image: image]

FIGURE 3. Main effect of surface stability on postural sway. Error bars are ± SE. Significant differences are indicated by asterisks: *p < 0.05.


In addition, we found an interaction between Cognitive Load and Surface Stability [F(4, 280) = 2.84, p = 0.03, η2p = 0.04]. As seen in Figure 4, postural sway on the firm surface was significantly lower than on the foam surface for the Baseline (p < 0.001), EF shifting (p = 0.004), and EF inhibition (p = 0.001) conditions.


[image: image]

FIGURE 4. Interaction of surface stability by cognitive load on postural sway. Error bars are ± SE. Significant differences are indicated by asterisks: *p < 0.05.


Contrary to our expectations, we did not observe a main effect of Age [F(1, 70) = 0.17, p = 0.69, η2p = 0.002] on sway, nor did we find an interaction between Age and Cognitive Load [F(4, 280) = 1.53, p = 0.19, η2p = 0.02]. On the other hand, we observed an interaction between Age and Surface Stability [F(1, 70) = 8.09, p = 0.01, η2p = 0.10]. As seen in Figure 5, the older adult group had significantly higher sway on the foam surface compared to the firm surface (p < 0.001) whereas younger adults’ postural control did not differ across the two surface types (p = 0.37). Importantly, the older adult group did not differ from the younger adult group on the stable, firm surface (p = 0.22), whereas they did significantly differ from them on the unstable, foam surface (p = 0.03). We did not observe any other significant interactions among our factors (see Supplementary Materials for all statistical tests).
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FIGURE 5. Interaction of surface stability by age on postural sway. Error bars are ± SE. Significant differences are indicated by asterisks: *p < 0.05.


To recap our balance performance findings, we found main effects on sway from Cognitive Load and Surface Stability, as well as from an interaction between these factors. We also found an interaction between Age and Surface Stability in terms of sway, but no other analyses were significant.



Cognitive Performance

For the cognitive data, we ran a series of mixed model ANOVAs for our different dependent measures with Surface Stability (firm vs. foam) as a within subjects factor and Age (younger vs. older) as a between subjects factor and used Bonferroni correction for an adjusted p-value of 0.0125 (see Table 2 for cognitive task descriptive statistics).


TABLE 2. Cognitive task descriptive statistics.

[image: Table 2]
For non-EF processing speed, we found a main effect of Age [F(1, 70) = 17.40, p < 0.001, η2p = 0.20] with older adults producing significantly slower correct RTs compared to younger adults, which is seen in the top left of Figure 6. We did not find an effect of Surface Stability [F(1, 70) = 3.29, p = 0.07, η2p = 0.05] nor an interaction between Age and Surface Stability in terms of non-EF processing speed [F(1, 70) = 1.32, p = 0.25, η2p = 0.02].
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FIGURE 6. Main effects of age on cognitive task performance. Top left is Processing Speed (RT in ms). Top right is EF Shifting (switch costs in ms). Bottom right is EF Inhibition (Stroop effect in ms). Bottom left is EF Updating (2-back accuracy). Error bars are ± SE. Significant differences are indicated by asterisks: *p < 0.05.


For EF shifting, we found a main effect of Age [F(1, 69) = 6.60, p = 0.01, η2p = 0.09] in which the older adults had higher switch costs compared to the younger adults, which is depicted in the top right of Figure 6. We did not find an effect of Surface Stability [F(1, 69) = 0.03, p = 0.85, η2p = 0.001], nor did we find an interaction between Age and Surface Stability in terms of EF shifting [F(1, 69) < 0.001, p = 0.99, η2p < 0.001].

For EF updating, we found a main effect of Age [F(1, 70) = 40.50, p < 0.001, η2p = 0.37] with older adults exhibiting lower accuracy than younger adults, which is seen in the bottom left of Figure 6. We did not observe an effect of Surface Stability [F(1, 70) = 4.42, p = 0.04, η2p = 0.06], nor did Age and Surface Stability interact in terms of EF updating [F(1, 70) = 0.01, p = 0.92, η2p < 0.001].

Finally, for EF inhibition, we found an effect of Age [F(1, 70) = 61.20, p < 0.001, η2p = 0.47] in which older adults had larger Stroop effects compared to younger adults, which is depicted in the bottom right of Figure 6. We did not find an effect of Surface Stability [F(1, 70) = 0.01, p = 0.91, η2p < 0.001], nor did we find an interaction between Age and Surface Stability in terms of EF inhibition [F(1, 70) = 0.13, p = 0.72, η2p = 0.002].

To recap our cognitive performance findings, we found effects of Age on our EF and non-EF tasks, but there were no effects of Surface Stability and no interactions between Age and Surface Stability on any of the cognitive measures (see Supplementary Materials for all statistical tests).



Post-experiment Survey

Using the summary score on the ABC scale, we ran an independent samples t-test and found that younger adults reported significantly higher levels of confidence compared to the older adults [91% vs. 78%; Welch’s t(37) = 3.39, p = 0.002, Cohen’s d = 0.88]. Like with the ABC, we ran an independent samples t-test on the MDPQ total score and found that younger adults reported significantly higher levels of mobile device proficiency compared to the older adults [39 vs. 27; Welch’s t(27) = 5.62, p < 0.001, Cohen’s d = 1.52].




DISCUSSION

The current study is the first to examine the impact of cognitive demands of tablet-based EF and non-EF tasks among older and younger adults attempting to balance on surfaces of varying stability. We measured participants’ postural control using center of pressure displacements obtained from an array of wearable IMU sensors (Mancini et al., 2011b,2012; Deshmukh et al., 2012; Martinez-Mendez et al., 2012; Doherty et al., 2017), and we measured cognitive performance using response times and accuracy on the tablet tasks (Rossiter et al., 2017).


Balance Performance

In general, more sway was observed on unstable surfaces compared to stable surfaces as evidenced by a main effect of surface stability, which aligns with prior research (Barbado Murillo et al., 2012; Tse et al., 2013). Furthermore, older adults showed this effect in a more exaggerated fashion compared to younger adults, which also replicates prior work and suggests that older adults’ motor control is more impacted by surface stability than younger adults (Abrahamová and Hlavacka, 2008; Boisgontier et al., 2013; Przysucha et al., 2020). One possible explanation for this comes from findings suggesting age-related declines in muscle mass needed for postural control, which can contribute to older adult risk of falling (Pijnappels et al., 2008). Another possible explanation for age-related sway differences in unstable conditions could stem from differences in balance confidence among older vs. younger adults. Indeed, the older adults in our study reported overall lower balance confidence than the younger adults. This suggests that they may have felt less equipped to perform the task, which may have introduced an additional cognitive demand for them, although this comes with some caveats. For instance, older adult balance performance was not actually correlated with balance confidence in our sample. That said, balance confidence scores were negatively correlated with postural sway in the EF updating and non-EF processing speed conditions for our younger adult group, although we refrain from making strong interpretations given that correlations tend not to reliably stabilize until much higher sample sizes (Schönbrodt and Perugini, 2013). Future studies should investigate possible role balance confidence may have on balance performance further with more comprehensive measures of balance confidence and with much larger samples.

In addition to being impacted by surface stability, postural control was impacted by cognitive load. Based on research in a motor ability related to postural control (i.e., gait; Walshe et al., 2015), we expected that EF and non-EF tasks would have differential effects on sway in part because of the purported overlap in neural resources for EF tasks and motor control, but this is not what we found. Instead, we observed that doing cognitive tasks in general on a tablet generated more sway compared to a baseline of holding an inactive tablet. Specifically, in our planned comparisons where we tested the difference in sway while performing each secondary task compared to sway during the baseline (single-task) condition, we observed significantly higher sway for all cognitive tasks relative to baseline except for EF inhibition, which instead trended in the same direction. This is surprising considering that our non-EF measure of processing speed supposedly imposes lower order cognitive demands than demands from EF measures (Maldonado et al., 2020); however, it’s also important to note that some prior models have suggested that balance measures are independent from gait measures (Horak et al., 2016), which could also account for differences between our findings on balance with EF/non-EF tasks and prior work on gait with EF/non-EF tasks.

Furthermore, we expected that given age-related declines in EF resources required for coordinating cognitive and postural demands, older adults might specifically struggle in cognitive-motor dual-task conditions involving EF demands compared to non-EF demands; however, the type of cognitive task demand did not interact with age. Instead, we only had a main effect of cognitive load. This suggests that introducing a cognitive demand via tablet tasks generally impacts postural control for both age groups; that is, all participants demonstrated poorer balance when actively engaged with a secondary task regardless of whether it was an EF task (Dault et al., 2001b; Bergamin et al., 2014). In addition, the overlap between neural resources needed for EF and motor control may not be the primary mechanism accounting for the present cognitive-motor dual-tasking effects, although more research with neuroimaging techniques (e.g., fNIRS) is needed to directly test such hypotheses related to limited cognitive resource overlap and multitasking bottlenecks (Rosso et al., 2017).

Despite the paucity of age effects, our results support the notion that postural control requires cognitive resources in general. In other words, engaging in a secondary cognitive task while standing upright generates cognitive-motor dual-task interference regardless of if the secondary cognitive task relies on EF or not and regardless of age group. This general interference account aligns more with one of two popular dual-tasking models. Bottleneck models posit that cognitive-motor dual-task interference results from serial processing restrictions when multiple tasks require similar information processing stages at the same time, which is not possible due to structural limitations (Pashler, 1994) or strategic control (Meyer and Kieras, 1997). Importantly, this model is somewhat agnostic in terms of the specific task combinations and would thus treat EF-related tasks similar to non-EF tasks. We found that both EF tasks and a non-EF task impacted balance compared to a single-task control condition, which is more compatible with the notion of general information processing bottlenecks.

Alternatively, according to capacity sharing models, cognitive-motor dual-task interference on balance results from limited-capacity parallel processing abilities to divide specific resources among the cognitive and motor tasks, which means that each task gets lower capacity leading to impairments (Navon and Gopher, 1979; Woollacott and Shumway-Cook, 2002). When similar resources are required for balance and EF-related cognitive task performance, interference should be greater than when less related attentional resources are required for balance and non-EF-related cognitive task performance. Once again, our results are less compatible with this theoretical account.

Regardless, more research is needed to further test assumptions of these models against a host of possible patterns observed in cognitive-motor dual-task research (Plummer et al., 2013; Bayot et al., 2018). For example, it is possible that when faced with competition for attentional resources, people must decide how to prioritize the two tasks, and in the current study, older and younger adults might have adopted similar task prioritization strategies, which is why we did not see more effects of age on balance (Yogev-Seligmann et al., 2012; Plummer and Eskes, 2015). Unfortunately, we did not think to ask participants if they prioritized balance performance over cognitive performance, nor do we know if these types of decisions are conscious and intentional. Future research manipulating participant instructions could help to more directly test the role that task prioritization might play in cognitive-motor dual-tasking settings.



Cognitive Performance

Although our main focus was on balance performance, we also measured performance on computerized cognitive tasks. In terms of cognitive performance, we noted age effects on all cognitive tasks, where older adults had worse performance (e.g., lower accuracy, slower responses) compared to younger adults. This replicates prior results that suggest age-related declines in cognitive function (Elderkin-Thompson et al., 2008; Grady, 2012; Fraser and Bherer, 2013; King et al., 2013; Yuan and Raz, 2014). In our case all tasks were performed on a tablet platform, thus it is also possible that the age-related effects on the cognitive tasks are due, in part, to differences in mobile device proficiency across older and younger adults (Roque and Boot, 2018). That said, others have found age-related effects on cognitive tasks in cognitive-motor dual-task studies that did not use tablets (Prado et al., 2007), so more research is needed to better understand the impact of technology proficiency on balance.




CONCLUSION

In today’s society, standing upright is rarely done without additional cognitive tasks and on completely stable, regular surfaces. Furthermore, normal aging often entails cognitive and physical changes that impact balance and the risk of falling, which is why we wanted to investigate balance for younger and older adults engaged in different types of cognitive tasks on stable and unstable surfaces. We chose to use three EF tasks compared to a non-EF task to better understand the specificity of cognitive-motor dual-task interference on balance, and we instead found general interference from the cognitive tasks that patterned similarly for both age groups. We used tablet-based cognitive tasks in part because of the increasing role of devices in daily life. Indeed, other cognitive-motor dual-tasking studies have found that using mobile devices can impact postural control for both younger and older adults (Cho et al., 2014; Nurwulan et al., 2015; Laatar et al., 2017; Bruyneel and Duclos, 2020; Hsiao et al., 2020; Onofrei et al., 2020). Future work with larger samples is needed to extend investigations into the specificity of cognitive-motor dual-task interference on balance to more realistic tasks people complete on mobile devices.
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Background: Frailty and cognitive impairment are significant problems faced by older adults, which have a significant impact on their activities of daily living, social activities, and quality of life.

Design: Cross-sectional study.

Methods: A total of 252 older adults in two communities in Yangzhou were randomly selected. The cognitive function of the elderly was assessed using the Memory and Executive Screening (MES). The frailty phenotype was used to evaluate the frail situation of older adults. The activity of daily living (ADL), functional activities questionnaire (FAQ), and European quality of 5-dimensions (EQ-5D) were used to evaluate health outcomes in the elderly. SEM was used to explore the direct and indirect relationship among cognitive function, frailty and health outcomes.

Results: There was a significant direct correlation between cognitive function and frailty; the direct effect was −0.521. The influence path of cognitive function on health outcomes included direct and indirect effects; the total effect was −0.759. The effect of frailty on health outcomes included direct and indirect effects; the total effect was 0.440.

Conclusion: According to SEM, cognitive function interacts with frailty and may reduce the quality of life, the ADL, and social activities among older adults directly and indirectly, so future assessments of older adults should consider both cognitive function and frailty, so as to further improve the health outcome of the elderly. When formulating relevant intervention measures in the future, we need to consider that it cannot only improve the cognitive function, but also improve the frail situation, so as to jointly improve the health outcomes of older adults.

Keywords: cognitive impairment, frailty, quality of life, activities of daily living, social activities


INTRODUCTION

By the end of 2018 the population ≥ 60 years of age in China accounted for 17.90% of the total population, thus indicating that the degree of aging in China is on the rise (National Bureau of Statistics of China, 2019). Cognitive impairment and frailty are the most common geriatric syndromes in older adults, which pose a major threat to them, as specifically reflected in the aggravation of disability, a decline in the quality of life, and an increase in mortality (Fabrício et al., 2020). Cognitive impairment generally refers to various degrees of cognitive dysfunction caused by various reasons, including various stages from mild cognitive impairment (MCI) to Alzheimer’s disease (AD). Cognitive impairment and frailty often occur in the same older adults and interact with each other. The coexistence of the two can accelerate the decline of physical and cognitive functions and form a vicious cycle (Brigola et al., 2015). Frailty refers to a weakening in strength and a disorder in physiological function, which will lead to an increase in dependency, vulnerability, and susceptibility to death (Dent et al., 2017). Older adults with frailty have a reduced ability to cope with acute diseases, and have a correspondingly increased risk of falls, disability and death (Fried et al., 2001). The study found that the risk of death, hospitalization, disability and fall in older adults with frailty was 1.7–4.4 times higher than those without frailty (Zheng et al., 2016).


Relationship Between Cognitive Function and Frailty

Aging is associated with physical frailty and cognitive decline. Frail older adults are at higher risk for cognitive decline (Calderón-Larrañaga et al., 2019; Grande et al., 2019). The studies showed that frailty was significantly correlated with the incidence of cognitive impairment (Armstrong et al., 2016; Tsutsumimoto et al., 2019), and the incidence of cognitive impairment in frail older adults was 8 times that of normal older adults (Kulmala et al., 2014). Meanwhile, frailty predicts a poorer cognitive development trajectory among MCI patients, and is associated with the high risk of developing MCI (Kiiti Borges et al., 2019). In addition, based on data from the Canadian Study of Health and Aging, Song et al. (2014) found that the incidence rate of cognitive impairment increased exponentially with the increase of frailty index, and frailty is an independent risk factor for cognitive impairment. Cognitive impairment is related to frailty, and both have common biological mechanisms, including genetic alternations, immune system dysfunction, and neuroinflammation (Sargent et al., 2020).



Effects of Cognitive Function and Frailty on Health Outcomes

Studies have shown that frailty interacts with cognitive impairment, which leads to adverse health outcomes, such as a poorer quality of life (Feng et al., 2017). Hussenoeder et al. (2021) showed that the quality of life in older adults with MCI is closely related to cognition and is lower than healthy older adults. Cognitive function can affect the ADL, social activities, and quality of life among older adults (Ginsberg et al., 2019). Frailty increases the risk of adverse health outcomes, such as falls, disability, decreased ADL, limited physical activity, falls, risk of admission to the hospital and death (Vermeiren et al., 2016; Panza et al., 2018; Zhang et al., 2019). Kojima (2018) showed that decreased ADL in frail older adults is significantly higher than that in healthy older adults. Meanwhile, Audai et al. (2020) found that frail older adults have a lower quality of life than non-frail older adults. Although MCI and frailty interact with each other, cognitive function and frailty affect ADL, social activities, and the quality of life, but a study of the interaction and influence has not been reported.

Structural equation modeling (SEM) is a method to establish, estimate and test causality models. It can study not only the explicit variables, but also the latent variables, and it can display the relationship and size of variables through path graph (Wu, 2010). Therefore, this study intends to use SEM to explore the direct and indirect relationship among cognitive function, frailty and health outcomes, so as to provide reference for the later development of intervention measures to improve the health level and quality of life of the older adults in the community.




MATERIALS AND METHODS


Participants

In general, the minimum sample size is required to be more than 200 to obtain a relatively stable model. Some scholars believe that the sample size should be 5–10 times of the free parameter to be estimated before it is considered acceptable (Kline, 2005; American Psychological Association, 2010). Therefore, a total of 252 older adults who lived in 2 Yangzhou City communities from September 2017 to June 2018 were selected using the random sampling and random number methods. The exclusion criteria were as follows:(1) older adults with mental disorders, such as depression and an unstable condition; (2) older adults with severe hearing and vision disorders who could not cooperate; (3) older adults with language communication disorders who could not complete the investigation; (4) older adults with central nervous system damage caused by severe diseases, such as tumors and infections; (5) older adults with cerebrovascular disease and an unstable condition; and (6) older adults who were unwilling to sign informed consent.



Cognitive Assessment

All subjects completed the MES. MES was developed by Guo et al. (2012) for the screening of AD and MCI, including memory factor and executive factor, with 50 points for each part. The higher the score, the better the cognitive function, and when the score is less than 72, amnestic MCI can be diagnosed. The memory test adopts immediate recall, short delayed recall and long delayed recall, and the executive function test mainly includes fluency, finger 1 test, visuospatial structure ability and finger 2 test, which can effectively reflect the major cognitive impairment areas (Guo et al., 2012). The correlation coefficients of MES-M and MES-E with MES were 0.89 and 0.88, and the intra-group correlation coefficients were 0.92 when tested again at an interval of 23–35 days, suggesting that MES has good reliability and validity (Guo et al., 2012). MES is simple to operate and execute, and is not affected by education level, and it is time-consuming and can quickly assess the degree of impairment of episodic memory and executive function in major cognitive areas without obvious ceiling and floor effects.



Frailty Assessment

Frailty phenotype assessment was proposed by Fried et al. (2001), including 5 items, which are (1) body mass decline: in the past year, body mass decline > 4.54 kg or > 5% of body mass; (2) Slow walking speed: measure the time required to walk 4 m, and judge whether the walking speed is slow according to height and gender, it involves measuring the 4-m distance on the open ground in advance, to instruct the older adults to walk normally as usual, and record the time with a stopwatch; (3) Grip strength weakening: use the grip dynamometer to measure the grip strength, and the patient was told to measure the hand strength twice with the dominant hand to get the maximum value, and whether the grip strength was weakened was judged according to gender and body mass index; (4) Low physical activity: use the international physical activity scale (Liou et al., 2008) to calculate the amount of exercise within 1 week. When the amount of exercise for men and women is less than 383 and 270 kcal, respectively, the amount of physical activity is low; (5) Fatigue: the items of self-rating depression scale were asked: “do you feel that you have to make efforts to do everything in the past week, which has occurred for several days” and “can’t walk forward in the past week, which has occurred for several days” are used for inquiry. If one item lasts for more than 3 days, it is fatigue (Geriatrics Branch of the Chinese Medical Association, 2017). The value of each item is 1 point, 1 point will be counted if the item is satisfied, otherwise, no score will be scored. According to the frailty phenotype score as the gold standard, when the score is 0∼2, it is the non-frailty stage, when the score is ≥ 3, it is the frailty stage (Fried et al., 2001).



Health Outcome Assessment

The ADL was developed by Lawton and Brody (1969), which is composed of two parts, basic activities of daily living (BADL) and instrumental activities of daily living (IADL). There are 14 items in the scale, and the score of each item ranges from 1 to 4 points. If 2 or more items are ≥ 3, or the total score is ≥ 22 points, it indicates that the ability of daily living is significantly reduced. The FAQ was compiled by Pfeffer et al. (1982), with a total of 10 items, such as correct use of various tickets, timely payment of various bills, and self-shopping. The score was 0–3 points, with a total score of 0–30 points. The higher the score, the worse the social function. The EQ-5D was used to describe the QoL and health outcome (Gottschalk et al., 2020). It includes five dimensions: mobility, self-care, usual activities, pain/discomfort, anxiety/depression. Each dimension has three levels, and respondents can make choices on five dimensions and three levels in the questionnaire, and calculate EQ-5D index scores through the utility value conversion table. The EQ-5D is the most widely used QoL assessment scale worldwide.



Quality Control

Before the survey, professional physicians conducted standardized training for team members, including subject-related professional knowledge, scale evaluation and survey terminology. After the training, the study can be carried out only after passing the assessment. The cognitive function of the subjects was assessed by the same neurologist. All surveys were conducted face-to-face in the community meeting room to ensure that there was no interference in the survey process. The final completed questionnaire was confirmed by two people to ensure the integrity of the questionnaire. Data was performed by two persons to ensure the correctness of data entry.



Statistical Analyses

All survey data were recorded by two persons using Excel software and SPSS 24.0 was used for statistical analysis. The measurement data are expressed in the mean ± standard deviation ([image: image]). The exploratory factor analysis was carried out using SPSS 22.0 statistical software. The confirmatory factor analysis and SEM were established using AMOS21.0 statistical software. P < 0.05 was statistically significant.




RESULTS


Baseline Characteristics

There were 252 older adults in the communities, 82 of whom had MCI (prevalence rate = 32.54%). In terms of age distribution, the age of the subjects ranged from 60 to 89 years old, with an average age of (70.76 ± 7.88) years old. In terms of gender distribution, the proportion of men and women is balanced. The majority of older adults had hypertension, other variables such as education level, occupation, marital status and BMI are shown in Table 1.


TABLE 1. Characteristics of participants (n = 252).

[image: Table 1]


Cognitive Function, Frailty, and Health Outcome Scores

Based on the assessment of cognitive function, frailty, and health outcomes of the elderly in the communities, it was shown that there is a huge range of scores in the assessment of them. The overall cognitive function score was 80.57 ± 8.91; the memory function score was 36.15 ± 6.70 and the executive function score was 44.41 ± 4.42. The total frailty score was 0.37 ± 0.65; the healthy outcome score was 14.50 ± 1.03 for ADL, 2.08 ± 2.55 for the FAQ, and 0.21 ± 0.06 for the EQ-5D; Table 2).


TABLE 2. Scores of cognitive function, frailty, and health outcome (n = 252).

[image: Table 2]


Relationships Between Cognitive Function, Frailty, and Health Outcome

Table 3 documents the results of correlation analyses of cognitive function, frailty, and health outcome. The results of the Pearson’s correlation analyses showed that MES-M was significantly correlated with MES-E, ADL, FAQ, self-reported exhaustion and grip strength (P < 0.05). MES-E was significantly correlated with ADL, FAQ, self-reported exhaustion (P < 0.05). ADL was significantly correlated with FAQ and grip strength (P < 0.05). FAQ was significantly correlated with self-reported exhaustion and grip strength (P < 0.05). Also, self-reported exhaustion was significantly correlated with grip strength (P < 0.05).


TABLE 3. Pearson’s correlation coefficient of study variables (n = 252).
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Explorative Factor Analyses


Item Discriminant Validity Analyses

The size of the correlation between the test variables is the premise of explorative factor analysis. The judgment indicators mainly included the Kaiser-Meyer-Olkin (KMO) value and Bartlett’s test of sphericity. The KMO values were between 0 and 1. The larger the value, the better the result of factor analysis. A KMO value < 0.5 was not suitable for factor analysis (Wu and Pan, 2014). In the current study, the KMO value was 0.631 > 0.500 and the Bartlett test of sphericity χ2 was 295.105 (P < 0.001); the difference was statistically significant, indicating that there was a strong correlation between the variables, and suitable for factor analysis.




Factor Analyses

Principal component analysis (PCA) was used to calculate the correlation matrix, eigenvalues, and eigenvectors among the variables. The eigenvalues were arranged from large-to-small to calculate the corresponding principal components.

The matrix of initial components was rotated by the maximum variance orthogonal rotation method, and the final factor loading matrix was obtained. There were three common factors with eigenvalues > 1. The first common factor was the total MES score, which is used to evaluate cognitive function, so this factor is referred to as cognitive function. The second common factor was ADLs, social activities, and QoL were similar, which was referred to as health outcomes. The frailty phenotype score was third common factor, which was referred to as frailty. The three common factors finally accounted for 65.431% of the total variation (Supplementary Tables 1, 2).



Construction of Structural Equation Modeling, Model Modification and Fit Change

The model was a non-recursive model, which had 10 observation variables and 33 parameters to be estimated. According to the t rule [33 < 10 × (10 + 1)/2], the model was identified. The maximum likelihood (ML) method was selected as the model estimation method.

The fitting degree test of the initial model indicated that the fitting result was not ideal, so it was necessary to modify the initial model using a parameter test and correction index to achieve good fitting. Amos provided two model correction indices, including a modified index (MI) and critical ratio (CR) (Fang et al., 2018). In the process of model fitting, professional knowledge is also required. According to the CR (t-value) provided by Amos, model parameters with no significant difference were deleted. The results showed that body weight had no effect on frailty (P = 0.132 > 0.05), so this item was deleted, which was consistent with domestic and international studies (Moreira and Lourenço, 2013; Hou et al., 2018). The final structural equation model was determined and the modified model is shown in Figure 1.


[image: image]

FIGURE 1. A path diagram of direct and indirect influences of cognitive function, frailty and health outcome among community-dwelling elderly people.


Through the modified fitting, the overall fitness of the model reached a good state, and each fitting index also showed that the model fitted well (Table 4).


TABLE 4. Model fit indices.

[image: Table 4]


Factor Path Analyses

Table 5 shows the path and path coefficients of the cognitive function effects on health outcomes and frailty. It can be seen from Table 5 that the interaction between cognitive function and frailty was a direct effect, and the path coefficient was −0.521, indicating that the better the cognitive function, the less likely frailty occurs. The influence of cognitive function on health outcomes included direct and indirect effects. There was one path of a direct effect with a path coefficient of −0.728, and there was one path coefficient with an indirect effect with a path coefficient of −0.031. The total effect of cognitive function on health outcomes was −0.759, indicating that the better cognitive function, the lower the health outcome score. The influence of frailty on health outcomes included direct and indirect effects. There was one path of a direct effect with a path coefficient of 0.060 and one path coefficient of an indirect effect with a path coefficient of 0.380. The total effect of decline on health outcome was 0.440, which indicated that the more severe the frailty, the worse the health outcomes (Table 5).


TABLE 5. Pattern effect results of cognitive function, frailty, and health outcome.
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DISCUSSION

Studies have shown that the frail older adults have a higher risk of MCI (Borges et al., 2019), and the ADL and quality of life will decline (Audai et al., 2020). At the same time, the ADL, social activities, and QoL of the elderly with MCI will also be affected (Ginsberg et al., 2019), but the study on the interaction and connection between the three has not been demonstrated. Therefore, based on explorative analysis, SEM was applied to construct a cognitive intervention model to provide support for later intervention. The results suggested that cognitive function, frailty and health outcomes are closely related. Specifically, cognitive function interacts with frailty and may reduce the quality of life, the ADL, and social activities among the elderly. Through modification, a well-fitted model was created, and the pathways and total effects of cognitive function on frailty and health outcomes are listed in the results.


Relationship Between Cognitive Function and Frailty

The results of path analysis showed that cognitive function and frailty interacted with each other, and the path coefficient was −0.521, which was consistent with international studies. De Cock et al. (2018) reported that frailty is associated with the decline in cognitive function, which is accompanied by accelerated aging. Grip strength and fatigue are the main causes of frailty in the elderly (Audai et al., 2020). Symeon et al. (2018) found that fatigue, as a sign of physical frailty, is related to cognitive function and can be used as a supplementary indicator of cognitive assessment. Grip strength is one of the manifestations of muscle loss, which can be used as a predictor of cognitive decline with age (Fritz et al., 2017).



Effects of Cognitive Function on Health Outcomes

In this study, the effect of cognitive function on health outcomes was −0.759, which was a significant effect. Altieri et al. (2021) found that compared with healthy older adults, the elderly with MCI had more difficulties with ADL, especially instruments of activities of daily living (IADL). Social activities require the participation of multiple cognitive domains, therefore, social activities of the elderly with MCI are also significantly reduced (Becker et al., 2021). Hussenoeder et al. (2020) found that QoL is closely related to cognitive function, and QoL of with MCI older adults is lower than healthy elderly. Cognitive impairment is the direct cause of the decline in the quality of life of the elderly (Marshall et al., 2011). Cognitive impairment, particularly those related to memory and executive function, can prevent patients from performing some activities of daily living. The main driving factors of the quality of life are: full of energy, pain free, ability to carry out activities of daily living and to move around (Salkeld et al., 2000; Molzahn et al., 2010). For MCI older adults, complex ADL is the most affected in the activities of daily living, while basic activities of daily living are often maintained to the AD stage. One of the main drivers of quality of life in older adults is the ability to carry out activities of daily living. Therefore, cognitive impairment can also affect the quality of life of the elderly.

In addition, the current study showed that cognitive function not only directly affected health outcomes, but also indirectly affected health outcomes through frailty. The quality of life (Dong, 2017) and ADL (Kojima, 2018) of the frail elderly will decline. With the increase of age, physical frailty (poor ability to perform daily living activities), psychological frailty (loneliness) and social frailty (social relationships) may occur to varying degrees due to the influence of personal factors and disease factors, which will eventually lead to the decline of quality of life (Gobbens et al., 2010). Fatigue is generally considered to be a key factor of frailty, and muscle fatigue (assessed by continuous grip strength) is associated with quality of life (Rizzoli et al., 2013). As a manifestation of muscle loss, grip strength is associated with cognitive function, which further affects quality of life.



Effects of Frailty on Health Outcomes

In the current study, the direct effect of frailty on health outcomes was 0.060, which was significantly less than the indirect effect, possibly because the decline in quality of life and ADL is not the main manifestation of frailty (Xi and Guo, 2014). Moreover, this study was conducted in the community. The quality of life and daily living ability of the elderly in the community are acceptable. Therefore, the direct effect of frailty on the health outcomes of the elderly in the community is not so significant. In the future, the impact of frailty on the health outcomes of the elderly in the communities and nursing institutions can be considered. In addition, there are many ways for health outcomes, including psychological status and sleep status. Frail older adults are more prone to depression (Soysal et al., 2017). Insomnia is far more common in frail older adults than in non-frail older adults (Lee et al., 2018), and sleep disorders are more likely to occur. In addition, the frail older adults are more likely to suffer from diseases, pain and taking a variety of drugs which will also reduce their sleep quality (Du, 2017). All of the above reasons may lead to the direct effect of frailty on health outcomes to be smaller than the indirect effect.

There are many other health outcomes for the elderly. In this study, health outcome as an endogenous potential variable has a measurement error of 0.58, indicating that the part of health outcomes that could not be explained by cognitive function and frailty was an error in the SEM. This suggests that we can expand the health outcomes of the elderly in the future, such as psychological status and sleep quality, so as to further improve the SEM. In this study, it was found that cognitive function can affect health outcomes in the elderly, and it can also affect health outcomes in the elderly by influencing frailty. Similarly, frailty can affect health outcomes in older adults, as well as by affecting cognitive function. Frailty and cognitive impairment are common geriatric syndromes, so future assessments of older adults should consider both cognitive function and frailty, so as to further improve the health outcome of the elderly. At the same time, we can explore the intervention methods suitable for cognitive impairment and weakness, so as to improve the quality of life of the elderly. At the same time, we can explore appropriate interventions for cognitive impairment and frailty to improve the health outcomes of the elderly.




CONCLUSION

In this study, SEM was used to explore the relationship among cognitive function, frailty and health outcomes among the elderly in the community. This model has a good fitting degree. When formulating relevant intervention measures in the future, we need to consider that it cannot only improve the cognitive function of the elderly, but also improve the frail situation, so as to jointly improve the health outcome of the elderly. In addition, there are other manifestations of health outcomes in the elderly, and we need to consider the impact of this aspect in future studies to improve the SEM. Moreover, although the model has a good degree of fitting, due to the limitation of sample size, the impact of the increase of data on the model needs to be verified in the later stage. And it would be great to test the model by a subset of data from new samples. Since this study was only carried out in Yangzhou community and did not include the elderly in hospital or in nursing institutions, the sample lacks certain representativeness, which can be further improved in the future.
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With the rise of the aging population, many scientists studying multisensory integration have turned toward understanding how this process may change with age. This scoping review was conducted to understand and describe the scope and rigor with which researchers studying audiovisual sensory integration screen for hearing and vision impairment. A structured search in three licensed databases (Scopus, PubMed, and PsychInfo) using the key concepts of multisensory integration, audiovisual modality, and aging revealed 2,462 articles, which were screened for inclusion by two reviewers. Articles were included if they (1) tested healthy older adults (minimum mean or median age of 60) with younger adults as a comparison (mean or median age between 18 and 35), (2) measured auditory and visual integration, (3) were written in English, and (4) reported behavioral outcomes. Articles that included the following were excluded: (1) tested taste exclusively, (2) tested olfaction exclusively, (3) tested somatosensation exclusively, (4) tested emotion perception, (5) were not written in English, (6) were clinical commentaries, editorials, interviews, letters, newspaper articles, abstracts only, or non-peer reviewed literature (e.g., theses), and (7) focused on neuroimaging without a behavioral component. Data pertaining to the details of the study (e.g., country of publication, year of publication, etc.) were extracted, however, of higher importance to our research question, data pertaining to screening measures used for hearing and vision impairment (e.g., type of test used, whether hearing- and visual-aids were worn, thresholds used, etc.) were extracted, collated, and summarized. Our search revealed that only 64% of studies screened for age-abnormal hearing impairment, 51% screened for age-abnormal vision impairment, and that consistent definitions of normal or abnormal vision and hearing were not used among the studies that screened for sensory abilities. A total of 1,624 younger adults and 4,778 older participants were included in the scoping review with males composing approximately 44% and females composing 56% of the total sample and most of the data was obtained from only four countries. We recommend that studies investigating the effects of aging on multisensory integration should screen for normal vision and hearing by using the World Health Organization's (WHO) hearing loss and visual impairment cut-off scores in order to maintain consistency among other aging researchers. As mild cognitive impairment (MCI) has been defined as a “transitional” or a “transitory” stage between normal aging and dementia and because approximately 3–5% of the aging population will develop MCI each year, it is therefore important that when researchers aim to study a healthy aging population, that they appropriately screen for MCI. One of our secondary aims was to determine how often researchers were screening for cognitive impairment and the types of tests that were used to do so. Our results revealed that only 55 out of 72 studies tested for neurological and cognitive function, and only a subset used standardized tests. Additionally, among the studies that used standardized tests, the cut-off scores used were not always adequate for screening out mild cognitive impairment. An additional secondary aim of this scoping review was to determine the feasibility of whether a meta-analysis could be conducted in the future to further quantitatively evaluate the results (i.e., are the findings obtained from studies using self-reported vision and hearing impairment screening methods significantly different from those measuring vision and hearing impairment in the lab) and to assess the scope of this problem. We found that it may not be feasible to conduct a meta-analysis with the entire dataset of this scoping review. However, a meta-analysis can be conducted if stricter parameters are used (e.g., focusing on accuracy or response time data only).

Systematic Review Registration: https://doi.org/10.17605/OSF.IO/GTUHD.

Keywords: aging, multisensory, integration, sensory perception, auditory acuity, visual acuity, audition, vision


INTRODUCTION

The proportion of the world's population over 60 years of age is estimated to increase to approximately 2 billion individuals by 2050, nearly doubling from 12% of the world population to 22% (World Health Organization, 2018a). With such a drastic shift in global demographics, the incidence of age-related chronic health conditions is also expected to increase. Indeed, the prevalence of audition and vision degradation increases with age and can have global impacts on cognition (Salthouse et al., 1996; Baltes and Lindenberger, 1997; Porto et al., 2016) and temporal perception (Gordon-Salant and Fitzgibbons, 1999; Grose and Mamo, 2010; de Boer-Schellekens and Vroomen, 2014; Brooks et al., 2018). Combining information across the senses can improve localization, discrimination, and speed of responses to objects, however, the central nervous system (CNS) must bind together the appropriate signals (Calvert et al., 2004). One cue that the CNS can use to determine whether or not stimuli should be bound together into a single percept (multisensory integration) is the temporal relation, how close in time two or more signals are to one another; research has revealed, using not only non-human animal models but also through studies conducted with humans, that signals that appear closer in time are more likely to be integrated [Vroomen and Keetels, 2010; see also King (2005) for a review of strategies used by the CNS to bind appropriate cues]. As temporal perception is affected by changes in unisensory processing, changes in auditory and visual acuities can act as indicators that may provide insight into changes associated with the multisensory integration processes within the aging population. Within the auditory domain, an estimated 466 million people worldwide have disabling hearing loss (World Health Organization, 2021a) and it is estimated that between 25 and 40% of older adults aged 65 and over, can be classified as having hearing impairment (Yueh et al., 2003). It has been found that the prevalence of hearing loss rises with age, ranging from 40 to 66% in adults over the age of 75 years and more than 80% in those older than 85 years of age (Cooper and Gates, 1991; Yueh et al., 2003; Walling and Dickson, 2012). Further it has been found that after the age of 60, hearing typically declines by about 1 dB annually and that men usually experience greater hearing loss and earlier onset compared to women (Lee et al., 2005). More than 90% of older individuals with hearing loss have age-related sensorineural hearing loss, which is a gradual symmetric loss of hearing—predominately of higher frequencies—that is worse in noisy environments (Yueh et al., 2003). Note however, that in an epidemiology study conducted by Lin et al. (2011) where data related to hearing abilities of older adults aged 70 and over was used from the 2005–2006 cycle of the National Health and Nutritional Examination Survey, it was found that the prevalence of hearing loss varied depending on the tonal frequencies, the audiometric thresholds used to define hearing loss, and whether hearing loss was considered in the better or worse hearing ear. They reported hearing loss prevalence rates from 16.5% when hearing loss was defined as using 0.5, 1, and 2 kHz (standard pure tone averages; PTA) with a 40 dB threshold in the better ear to 99.7% when hearing loss was defined as using 3, 4, 6, and 8 kHz (high-frequency PTAs) with a 15 dB threshold in the worse ear. Although they found that most reports of hearing loss prevalence used a 25 dB threshold, standard PTA (0.5, 1, and 2 kHz) or speech frequency PTA (0.5, 1, 2, and 4 kHz), and obtained measures in either the worse or better ear, there was still a high degree of variability of hearing loss reported. The range was narrower but spanned 44.8% when using the standard PTA in the better ear to 75.1% when using speech frequency PTA in the worse ear. Thus, the definition used when measuring hearing loss is crucial especially when some researchers may be utilizing a more rigid inclusion criteria as compared to others.

Shifting our focus toward the visual domain, worldwide, approximately 185 million people over the age of 50 years are visually impaired (World Health Organization, 2017), with cataracts, age-related macular disease, and refractive errors being the most common causes of visual impairment in older adults (Buch et al., 2001; World Health Organization, 2017). Although cost effective interventions such as cataract surgery and corrective glasses have shown to be effective, only 22 and 37% of individuals living in upper-middle and high-income countries respectively have reported having an eye exam during the preceding year (World Health Organization, 2017). The World Health Organization (WHO) defines visual impairment based on the International Classification of Diseases 11 (2018b) classification in the following categories for acuities measured at a distance of 2–4 m: mild visual impairment is defined as acuity worse than 6/12–6/18, moderate visual impairment is defined as acuity worse than 6/18–6/60, and severe visual impairment is defined as visual acuity that is worse than 6/60–3/60 in both eyes. In other words, the WHO defines visual impairment as best corrected visual acuity of <20/40 but ≥20/400, while many researchers (especially in the US) commonly define visual impairment as best corrected visual acuity that is worse than 20/40 but better than 20/200 in the better eye (Buch et al., 2001; World Health Organization, 2018; also see Supplementary Table 1 for details regarding the WHO's definition of visual impairment. This table contains Snellen and LogMAR values). In a study conducted by Buch et al. (2001) comparing the prevalence of visual impairment in 944 individuals as defined by the WHO and the criteria most commonly used in the US, it was found that 2.6% of those aged 70–74 years and 4.8% of those aged 75–80 years had visual impairments according to the WHO's definition (worse than 20/60–20/400 in the better eye; World Health Organization, 2004). However, these values differed based on the criteria used in most US studies where 3.1% of those aged 70–74 years and 8.0% of those between 75 and 80 years of age had visual impairment. Here, once again, we are reminded that the definition of impairment used by researchers is crucial and that some researchers may be excluding more participants than others.

Given the changes in sensory acuities associated with aging, accounting for such changes in hearing and vision is crucial as it may increase the quality and validity of the data obtained. The integration of auditory and visual cues into a unified percept is a fundamental process with an evolutionary benefit as it allows the observer to respond to external events more quickly and accurately relative to unisensory information alone (Stein and Stanford, 2008). Such an ability to integrate auditory and visual cues into a coherent percept has been thought to be beneficial for everyday function, for example in improving perception of speech in noise (Sumby and Pollack, 1954) and in improving driving performance (Ramkhalawansingh et al., 2016), both of which are especially relevant for the aging population. Research has time and again revealed that there are three principles that underlie multisensory processing, the first two principles suggest that the more temporally and spatially coincident (Meredith et al., 1987; Stein et al., 2014; Baum and Stevenson, 2017) two sensory cues are, the more likely they are to be bound together and result in a unified percept. The third principle states that unisensory signals that are weakly effective on their own are more likely to benefit from integration (Stein et al., 2009, 2014; Baum and Stevenson, 2017). This third principle of inverse effectiveness however does not hold true when the unisensory component that would be bound into a multisensory percept becomes unreliable and can result in a reduction in multisensory benefits as observed through models of optimal integration (Ross et al., 2007; Ma et al., 2009; Baum and Stevenson, 2017). Indeed, effective multisensory integration is dependent on both peripheral sensory organs as well as higher cognitive processes. As significant changes in sensory systems (e.g., decrease in visual acuity and an increase in auditory acuity thresholds) and cognitive function (e.g., decline in executive function and memory) are associated with healthy aging, it is not surprising that multisensory integration also changes with age (Rapp and Heindel, 1994; Kalina, 1997; Liu and Yan, 2007; Mozolic et al., 2012; Baum and Stevenson, 2017; Fjell et al., 2017). Indeed, older adults have been found to have longer response times in audiovisual detection tasks (†Laurienti et al., 2006; †Mahoney et al., 2011; †Couth et al., 2018; †Basharat et al., 2019), exhibit wider temporal binding windows (TBWs; the window of time within which information from different modalities is integrated and perceived as simultaneous; †Setti et al., 2011b; †Bedard and Barnett-Cowan, 2016; †Basharat et al., 2019), are more likely to be distracted by irrelevant stimuli within and across modalities [Poliakoff et al., 2006; see de Dieuleveult et al. (2017) for a detailed review regarding the effects of aging on multisensory integration], but they are also more likely to exhibit greater multisensory enhancement [see Mozolic et al. (2012) and de Dieuleveult et al. (2017) for detailed reviews] compared to younger adults. Further, it has been found that such changes in multisensory integration are exacerbated in those living with mild cognitive impairment and dementia. Research has revealed that those living with MCI and dementia tend to have longer response times, exhibit wider temporal binding windows, are more likely to experience attention impairment, and are less likely to benefit from multisensory enhancement compared to healthy controls (Wu et al., 2012; Chan et al., 2015; Murray et al., 2018). These results suggest that both cognitive function and sensory abilities must be accounted for when conducting multisensory integration related research with the aging population.

A decline in sensory abilities can affect the reliability, or the precision of a sensory estimate, with which the central nervous system integrates cues from auditory and visual modalities and can thus reduce the benefits typically gained through the multisensory process (Ernst and Bülthoff, 2004; Odegaard and Shams, 2016). Note however, that reduced acuity may also help to explain the increased benefits of multisensory integration in the aging population through the lens of the principle of inverse effectiveness (Mozolic et al., 2012). With a decline in auditory and visual acuity, the unisensory cues from these modalities would be presented just above threshold levels, thus the principal of inverse effectiveness would predict that integration of these weakly effective cues would produce gains much larger than the sum of their parts, suggesting that individuals with reduced sensitivity or acuity (i.e., older adults) may experience enhanced sensory integration. Thus, accounting for age-related sensory loss is essential in multisensory literature as it impacts the reliability of the incoming information and thus the likelihood of integration. It should however be noted that in a recent review conducted by de Dieuleveult et al. (2017) where the performance of older adults was compared to younger adults on unisensory and multisensory stimuli, it was found that although older adults did not always exhibit slower response times on the unisensory stimuli, they continued to show multisensory facilitation, indicating that inverse effectiveness may be one of many processes involved in the enhancement observed for multisensory cues in older populations (†Peiffer et al., 2007; Guerreiro et al., 2014, 2015).

Regardless of the underlying mechanisms, some research shows that changes in audition and vision impact temporal perception, not just within each modality, but also between these sensory modalities. Within the auditory domain, older age impairs temporal order judgments (Gordon-Salant and Fitzgibbons, 1999), duration discrimination (Fitzgibbons and Gordon-Salant, 1994, 1995; Gordon-Salant and Fitzgibbons, 1999), and reduces sensitivity to temporal fine structure (Grose and Mamo, 2010). Within the visual modality, age also impairs visual temporal judgments (de Boer-Schellekens and Vroomen, 2014), reduces flicker sensitivity (Mayer et al., 1988; Kim and Mayer, 1994), and reduces critical flicker frequency (Lachenmayr et al., 1994). When assessing age-related changes to audiovisual temporal perception, researchers find that older adults are more susceptible to the sound-induced flash illusion (†Setti et al., 2011a; McGovern et al., 2014), are more susceptible to the temporal ventriloquist effect (de Boer-Schellekens and Vroomen, 2014), and have wider temporal binding windows (†Bedard and Barnett-Cowan, 2016; †Basharat et al., 2018, 2019). Further, as aging increases the prevalence of ocular disease and hearing loss, this can lead to impairment in temporal perception (Phipps et al., 2004; Gin et al., 2011; Gallun et al., 2014). Although many, but not all, audiovisual multisensory paradigms include auditory- and visual-only conditions to gain insight into the workings of auditory and visual systems, we believe that accounting and screening for age-abnormal changes in the auditory and visual modalities will allow researchers to draw more reliable conclusions related to how audiovisual integration (the binding of auditory and visual cues into a unified percept) changes with age without being confounded by uncorrected vison and hearing. Our preliminary search revealed that researchers are not employing as much scientific rigor as would be necessary to account for auditory and visual acuity changes within the multisensory integration literature. While some researchers rely on self-reported measures obtained from participants, and others measure acuities in the lab or research centers to determine eligibility, some researchers however do not collect or account for visual and/or auditory acuities whatsoever. Further, a standardized criterion for what constitutes “normal” vision and hearing does not seem to be used and does not exist within the multisensory integration literature (Brooks et al., 2018).

Here, we aimed to determine the scope of the problem and collected information regarding what practices researchers are following in the literature to screen for vision and hearing impairment. We collected descriptive statistics regarding the number of researchers who screened for auditory and visual acuities (and how they reported it), those who used self-reported measures, and finally those who did not utilize any form of acuity measurements. We also aimed to determine what cut-off scores are being used when researchers do measure the acuities within a research or laboratory setting and what types of questions are asked to obtain self-reported perceptions of auditory and visual acuities. In addition to visual and auditory acuity measures, we also assessed how researchers define healthy aging (e.g., if cognitive impairment is accounted for and if so, how it is being measured). This scoping study will help provide a map of the methods researchers are utilizing and will help determine whether or not a meta-analysis can be conducted to further understand the scope of the issue with the current dataset.



METHODS

The methods of the current study have been registered with the Open Science Framework (Basharat and Barnett-Cowan, 2020). The scoping review was conducted according to the framework proposed by Arksey and O'Malley (2005) and the suggestions that have been developed by Levac et al. (2010).


Identifying the Research Question

We posed our research questions as follows: what is known from existing literature about the types of auditory and visual impairment screening methods that are employed in the literature on multisensory integration perception in healthy aging to screen for inclusion. Based on the results obtained in this scoping study, a recommendation of whether or not a meta-analysis can be conducted to determine if significant differences exist in the findings and or conclusions drawn in studies that used self-reported vision and hearing impairment screening methods compared to studies that measured vision and hearing impairment in the laboratory will be made. We further aimed to determine the methods used to assess and classify cognitive impairment in this literature.



Identifying Relevant Studies

Following the Arskey and O'Malley framework (2010), this stage aimed to identify the criteria that was used to select studies for inclusion in the scoping study. Although scoping studies are designed to be broad, we chose specific criteria that would help guide the search. Relevant articles were identified in MEDLINE Pubmed (earliest records available—June 30th, 2020), MEDLINE Scopus (earliest records available—June 30th, 2020), and PsychInfo (earliest records available—June 30th, 2020). We chose these databases to ensure a comprehensive coverage of health, engineering, social sciences, and psychology journals. We believe that Pubmed comprehensively covers health related articles, Scopus acts as a complimentary multidisciplinary database that covers articles from engineering, social sciences, and health, and finally PsychInfo provides coverage of articles specifically from the psychology domain.

The key concepts used in the searches were as follows: multisensory integration, audiovisual modality, and aging (with younger adults as a comparator). The key concepts were combined using the Boolean operator AND, and the search words within each concept were combined with OR (Basharat and Barnett-Cowan, 2020). As suggested by Levac et al. (2010), the team used an iterative process to identify key search terms. Initially, AB identified key articles and created keywords for each category for this review. A research librarian was then consulted who advised on, and helped modify the search strategy for the various databases used. Once the search strategies had been finalized, articles were retrieved from each database and imported into the Mendeley reference management software. Note that if an article did not contain a combination of all the search terms (i.e., multisensory, audiovisual, and aging) in the abstract, title, or in the “keywords,” it most likely did not appear in our search results.


Search Strategy Used for Scopus, PubMed, and PsychInfo
 
Scopus

(TITLE-ABS-KEY (multisensory OR sensory OR crossmodal OR cross-modal OR cross-sensory OR intersensory OR multimodal OR multi-modal OR asynchrony OR temporal OR temporal-order OR “temporal window” OR integration OR “window of integration” OR “temporal binding window” OR “sound-induced flash illusion” OR “reaction time” OR “response time” OR “race model” OR simultaneity OR “redundant target”)) AND TITLE-ABS-KEY (audiovisual OR “audio-visual” OR “visual-audio” OR “auditory-visual” OR “visual-auditory”) AND TITLE-ABS-KEY (aging OR aging OR “older adult*” OR older OR aged OR geriatr* OR gerontol* OR elderly OR “older persons”); 1,368 results obtained.



PubMed

(multisensory[tw] OR Sensory[tw] OR crossmodal[tw] OR cross-modal[tw] OR cross-sensory[tw] OR intersensory[tw] OR multimodal[tw] OR multi-modal[tw] OR asynchrony[tw] OR temporal[tw] OR “temporal window” OR temporal-order[tw] OR integration[tw] OR “temporal binding window”[tw] OR “sound-induced flash illusion”[tw] OR “reaction time”[tw] OR “response time”[tw] OR “redundant target”[tw] OR “race model”[tw] OR simultaneity[tw] OR Reaction Time [MESH] OR Discrimination, Psychological [MESH]) AND (Audiovisual[tw] OR Audio-visual[tw] or visual-audio[tw] OR auditory-visual[tw] OR visual-auditory[tw]) AND (aging[tw] OR aging[tw] OR older[tw] OR aged[tw] OR geriatr*[tw] OR gerontol*[tw] OR elderly[tw] OR Aged [MESH] OR Aged, 80 and over [MESH] OR Geriatrics [MESH]); 790 results obtained.



PsychInfo

((title: (multisensory) OR title: (sensory) OR title: (crossmodal) OR title: (cross-modal) OR title: (cross-sensory) OR title: (intersensory) OR title: (multimodal) OR title: (multi-modal) OR title: (asynchrony) OR title: (temporal) OR title: (temporal-order) OR title: (“temporal window”) OR title: (integration) OR title: (“window of integration”) OR title: (“temporal binding window”) OR title: (“sound-induced flash illusion”) OR title: (“reaction time”) OR title: (“response time”) OR title: (“race model”) OR title: (simultaneity) OR title: (“redundant target”)) OR (abstract: (multisensory) OR abstract: (sensory) OR abstract: (crossmodal) OR abstract: (cross-modal) OR abstract: (cross-sensory) OR abstract: (intersensory) OR abstract: (multimodal) OR abstract: (multi-modal) OR abstract: (asynchrony) OR abstract: (temporal) OR abstract: (temporal-order) OR abstract: (“temporal window”) OR abstract: (integration) OR abstract: (“window of integration”) OR abstract: (“temporal binding window”) OR abstract: (“sound-induced flash illusion”) OR abstract: (“reaction time”) OR abstract: (“response time”) OR abstract: (“race model”) OR abstract: (simultaneity) OR abstract: (“redundant target”)) OR (Index Terms: (“Sensory Integration”) OR Index Terms: (“Intersensory Processing”) OR Index Terms: (“Reaction Time”) OR Index Terms: (“Causality”) OR Index Terms: (“Perceptual Discrimination”) OR Index Terms: (“Time Perception”) OR Index Terms: (“Temporal Order (Judgment)”))) AND Any Field: ((title: (audiovisual) OR title: (“audio-visual”) OR title: (“visual-audio”) OR title: (“auditory-visual”) OR title: (“visual-auditory”)) OR (abstract: (audiovisual) OR abstract: (“audio-visual”) OR abstract: (“visual-audio”) OR abstract: (“auditory-visual”) OR abstract: (“visual-auditory”)) OR (Index Terms: (“Audiovisual Communication”) OR Index Terms: (“Visual Perception”) OR Index Terms: (“Auditory Perception”))) AND Any Field: ((title: (aging) OR title: (aging) OR title: (“older adult*”) OR title: (older) OR title: (aged) OR title: (geriatr*) OR title: (gerontol*) OR title: (elderly) OR title: (“older persons”)) OR (abstract: (aging) OR abstract: (aging) OR abstract: (“older adult*”) OR abstract: (older) OR abstract: (aged) OR abstract: (geriatr*) OR abstract: (gerontol*) OR abstract: (elderly) OR abstract: (“older persons”)) OR (Index Terms: (Aging) OR Index Terms: (“Age Differences”) OR Index Terms: (Geriatrics) OR Index Terms: (“Individual Differences”))); 304 results obtained.





Study Selection

Following the Arksey and O'Malley framework, studies were identified to be included in the scoping study. All articles generated from the search for each journal were imported into Mendeley where duplicates were removed. Two team members (AB and AT) read the abstracts and titles of all the articles to screen the studies for inclusion based on the following criteria: (1) healthy older adults (minimum mean or median age of 60) were tested; where “healthy” was defined as not having a neurological disease (e.g., Parkinson's disease, Alzheimer's disease, cognitive impairment, depression), (2) healthy younger adults were tested (mean or median age between 18 and 35); where healthy was defined as no current, acute, or chronic disease, (3) auditory and visual integration was measured, (4) the article was written in English, (5) the article had behavioral results. Articles that included the following were excluded: (1) tested taste exclusively, (2) tested olfaction exclusively, (3) tested somatosensation exclusively, (4) tested emotion perception, (5) were not written in English, (6) were clinical commentaries, editorials, interviews, letters, newspaper articles, abstracts only, or non-peer reviewed literature (e.g., theses), and (7) focused on neuroimaging without a behavioral component. AB and AT met every week to compare their results and to discuss any issues. Any disagreements were discussed between the two reviewers until a consensus was reached or by arbitration of a third reviewer (MBC). Once this step was complete, full articles were retrieved for further evaluation. Note here, that five studies were included that tested only older adults (3,133 participants). Since they provided meaningful information, and because the primary question relates to auditory and visual thresholds, which are more affected in the older population, we decided to make an exception for these studies and included them in this scoping review.



Collating, Summarizing, and Reporting the Results

The results are presented below as described in the registered protocol for the current scoping review (Basharat and Barnett-Cowan, 2020). Descriptive data are presented in table format for variables of interest including but not limited to: title, author(s), year of publication, location(s); if the primary research question is addressed (i.e., if acuity was measured and if so, what the inclusion cut-off was, whether acuity was self-reported and if so, what questions were asked, or if acuity was unaccounted for); type of research article (original experimental research); description of participants (age, sex, inclusion/exclusion criteria); aim(s) of each study; methodology used [e.g., type of task used (e,g, detection response time (RT) task, simultaneity judgment (SJ), temporal order judgment (TOJ), etc.)]; outcome measures.




RESULTS


Description of Studies and Participant Characteristics

For this scoping review, 2,462 articles were retrieved, 903 duplicates were automatically removed by Mendeley (n = 1,559), Mendeley was then manually checked for duplicates and 13 pairs of duplicates were found which were subsequently removed, leaving 1,546 original articles. The titles and abstracts of all 1,546 articles were reviewed. Through this process, 105 articles were selected for full article review and for further evaluation; 35 articles did not meet the inclusion criteria due to reasons spanning from age (either older adults were not included, or age was not listed), lack of relation to audiovisual integration, lack of undergoing the peer review process (thesis), or because they were reviews that did not provide sufficient information or provided information that was not relevant to this scoping study (refer to Figure 1 for further information). Note that two additional studies were included during the review process, as such, a total of 72 studies were used to assess the research questions.


[image: Figure 1]
FIGURE 1. PRISMA flow diagram. This flow diagram is adopted for this scoping study from the PRISMA flow diagram for systematic review (Page et al., 2021) and includes searches of databases only.


We found that the United States produced the largest number of articles (see Supplementary Tables 2, 3 for further details regarding the country of origin of the articles; note that the country of origin was determined by the affiliation of the all the authors listed on each manuscript). Various behavioral outcomes of interest were identified from the 72 studies; note that most studies extracted multiple outcomes of interest, thus the inclusion in one category does not preclude it from another category. The outcome variables of interest that were used by more than 5% of the studies are as follows: accuracy or proportion correct or percent correct (n = 42), mean or median response time (n = 32), race model as a measurement of enhancement (n = 13), enhancement in speech perception (n = 11), hit rate (n = 10), and the temporal binding window or temporal window of integration or the just noticeable difference (n = 10); see Supplementary Tables 3, 4 for further information regarding the tasks used, the aim of each study, and the outcomes of interest. See also Figure 2 for a visualization of the behavioral outcomes of interest.


[image: Figure 2]
FIGURE 2. Behavioral outcomes of interest. This figure provides a visual breakdown of the behavioral outcomes of interest for the studies included in this scoping review in the form of a bar graph. Please refer to Supplementary Table 3 for further information regarding the behavioral outcomes of interest for each study as well as the type of tasks used to extract this information. Asterisks (*) in the figure indicate that further information is provided regarding their definition. Recalibration of the PSS and TBW = Recalibration of the point of subjective simultaneity and temporal binding window; sensitivity measure or perceptual sensitivity = an example is d'; susceptibility to the SIFI, susceptibility to the sound-induced flash illusion; TBW/TWI/JND, temporal binding window/temporal window of integration/just noticeable difference; enhancement (speech perception), auditory and/or visual enhancement for speech perception; race model, race model as a measure of enhancement (may include any or all of: cumulative distribution, difference probability, and area under the curve).


As mentioned above, older adults were tested in all the articles, however, five studies did not include younger adults as a comparison. In total 6,402 participants were included where 1,624 participants consisted of younger adults while the majority of the participants (4,778) were older adults (see Tables 1, 2 for further breakdown of age and sex). Although age ranges were not included for all the studies, the majority of the studies did provide an age range for both younger and older adults (67.4% and 72.9% respectively). The following age ranges were reported for the younger group: 16–50 and 50–90 years were reported for older adults; we calculated the average range of 20.5–29.8 for younger adults and 62.0–78.7 for older adults based on the ranges provided by these studies. For studies that did not provide an age range, they provided mean ages; the following mean ages were found for younger and older adults: 22.3 and 67.8 years respectively. Many studies used normal vision (91.7%) and hearing (95.8%) as part of their inclusion criteria (measured or self-reported; see Supplementary Table 5 for further details). Further, 76.4% of studies screened for neurological or cognitive disorders (measured in lab or self-reported) and of the studies that used a cognitive assessment to account for cognitive impairment, 47.2% used the Mini-Mental State Examination (MMSE) as part of their screening protocol, while only 18.1% used the Montreal Cognitive Assessment (MoCA; see Table 3 as well as Supplementary Table 5 for a comparison of cut off scores used for inclusion in studies using the MMSE and MoCA). Further, 13.9% of studies screened for traumatic brain injury (TBI). In total 35 inclusion criteria were used (see Supplementary Table 5 for details).


Table 1. A breakdown of the participants included.

[image: Table 1]


Table 2. A further breakdown of the sample.
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Table 3. Details regarding the number of studies that used and reported the Mini Mental State Examination (MMSE) and/or Montreal Cognitive Assessment (MoCA) scores to assess cognitive function and the various scores used as part of the inclusion criteria.

[image: Table 3]



Research Question 1: Description of Auditory and Visual Acuity Reporting

Of the 72 studies included 69 accounted for auditory acuity (i.e., measured or self-reported or both) while only 66 studies accounted for visual acuity. Of the studies investigated in this scoping review, substantially more studies both measured (46 vs. 37) and used self-reported acuity perception (41 vs. 39) to screen for auditory impairment as compared to visual impairment (see Tables 4, 5 for further information regarding how the studies included in this scoping review accounted for auditory and visual acuity). The exclusion criteria used to screen for auditory impairment were quite heterogeneous even when pure tone audiometry tests were used, with thresholds ranging from frequencies of 0.25 kHz on the lower end to 8 kHz on the higher end and intensities of 25–55 dB (see Supplementary Table 6 as well as Tables 6–8 below for details). Most studies used an auditory device (e.g., audiometer) to screen for hearing impairment, however a large majority of studies failed to report the type of test (e.g., device or custom) they used for screening eligibility. Further, only seven studies reported whether or not participants wore hearing aids, while 22 studies did not report which ear was used to screen for hearing impairment, indicating a need for improvement in reporting methods (see Table 9 below for further details). The visual modality on the other hand was slightly more homogenous, where 36.7% of the studies that measured visual acuity used the same criteria [e.g., ≥ 20/40 (6/12 or 0.3 LogMAR)] (see Supplementary Table 6 and Tables 10, 11 below for further details). Interestingly, only nine studies reported questions that were used for self-reported inclusion assessments for the auditory modality while only six studies reported the questions they used to screen for self-reported visual impairments. For the Auditory modality, these questions ranged from requiring simple “yes” or “no” responses to having more options for the participants to choose from such as “excellent,” “very good,” “good,” “fair,” and “poor.” For vision, similar questions were reported (e.g., “do you have normal or corrected to normal vision?” “yes” or “no” and “is your vision: excellent, very good, good, fair, and poor”) with an additional option of “or are you registered as legally blind” (see Supplementary Table 6 and Table 4 below for further details).


Table 4. Details regarding the number of studies that reported auditory and visual acuity information.
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Table 5. Details regarding the number of studies that measured auditory and visual acuities in the lab, used self-reported measures, or used a combination of both to screen for inclusion.
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Table 6. Details regarding the frequencies used to assess auditory acuity for inclusion.
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Table 7. Details regarding the thresholds used to assess auditory acuity for inclusion found in the studies included in this scoping review.
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Table 8. Details regarding the most commonly utilized auditory acuity inclusion criteria found in the studies included in this scoping review.
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Table 9. Details regarding the type of test used (using a device or a custom test), whether or not participants wore hearing aids, and the ear(s) that was used to assess inclusion.
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Table 10. Details regarding the criteria used to assess visual acuity for inclusion found in the studies included in this scoping review as obtained through various tests.
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Table 11. Details regarding the type of test (computerized, chart, and custom) used to test vision, the required conditions to administer this test (e.g., whether a participant used optical correction, whether binocular vision was tested, the viewing distance, etc.), if vision impairment was accounted for, and if a control condition was included for measuring only visual performance as compared to audiovisual (experimental) condition.
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Research Question 2: Can a Meta-Analysis Be Conducted?

It is quite difficult to determine whether a meta-analysis can be conducted with the articles included in this scoping review. The data reveals heterogeneity not only in tasks that were used to measure multisensory integration (e.g., target discrimination, sound localization tasks, simultaneity judgment, temporal order judgment, etc.) and the behavioral outcome of interest (e.g., accuracy/proportion correct, mean or median response time, temporal binding window, etc.) but also in how hearing and visual impairment were screened. If meta-analyses are to be used to address specific research questions, we recommend that they use specific behavioral outcomes that were most used in the literature included in this scoping review (see Supplementary Tables 3, 4 as well as Figure 2 for further information regarding the behavioral outcomes of interest. See also Supplementary Table 7 for main results). Additionally, many of the studies used unique stimuli and some did not to use control conditions, which may also impact the behavioral outcomes observed and thus should also be taken into account when thinking about conducting a meta-analysis (see Tables 9, 11 below as well as Supplementary Tables 8, 9).




DISCUSSION

Our review demonstrates that only 63.8 and 51.4% of studies examining audiovisual integration in aging, measure auditory thresholds and visual acuities respectively and that less than half of the studies (45.8%) that measure acuities screen both sensory modalities for age-abnormal changes. Further, a key finding is that a consistent definition of what constitutes normal hearing and vision is not employed within studies that screen for audiometric thresholds and visual acuities. Additionally, we found that although 41 and 39 studies use self-reported measures to screen for normal hearing and vision respectively, only nine studies reported the questions that were presented to participants for auditory screening, while only six studies reported the questions used to screen for self-reported visual impairment (see Tables 4, 5 below and Supplementary Table 6 for further information). In addition, as one may expect, a variety of tasks and behavioral outcomes of interest (e.g., discrimination or detection, mean response time, susceptibility to the sound induced flash illusion, etc.; see Supplementary Tables 3, 4 and Figure 2 above for details) were used in the studies selected for this scoping review; thus, the variability present in the data, from the screening measures to the multiple different tasks used makes it difficult to recommend a meta-analysis at the moment. It should however be noted that of the 2,462 articles, the 72 that were selected based on the inclusion and exclusion criteria specified above in the methods section and in the protocol for this review (https://osf.io/v3snz/; Basharat and Barnett-Cowan, 2021) were more focused on the aging process rather than on specific behavioral outcomes related to any specific task. Thus, future researchers whose research questions can be addressed using a meta-analysis can use either a rigid criterion (e.g., include studies that tested discrimination or detection response time only) to look for studies that use the same tasks or a more lenient criteria (e.g., compare the impact of aging on additional sensory modalities including somatosensation in a given task such as for detection or discrimination tasks) to capture a larger set of studies.

Our results indicate that more studies measured auditory thresholds compared to visual acuity (46 vs. 37 respectively; see Table 4 for further information). This is not surprising given that the prevalence of hearing loss rises with age ranging from 46 to 60% to more than 80% in adults aged 75 and 85 years respectively (Cooper and Gates, 1991; Yueh et al., 2003; Walling and Dickson, 2012) and is much higher than the prevalence for visual disorders that range from 2.6 to 8.0% in adults aged 70–74 and 75–80, respectively (Buch et al., 2001). However, we recommend testing both sensory modalities to ensure that stimuli presented to all participants are perceived at the appropriate thresholds (e.g., suprathreshold) required for accurate results. Note however that depending on the study design and the types of stimuli used, additional control conditions may be required. Further, and as alluded to above, the studies of audiovisual integration included in this review have adopted inconsistent screening definitions, especially for the auditory acuity, making it difficult to compare results between studies. A potential solution for this lack of standardization, is using the definitions of hearing loss and visual impairment that are recommended by the WHO; hearing loss is defined as “a speech-frequency pure-tone average at 0.5, 1, 2, and 4 kHz frequencies of >20 dB HL in both ears” and visual impairment is defined as “ <20/40 (no visual impairment) but greater than or equal to 20/400 (severe visual impairment) in both eyes” (Mathers et al., 2000; World Health Organization, 2018b, 2021b). We also found that more females than males were tested, both in the younger (62.8%) and older (54.2%) adult populations. Surprisingly, 29.2 and 34.7% of the studies failed to report gender for older and younger adults respectively, which may impact the ratio of men to women currently seen in this review. Note here that five studies were included that only tested older adults and if those studies were removed, we would be left with a comparable sample to the younger population of 461 older males and 657 older females (compared to 406 younger males and 688 younger females). However, we decided to keep these articles in the scoping review as they provide useful information regarding the screening procedures for inclusion of older adults, used in the literature.

Although a large number of studies (76.39%) used cognitive reporting to ensure that the participants included were cognitively intact (MMSE, MoCA, and DemTect, a dementia screening test, self-reported lack of cognitive impairment), many different scores were used to include or exclude individuals (see Table 3 and Supplementary Table 5 for further information regarding the inclusion criteria used for cognitive impairment and for various other inclusion criteria used by the studies included in this review). Although the variability in scores was somewhat expected as various cut off scores have been used for the detection of mild cognitive impairment (MCI) for both the MoCA (26, 25, 24, and 23; Nasreddine et al., 2005; Luis et al., 2009; Davis et al., 2015; Ciesielska et al., 2016; Milani et al., 2018) and the MMSE (28, 27, 26, 24; Anderson et al., 2007; Markwick et al., 2012; Creavin et al., 2016; Kvitting et al., 2019; Erdodi et al., 2020), we were surprised by the preferred use of the MMSE over the MoCA. As the MMSE was designed to screen for dementia at a time where the concept of MCI did not exist, the MoCA has been found to be a more sensitive test for detection and screening for early cognitive impairment compared to the MMSE (Markwick et al., 2012; Ciesielska et al., 2016). Further, research reveals that performance on the MMSE is affected by race, education, language, and gender (Tombaugh and McIntyre, 1992; Grigoletto et al., 1999; Wood et al., 2006), while the MoCA was designed as an alternative method of cognitive screening and is thought to account for the limitations that affect the MMSE [Nasreddine et al., 2005; Ciesielska et al., 2016; however please see a review by Siqueira et al. (2019) which indicates that both the MoCA and the MMSE are impacted by educational level]. Moving forward, we recommend that researchers use the MoCA to detect MCI as it was specifically designed to screen for mild cognitive impairment and it accounts for educational level differences through the addition of a point to the final score for those with <12 years of formal schooling (Nasreddine et al., 2005; Siqueira et al., 2019).

Further, we found that the 72 studies included in this scoping review used different tasks with various methodology, aims, and varying behavioral outcomes of interest (refer to Supplementary Tables 3, 4, 6, 8, 9 as well as Figure 2 above for details). Overall, the most common behavioral outcomes were thus “accuracy or proportion correct or percent correct” and “mean and median response time” measures. Given that the articles included used 28 different outcomes of interest to assess multisensory integration, it is difficult to suggest conducting a meta-analysis with the specific articles that we have used in this scoping review. However, we strongly believe that there is a sufficient amount of data available in the 1,500+ articles that were screened for this scoping review and thus suggest utilizing either a more rigid inclusion criteria (e.g., utilizing only speech recognition or response time tasks) or a broader inclusion criteria (e.g., including studies that do not mention the aging process) for those interested in conducting a meta-analysis.

This scoping review is not without its limitations. An inherent limitation of any given scoping review is that it provides breadth rather than depth on a topic (Arksey and O'Malley, 2005; Levac et al., 2010). While this scoping review provides a broad view of how studies are screening for age-abnormal sensory changes through the use of auditory and visual acuities, we are unable to determine the effectiveness of accounting for unisensory changes in multisensory integration research within this scoping review. As such, future research using meta-analyses is necessary to determine whether the results obtained from studies that screen for auditory and visual acuities differ from those that only use self-reported measures. We do however believe that providing a breath of knowledge will prove to be useful for researchers in understanding and further investigating multisensory integration within the aging population. Another limitation is that the majority of the literature in this review stems from developed countries (Economic Analysis Policy Division, 2020) and therefore it is not clear whether these findings extend to developing countries. However, it is also not clear whether the recommendations to correct the limitations associated with accounting for sensory acuities would not be applicable to the research conducted in developing nations, thus, we would extend our recommendations to developing nations unless future research indicates otherwise. Additional research with the inclusion of studies from developing nations is necessary to elucidate this matter. An additional limitation of the current study is that only studies published in English were included, limiting the review to articles that were either published in English-speaking countries, which may explain the predominance of the literature stemming from developed countries, or to those that had the funds for translation services. Finally, we conducted this scoping review using behavioral studies as we were concerned that behavioral studies may be conducted with less rigor as compared to neuroimaging studies, however, further research investigating the use of auditory and visual acuity screening methods with neuroimaging studies will not only provide insight, but is necessary to ensure standardized methods are used throughout the literature.



CONCLUSION

In conclusion, we found that only approximately 64 and 51% of studies measure for age-abnormal hearing and vision respectively and that within these studies a consistent definition of what constitutes normal hearing and vision is not found. Further, we found that many studies screen for one sensory modality (audition) more than the other modality. Here, we recommend screening for both age-abnormal hearing and vision and using the World Health Organization's definitions of hearing loss and visual impairment. Further, we find that many researchers use the MMSE for MCI screening instead of the MoCA and we recommend the utilization of the latter cognitive assessment as it has been found to be more sensitive toward the detection of MCI. We found that many different tasks were used to assess audiovisual integration in younger and older adults ranging from speech recognition to the stream bounce task, thus various behavioral outcomes were obtained ranging from accuracy to stream bounce susceptibility, making it difficult to suggest conducting a meta-analysis with this particular dataset. We do however believe that a meta-analysis can be conducted with the abundant data that exists within audiovisual literature; if you wish to conduct a meta-analysis, we recommend using either a more strict or a less strict inclusion criteria depending on your research question of interest.
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Spatial cognition is known to decline with aging. However, little is known about whether training can reduce or eliminate age-related deficits in spatial memory. We investigated whether a custom-designed video game involving spatial navigation, obstacle avoidance, and balance control would improve spatial memory in older adults. Specifically, 56 healthy adults aged 65 to 84 years received 10 sessions of multicomponent video game training, based on a virtual cityscape, over 5 weeks. Participants were allocated to one of three training conditions: the main intervention, the “CityQuest” group (n = 19), and two control groups, spatial navigation without obstacle avoidance (“Spatial Navigation-only” group, n = 21) and obstacle avoidance without spatial navigation (“Obstacles-only” group, n = 15). Performance on object recognition, egocentric and allocentric spatial memory (incorporating direction judgment tasks and landmark location tasks, respectively), navigation strategy preference, and executive functioning was assessed in pre- and post-intervention sessions. The results showed an overall benefit on performance in a number of spatial memory measures and executive function for participants who received spatial navigation training, particularly the CityQuest group, who also showed significant improvement on the landmark location task. However, there was no evidence of a shift from egocentric to allocentric strategy preference. We conclude that spatial memory in healthy older participants is amenable to improvement with training over a short term. Moreover, technology based on age-appropriate, multicomponent video games may play a key role in cognitive training in older adults.
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INTRODUCTION

Spatial navigation, the ability to find our way between locations in an environment, is a complex cognitive function. To navigate successfully, an individual must recognize and remember salient landmarks, their relative locations, and the directions of previously taken routes. Two separate spatial strategies are thought to support these processes. First, an egocentric strategy involves the encoding of information related to the spatiotemporal sequence of environmental features relative to oneself, such as landmarks, and the sequence of movements necessary to get from one landmark to the next (Hartley et al., 2003; Wolbers et al., 2004). Second, an allocentric spatial strategy involves a more global representation or “cognitive map” of the environment where landmark locations are identified by their spatial relationship to one another (Tolman, 1948; O’Keefe and Nadel, 1978; Maguire et al., 1998).

Spatial navigation abilities have been shown to deteriorate as we age, often resulting in older adults avoiding unfamiliar environments which can, in turn, impact negatively on quality of life (Burns, 1999). It is widely accepted that older adults show impairments in allocentric processing and, to some extent, egocentric processing during spatial navigation tasks (Moffat, 2009; Klencklen et al., 2012; Lithfous et al., 2013; Colombo et al., 2017; Lester et al., 2017). Corresponding with declines in spatial abilities, older adults show reduced volume in the hippocampus and caudate nucleus (Raz et al., 2003; Raz and Rodrigue, 2006) which are key brain areas involved in allocentric and egocentric strategies, respectively.

Spatial navigation is also supported by the vestibular system (Brandt et al., 2005), which plays a crucial role in maintaining one’s balance and postural control (Allen et al., 2004; Angelaki and Cullen, 2008; St George and Fitzpatrick, 2011). Vestibular function also declines with age (Anson and Jeka, 2016), impacting self-motion perception and the coding of the body’s orientation and position in space. A typical finding is that older adults perform worse than their younger counterparts in a triangular completion task, i.e., returning to the starting point of a triangular path after being led along two angles of the triangle with their eyes closed (Adamo et al., 2012; Barrett et al., 2013). Even though vestibular function declines with aging, older adults rely more on vestibular information during spatial navigation, even when the visual cues are more reliable (Bates and Wolbers, 2014).

With aging, the cognitive demands of navigating through an environment may lead to resource competition between maintaining balance control and completing the navigation task, resulting in either reduced balance control (Simieli et al., 2015) or reduced performance in navigation (Lester et al., 2017), depending on task demands. This trade-off was observed in a study by Lövdén et al. (2005), in which younger and older adults walked on a treadmill while exploring a virtual museum, either with a handrail for support or without. Older adults showed a more unstable gait when navigating through the museum compared to when simply walking on the treadmill. Furthermore, age differences in spatial learning performance were more pronounced when no handrail support was supplied, whereas the performance of older adults improved in terms of both speed and accuracy with the provision of the handrail. Executive function has been shown to mediate navigational ability in aging (Taillade et al., 2013a). Navigating within a virtual environment using a joystick, balance board, or treadmill may be considered as a motor-cognitive dual-task condition, as cognitive processes are required both for motor and balance control, as well as for knowledge acquisition within the spatial environment.

Recent research in spatial navigation has benefited from the use of computer technology, with Virtual Reality (VR) in particular adopted as a means to assess spatial cognitive abilities in a wide range of groups, from healthy participants to patient studies. Relative to real-world environments, the use of virtual environments (VE) offer a number of benefits for studies of spatial cognition: VEs facilitate the study of large-scale spatial navigation within ecologically valid contexts while allowing for standardized protocols to be adopted across studies and also offer a high degree of experimental control (Diersch and Wolbers, 2019). For example, Merriman et al. (2016) embedded objects into a virtual rendering of both highly familiar and unfamiliar areas of a real university campus and reported a benefit of environment familiarity on spatial memory in older adults. Moreover, VR allows for the stimulation of multiple sensory systems (e.g., vision, audition, proprioception, vestibular system) whilst tracking and assessing the behavioral responses to the integration of different sensory cues (Dehn et al., 2018; Carr et al., 2019; Appel et al., 2020). Importantly, experimental manipulations that would be impossible in real-world scenarios of navigation can be used to understand the influence of different sensory information during specific aspects of navigation (Diersch and Wolbers, 2019).

The availability of VR has also allowed for the development of human analogs of spatial navigation tasks more typically used in rodent studies, such as the Morris Water Maze Task (Morris, 1981). The virtual Morris Water Maze Task (vWMT) has been used widely to assess spatial navigation abilities in both younger and older adults, with performance suggesting a specific decline in allocentric processing with aging (e.g., Moffat and Resnick, 2002; Antonova et al., 2009; Rodgers et al., 2012; Gazova et al., 2013; Daugherty et al., 2016). For example, Head and Isom (2010) found that older adults performed worse than younger adults on allocentric tasks embedded in a virtual maze, such as judging the temporal order of landmarks and the direction and relative distances associated with these landmarks. Wiener et al. (2013) also reported that, compared to younger adults, older adults were unable to use an allocentric spatial strategy when approaching a learned route from a novel direction or when required to repeat and retrace a learned route (Wiener et al., 2012), demonstrating allocentric but not egocentric deficits in spatial memory performance of older adults. In a novel study using dynamic VEs, Merriman et al. (2018a) reported that the presence of virtual crowds further impaired spatial memory performance in older but not younger adults. The use of VR/VE thus permits the carefully controlled study of the impact of ecologically valid everyday occurrences (i.e., crowded streets, obstacles) on older adults’ spatial memory.

Although spatial navigation abilities decline with aging, evidence is emerging that training can lead to improvements in this skill in older adults. For example, Lövdén et al. (2012) trained younger and older participants in a VE spatial navigation task combined with treadmill walking. Following 4 months of training, the authors reported reduced age-related deficits in spatial navigation in the experimental group, relative to a group that only walked on the treadmill, without spatial navigation training. Furthermore, neuroimaging suggested that the spatial memory training had a protective effect as the hippocampal volume of the intervention group of older adults remained constant between post-intervention and at 4 months follow up, while the hippocampal volume of the treadmill-only control group decreased consistent with longitudinal age-related decline (Lövdén et al., 2012). Thus, spatial navigation training appears to enhance navigation performance and protect the hippocampal structure from age-related decline. In addition, West et al. (2017) found that playing a 3D-platform video game (namely Super Mario 64©), for approximately 70 h over 6 months resulted in an increase in hippocampal gray matter volume in older adults compared to two control groups, an active, computerized music lesson group and a passive control group (West et al., 2017). Similar results were reported by Kühn et al. (2014) for a cohort of younger adults who played Super Mario 64® for a period of 2 months compared to a passive control group. Importantly, the increase in hippocampal gray matter volume was associated with a shift from an egocentric strategy to an allocentric strategy, suggesting a link with hippocampal volume and performance on virtual navigation tasks. These and other studies (e.g., Hötting et al., 2013) suggest that spatial navigation training in virtual environments can confer similar benefits on spatial cognition that were previously reported for tasks involving real-world navigation (i.e., London taxi drivers, Woollett and Maguire, 2011; Brunec et al., 2019).

The current study builds on our previous findings that older adults are more adversely affected by the presence of crowds while navigating than younger adults (Merriman et al., 2018a), and other reports that attentional resources are shared between balance control and spatial navigation (Taillade et al., 2013b). Specifically, this study sought to investigate whether playing a video game that required active navigation in a 3D virtual environment of increasing complexity while avoiding obstacles would improve spatial memory performance and executive function in older adults. We developed a multicomponent intervention, named “CityQuest” that trained spatial navigation in unfamiliar, crowded environments that required the participant to use balance control to navigate through a city landscape whilst avoiding obstacles and pedestrians. To provide a better understanding of the contribution of spatial memory and the obstacle avoidance components of CityQuest, we used a component control manipulation (Boot et al., 2013) and created two control conditions, one without the spatial memory task but which involved obstacle avoidance and balance control (Obstacles-only), and the other without obstacle avoidance but which involved spatial memory and balance control (Spatial Navigation-only). While the Spatial Navigation-only condition involves dual-task training of postural stability and navigation, the CityQuest condition involves multi-task training, with an extra layer of complexity that requires additional executive functioning to avoid obstacles. We hypothesized that the “CityQuest” intervention training using a realistic, ecologically valid virtual environment would lead to improvements in spatial memory relative to spatial navigation training only or obstacle avoidance training only, due to the involvement of more cognitively demanding multi-tasking components (Van Impe et al., 2013; Moreau and Conway, 2014).

All participants were required to perform two 60-min sessions of training per week over 5 weeks, i.e., a total of 10 h of training. This time frame was based on a number of previous cognitive training studies which have suggested that 4 weeks or 10 training sessions are of sufficient duration for training gains to occur (Kelly et al., 2014; Schoene et al., 2014). Before and after the intervention, spatial memory was assessed with measures of object recognition, direction judgment (egocentric processing), and cognitive mapping abilities (allocentric processing). Furthermore, we were interested in whether spatial navigation training in general would lead to a change from a more egocentric-based navigation strategy to a more efficient allocentric spatial strategy as measured by the strategy maze assessment (see Wiener et al., 2013).



MATERIALS AND METHODS


Participants

Participants were recruited through advertisements placed in local aging organizations and local media seeking community-dwelling adults aged 65 years or older in the Dublin area, in good general health, with no cognitive, visual, or hearing impairments, and able to maintain balance independently. A total of 70 older participants met inclusion criteria and were enrolled in the study. Fourteen participants did not complete the study: 5 withdrew due to ill health and 9 due to other commitments. Thus, the final sample included a total of 56 participants (35 female; M = 71.82, SD = 4.64; age range 65–84). All participants reported normal or corrected-to-normal vision and hearing, no cognitive impairment, and none reported a history of psychiatric or neurological illness. Following baseline measures (see below), participants were pseudo-randomly assigned to one of the three training intervention conditions. There were 21 participants (7 male, 14 female) assigned to the “CityQuest” training, 20 (8 male, 12 female) assigned to the “Spatial Navigation-only” training and 15 (6 male, 9 female) assigned to the “Obstacles-only” training group.



Experimental Protocol and Design

The protocol consisted of three sets of assessments: baseline measures; pre- and post-training measures, and the training intervention itself. The overall experimental design was based on a mixed, factorial design with participant group (CityQuest, Spatial Navigation-only, or Obstacles-only) as the between group factor. Participants were enrolled on an ongoing basis and randomly allocated to the CityQuest or Spatial-navigation condition first. Participants were then recruited for the Obstacles-only condition. The experiment protocol and recruitment procedures were approved by the School of Psychology Research Ethics Committee prior to the start of the study. Accordingly, all participants provided informed, written consent prior to taking part in the experiment.



Stimuli and Apparatus

The study took place in a dedicated testing laboratory in Trinity College Institute of Neuroscience. Two different and unique virtual environments were created for the purpose of the pre- and post-assessments: a VE for the Spatial Navigation Assessment and a VE for the Spatial Strategy Assessment task. The VEs were designed using a proprietary engine based on Ogre 3D and converted into video format. All pre- and post- training VE assessments were programmed and responses recorded using Presentation® software1. The VE assessments were presented on a Dell Latitude E4300 laptop and viewed by the participant on a HP L1710 17″ LCD color monitor (resolution 1,024 × 768 pixels). Participants were seated approximately 57 cm in front of this monitor.

The intervention training games were presented using either a Dell Alienware Aurora 875W computer connected to a 50″ Sony Bravia LED-backlit LCD flat panel display with a refresh rate of 120 Hz, or through a Dell Optiplex 7010 computer with a refresh rate of 60 Hz connected to a standard projector directed at a white screen. This dual set-up allowed us to test two participants at the same time and participants were trained on both apparatus (i.e., each participant performed five training sessions with the LCD display and 5 with the projector display). A Wii Balance Board (WBB; Nintendo, Kyoto, Japan) was connected to each PC via Bluetooth. Each WBB was positioned approximately 2 m away from the display, embedded into a compliant surface mat measuring approximately 2 m × 2 m that was flush with the platform floor (for an illustration of this set-up, see Merriman et al., 2018b). For added safety, a waist-high support frame was secured around the WBB which the participant could use for support when required. The sounds from the games were presented via Sennheiser HD 202 headphones (we used wired and wireless versions).


Baseline Measures

Prior to the intervention, participants’ ability across a range of sensory and cognitive measures were measured during a “baseline” session. Measures of visual acuity and contrast sensitivity were taken using the ETDRS acuity chart and the Pelli-Robson Contrast Sensitivity Test, respectively. Hearing ability was assessed with the Hughson-Westlake Audiogram at 4 kHz. Global cognitive function was assessed using the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005), with performance of below a score of 23 indicative of cognitive impairment (Luis et al., 2009). Participants’ self-reported sense of direction was assessed with the Santa Barbara Sense of Direction Scale [SBSOD; M = 4.74, SD = 0.92; (Hegarty et al., 2002)]. This scale ranged from 1 to 7, with higher scores on this measure indicating a better sense of direction.



Assessment Measures (Pre- and Post-training Assessments)

We included two main tasks (described below) to assess the effectiveness and generalizability of the training intervention on aspects of spatial cognition: the Spatial Navigation Assessment task and the Spatial Strategy Assessment task. We also included a measure of executive function which was assessed using the standardized Trail Making Test (TMT) (Reitan, 1958). The performance in the TMT was evaluated by scoring the time needed for the completion of two parts, A and B. To eliminate the motor component involved in this test, both parts of the TMT were contrasted by a difference score (TMT Part B—TMT Part A) (Corrigan and Hinkeldey, 1987). The pre- and post- assessments also included measures of balance control, ratings of balance confidence and we also tested whether measures of perceptual functioning (i.e., useful field of view and motion coherence threshold assessments) were affected by the training intervention. The effect of training on measures of balance and perceptual function are reported elsewhere (O’Callaghan et al., 2018; Roudaia et al., in prep).


Spatial Navigation Assessment

The Spatial Navigation assessment was implemented in a VE that was a simulation of an area within the campus of Trinity College Dublin (Merriman et al., 2016). We created separate videos for two distinct virtual routes through this area of the VE campus and target objects were embedded at different intersections along these routes. Two separate video clips depicted a first person view of different routes taken through the VE which participants were required to learn. Each video clip was approximately 2 min in duration. Each route comprised eight intersections and at each intersection, a left turn (3 intersections), a right turn (3) or a straight ahead (2) direction was followed. Whenever the virtual camera approached an intersection within 20 m, a unique target object would appear, which participants were asked to learn (see Figures 1A,B). There were 16 target objects in all, divided into two sets and each set was allocated to one route across all participants. The presentation order of the two routes was counterbalanced across participants and across testing sessions (pre- or post-training).
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FIGURE 1. Example imagesof target objects embedded at intersections along (A) Route A; and (B) Route B of the Spatial Navigation Assessment.


Each assessment began with a learning phase, in which participants were shown a video clip of a route twice in a row and asked to remember the route and the objects encountered in the route. Directly following learning of the route, participants were tested using the following four tasks in the same sequential order, to minimize cross-over effects.

First, participants completed the Object Recognition Task, which assessed target object recall using an Old/New recognition memory design (Merriman et al., 2016). Previous research has found that the neural activity in the parahippocampal gyrus to target objects placed at decision points along a route reflects the navigational relevance of an object’s location in the learning environment. This suggests that the automatic storage of navigationally-relevant object location in the parahippocampal gyrus is part of the neural mechanism underlying successful navigation (Janzen and van Turennout, 2004). Participants were presented with either a target object or distractor object image and asked to indicate as quickly and as accurately as possible whether or not they had seen the object along the learned route by pressing one of two assigned keys (“z” and “m”) respectively, indicating a “yes” or “no” response on the keyboard. Distractors were different exemplar objects from the same category as each target object. This task consisted of 16 trials (8 targets and eight distractors) presented in random order.

Next, participants completed a Direction Judgment Task that measured egocentric spatial processing (see Head and Isom, 2010; Merriman et al., 2016). There were eight trials in this task. In each trial, participants were presented with an image of one of the eight target objects from the learned route and asked to indicate as accurately as possible whether the object was associated with a right turn, left turn or maintained a straight-ahead course by pressing one of three corresponding keys (i.e., left, up or right arrow) on a keyboard. Trial order was randomized across participants.

The third task was a “pen and paper” Target Landmark Location Task that measured allocentric processing or “cognitive mapping” (Moffat and Resnick, 2002). In this task, participants were presented with a 2D, scaled map of the learned VE campus without any target objects indicated. For each of the target objects, participants were asked to indicate its location by marking “X” on the map, without naming the target.

The fourth task was a “Target Landmark Naming” Task, in which participants were presented with another copy of the 2D, scaled map of the VE campus but this time the map was marked with “X”s which each indicated the location of a target object along the route. Participants were required to write the name of the target object at each location indicated on the map.



Spatial Strategy Assessment

This test was designed to measure the participant’s ability to use allocentric processing for route navigation and if this strategy were more likely to be adopted following training. The test was based on a novel virtual environment which consisted of a route taken through a maze, and was adapted from Wiener et al. (2013). The maze consisted of two straight paths intersecting with two other perpendicular paths, resulting in four intersection points. The route traversed four intersections, identifiable by two unique landmarks, located on diagonally opposite corners (see Figure 2). These landmarks consisted of an image of an object presented on four sides of a cube (side length: 0.5 m), suspended 2 m above the floor. Each intersection was obscured by fog and whilst the camera approached the intersection, the object became visible from 12.5 m with a quadratic increase in light intensity.


[image: image]

FIGURE 2. Spatial Strategy Assessment: (A) Schematic overview of the learning route during the spatial strategy assessment; Example image of an intersection from the maze approached from (B) the original learned direction (correct response: right turn); and (C) from a different direction to that from learning (correct response: straight ahead).


Participants were first presented with a video clip of a first person view of a route taken through this custom-designed VE maze, populated by landmark objects, which they were required to learn. They were then tested on their spatial memory of the route.

A test trial consisted of a 6 s video clip sampled from the learned path that traversed one arm of the maze, stopping at the first intersection (see Figure 2A) and depicting the landmark objects in their original locations. These segments were presented either traveling in the same direction (same direction trials) or a different (but not reverse) direction (different direction trials) as in the learned route (see Figures 2B,C). Each clip was immediately followed by an image of white arrows pointing either left, upward, or right, prompting participants to report in which direction the learned route proceeded at this intersection by pressing the appropriate arrow key on the keyboard. There were six experimental blocks of 12 trials per block totaling 72 trials. These same and different direction trials tested different spatial processing abilities: “same direction” trials assessed egocentric strategies (associative cue or beacon strategies; Wiener et al., 2012, 2013), whereas “different direction” trials require more allocentric processing of the spatial relationships between landmarks. Spatial strategy preference was measured by calculating the percentage of responses in line with each of the three spatial strategies (associative cue, beacon and allocentric) of the “different direction” trials that distinguished between all strategies.




Description of the CityQuest Training Intervention

The main version of the training intervention, that is the “CityQuest” game, was custom-built and created by Testaluna© using Unity software. In the game, the participant navigates a virtual cityscape using their balance to guide the movements of their virtual avatar by shifting their weight on a Wii balance board. The participant’s task was to learn the locations of four target landmarks (e.g., pharmacy, cinema, bank, jewelers) located throughout the city during a learning phase, and then navigate to these locations using the fastest route on three subsequent game levels. At the same time, participants had to ensure that their avatar avoided obstacles in their way. The obstacles included static (e.g., puddles or bollards) or dynamic (e.g., moving balls or pedestrians) objects which were presented with semantically congruent auditory sounds (e.g., sound of rolling wheels). During game training, participants navigated from a first person perspective, however, their position was also simultaneously displayed on a smaller map of the environment presented in an aerial view from a fixed orientation in the top left-hand corner of the screen. Target landmarks were not displayed in the smaller map.

Game difficulty was adapted to each participant’s performance across sessions. The spatial navigation difficulty varied across sessions by changing the complexity of the cityscape, i.e., the number of intersections crossed in the city layout. There was a total of four complexity levels to the cityscapes corresponding to 8, 12, 16, and 22 intersections (labeled 1 to 4, respectively). Furthermore, obstacle complexity was manipulated by increasing the transparency of the obstacles, the number or density of obstacles on each street, and the speed of moving obstacles. There were eight complexity levels of obstacle avoidance in total. Performance on the game was constantly measured and points awarded (and displayed on the screen) for achievements including successful obstacle avoidance, and reaching a target landmark using the most efficient or fastest route. To ensure better learning and to sustain motivation, the difficulty and complexity in all three games was adapted to participants’ performance across different sessions (Green and Bavelier, 2008). Specifically, task difficulty was increased to the next level if the participant reached a criterion level of performance in each component (obstacle avoidance, spatial navigation). Otherwise, the participant remained at the same game level for the subsequent session. For more details of the training intervention see Merriman et al. (2018b).


CityQuest Training Intervention and Control Conditions

The main aim of the “CityQuest” game intervention was to locate specific target landmarks by navigating the avatar to each landmark using the most efficient route possible. Participants first learned to navigate through the virtual city by shifting their weight on a WBB to control the movements of an avatar embedded in the city. During the learning phase, participants were familiarized with the location of target landmarks within the city through active exploration. They were presented with three levels of difficulty in the game, each associated with locating the same landmarks but from different starting points within the same virtual city. During the navigation of the virtual city the participant had to also ensure that the avatar avoided obstacles by shifting their weight on the balance board.

The CityQuest game was also used as the basis for the design of two control conditions of the game, which were created to examine the effect of specific characteristics of the CityQuest game on spatial cognition and obstacle avoidance. The “Spatial Navigation-only” version of the game was identical to the CityQuest game, except that the obstacles were not included. For the “Obstacles-only” version there was no requirement to navigate to a target location. Instead, this version of the game required avoiding the same static and dynamic obstacles whilst moving through the city to collect gems located along the middle of the path within a time limit. Thus, by comparing performance in the CityQuest with performance in these control conditions, we aimed to unpick the relative contribution of spatial navigation and obstacle avoidance on the effect of the intervention on our outcome measures.

Game training performance on each session was assessed using two different measures for all training conditions, that is, the time taken at decision points and the number of intersections traversed (which was an approximation for how efficiently the cityscape was explored). There were also two different measures for the CityQuest and Spatial Navigation-only games (since the Obstacle avoidance task was time-limited) including the time taken to complete each level and navigation efficiency. Navigation efficiency was calculated by dividing the distance of the most efficient route possible to locate the target (e.g., 100 distance units) by the actual distance traveled by the participant (e.g., 130 distance units, to yield a score of 0.77) in the virtual space. Other measures of performance included obstacle avoidance efficiency (CityQuest and Obstacles-only training groups only). Obstacle avoidance efficiency was calculated as the number of obstacles successfully avoided during training divided by the total number of obstacles encountered (e.g., if 37 of the 42 objects were successfully avoided, this yielded a score of 0.88).





Procedure

The entire study (including all baseline, assessments, and training sessions) took place over several weeks and required a site visit to a dedicated testing lab in Trinity College for the duration of the experiment. All participants first completed the baseline measures in a single session. Participants were then assigned to one of the three training groups. All participants performed the pre-assessment tests (spatial cognition, executive function, perceptual function, balance) over two different sessions. Participants were also invited to volunteer for neuroimaging (MRI) testing before and after the training sessions (for further details see Merriman, 2016; O’Callaghan et al., 2018). All participants were informed that training on the intervention required them to perform two by 60 min sessions of training per week over 5 weeks, totaling 10 training sessions. A member of the research team was present at all times during training to troubleshoot any issues raised by participants and to monitor training compliance. A minimum of a 1 day break was required between sessions to allow for sufficient levels of rest and recovery (see Montana et al., 2019). After the last training block, participants completed the post-training assessments (a repeat of the pre-training assessments).



Data Analysis

All statistical analyses were conducted using SPSS 26 (SPSS Inc., Chicago, Illinois). The general significance level was set to p = 0.05 (two-tailed) unless otherwise stated. Baseline measures were analyzed using independent t-tests. Group differences in baseline characteristics were analyzed using a series of one-way analyses of variance (ANOVAs).

Group differences in the progress of participants’ performance through three levels of 10 training sessions on game measures were analyzed through a series of mixed ANOVAs or mixed ANCOVAs, depending on group differences in baseline characteristics, and are available under Supplementary Material. These performance measures included: (a) the amount of time taken at decision points during training; (b) the number of intersections traversed during training; (c) the time taken to complete each level during training (CityQuest and Spatial Navigation-only as time was held constant for those in Obstacles-only); (d) navigation efficiency during training (CityQuest and Spatial Navigation-only); and (e) obstacle avoidance efficiency during training (CityQuest and Obstacles-only).

The hypothesized advantage of the CityQuest game training was tested by the interaction of the factors “group” (CityQuest, Spatial Navigation-only, or Obstacles-only) and “time” (pre- and post-training) in mixed ANOVAs/ANCOVAs (depending on group differences in baseline characteristics) using performance differences across three different assessments as dependent outcome variables: accuracy to the spatial navigation assessment, accuracy to the spatial strategy assessment and time taken to complete the TMT (executive function).

For an exploration of any differences on measures of spatial navigation ability and executive function associated with improvement through training in the CityQuest and Spatial Navigation-only game conditions (i.e., progressing to at least the third difficulty level) compared either to those who did not train successfully in these conditions, or those training on the Obstacles-only condition, please see the Supplementary Material. Successful spatial navigation training was characterized by progressing to at least the 3rd difficulty level (out of a possible four difficulty levels) of the game during training.

Critical tests for distinguishing performance across groups were conducted, where appropriate, using six planned comparisons in which the effects of each training condition were compared one-on-one using paired t-tests at pre- and post-training, and using a Bonferroni-corrected alpha level of 0.008 (unless otherwise stated).




RESULTS


Training Group Baseline Characteristics

All participants had normal or corrected to normal visual function (Sandlin et al., 2014) and hearing for their age (Müller et al., 2009; Merriman et al., 2018b). None scored below the Montreal Cognitive Assessment (MoCA) cut-off score for mild cognitive impairment (MoCA; M = 26.93, SD = 2.03). All participants self-reported a good sense of direction (SBSOD; M = 4.74, SD = 0.92).

Table 1 summarizes the results of each of the baseline measures for participants grouped by training conditions. Separate, one-way ANOVAs were conducted on each of the baseline measures with training group (3: CityQuest, Spatial Navigation-only, Obstacles-only) as the between group factor. A main effect of training group on age revealed that participants assigned to the CityQuest group were younger than those assigned to either the Spatial Navigation-only (p = 0.016) or Obstacles-only (p = 0.01) groups. There was no effect of group on MoCA score, suggesting that participants were matched in global cognitive ability. Also, there was no evidence for a group effect on participants’ rated sense of direction (SBSOD). Although visual acuity was within the normal range for all participants, a main effect of training group suggested participants in the CityQuest (p = 0.001) and Obstacles-only (p = 0.041) groups had significantly better visual acuity compared to those in the Spatial Navigation-only group. However, there was no evidence for a group difference in measures of contrast sensitivity. The groups were also matched on measures of hearing acuity.


TABLE 1. Mean age profile and baseline characteristics of those allocated to the CityQuest, Spatial Navigation-only and Obstacles-only training conditions (with standard deviations in parentheses).
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Game Training Performance

Details of the results of training performance across the groups on all training measures (time taken to complete training; navigation efficiency; obstacle avoidance efficiency) can be found in Supplementary Material. In summary, although most participants improved their performance on the training game, of the 41 participants assigned to both the CityQuest and Spatial Navigation-only training conditions, 22 (10 male, 12 female; 9 CityQuest, 13 Spatial Navigation-only) successfully trained to the most difficult levels in the spatial navigation component (i.e. levels 3 and 4). Improvement in spatial navigation training was characterized by progressing to at least the third difficulty level (out of four difficulty levels) in terms of city complexity during training. In contrast, 19 (5 male, 14 female; 12 CityQuest, 7 Spatial Navigation-only) failed to improve or sufficiently progress to the required difficulty level across the 10 training sessions. Details of a series of exploratory analyses comparing performance on each of the assessment tasks between the participants whose performance improved with training and those whose performance did not improve with training can be found under Supplementary Material.



Pre- and Post-intervention Assessment Measures

Performance on each of the pre- and post-training assessments was used to measure the effect of training, and is summarized in Table 2. As the training groups differed in age and visual acuity, these factors were initially included as covariates in the analyses of the spatial navigation assessment, spatial strategy assessment, and Trail Making Test (TMT). However, these factors did not correlate with any of the studied dependent measures (all ps = n.s.). Furthermore, there was no effect of age (all F ratios < 1) or visual acuity [F ratios < 1; landmark location task F(1, 51) = 1.83, p = 0.183, ηp2 = 0.04; landmark naming task F(1, 51) = 1.72, p = 0.82, ηp2 = 0.01] in any of the spatial navigation tasks, the same and different direction trials of the spatial strategy assessment, or the TMT, nor did the covariates interact with any of the dependent variables (all ps = n.s.).


TABLE 2. Mean performance accuracy across the spatial navigation and spatial strategy assessments, percentage strategy preference, and completion times for the trail making test at pre- and post-training across each of the training groups (with standard deviations in parentheses).

[image: Table 2]

Spatial Navigation Assessment

See Table 2 for mean performance accuracy across training groups on the spatial navigation assessments. We hypothesized that those in the CityQuest and Obstacles-only group would improve across pre- and post-training assessments on the object recognition task within the Spatial Navigation assessment, as training involved recognizing obstacles to avoid under increasing levels of difficulty which was common to both groups. For the remaining tasks in the spatial navigation assessment, we expected that those in the CityQuest and Spatial Navigation-only groups would perform better than those in the Obstacles-only group across pre- and post-training assessment of spatial navigation.

A series of mixed ANOVAs with group (3: CityQuest, Spatial Navigation-only, Obstacles-only) as the between group factor and time (2: pre-, post-training) as the within group factor were conducted on performance accuracy to the object recognition task, direction judgment task, landmark location task, and landmark naming task in the spatial navigation assessment. A series of one-way ANOVAs confirmed no differences at pre-training assessment among the training groups on the spatial navigation assessment, spatial strategy assessment, or TMT [all ps > 0.15].

An ANOVA of performance on the object recognition task showed no main effect training group [F(2, 53) < 1]. There was a main effect of time [F(1, 53) = 7.49, p = 0.008, ηp2 = 0.12], with better performance post- (M = 89.84, SD = 10.5) than pre- training assessment (M = 85.16, SD = 10.83, p = 0.014). There was no evidence for an interaction between training group and time [F(2, 53) = 1.57, p = 0.22, ηp2 = 0.06].

An analysis of performance accuracy on the direction judgment task, revealed no effect of training group [F(2, 53) < 1], no effect of time [F(1, 53) = 3.07, p = 0.086, ηp2 = 0.06], and no interaction between training group and time [F(2, 53) < 1].

An ANOVA of performance on the landmark location task revealed no effect of training group [F(2, 53) < 1]. There was a main effect of time [F(1, 53) = 9.87, p = 0.003, ηp2 = 0.16], with performance on this assessment improving from pre- (M = 56.47, SD = 22.42) to post- training (M = 66.96, SD = 25.47, p = 0.002), and a significant interaction between training group and time [F(1 = 2, 53) = 3.7, p = 0.031, ηp2 = 0.12]. The CityQuest group improved in performance on this task from pre- to post-training training (p = 0.001), whereas there was no such improvement found for the Spatial Navigation-only (p = 0.16) and Obstacles-only (p = 0.8) groups.

Finally, an analysis of performance on the landmark naming task revealed no effect of training group, no effect of time and no interaction between these factors [all F ratios < 1].



Spatial Strategy Assessment

We hypothesized that those who received spatial navigation training would perform better than those in the Obstacles-only group across pre- and post-training assessments on the same direction and different direction trials. In particular we expected that those in the Spatial Navigation-only group would show greater improvement than those assigned to the other two training groups on the different direction trials as their training took place in an empty city, similar to the empty corridors utilized in this maze assessment (see Figures 2B,C). We were also interested in whether strategy preference would change across groups as a result of training. For the spatial strategy assessment, a series of mixed ANOVAs were carried out on performance accuracy to the same and different direction trials and in the spatial strategy preference analysis. See Table 2 for mean performance accuracy across training groups on this spatial strategy assessment measures.

The ANOVA on performance to the “same direction” trials showed no effect training group [F(2, 53) = 2.18, p = 0.12, ηp2 = 0.08]. There was a main effect of time [F(1, 53) = 4.56, p = 0.037, ηp2 = 0.08], with performance improving from pre- (M = 78.57, SD = 17.43) to post-training (M = 83.48, SD = 15.1, p = 0.033). There was no interaction between the training group and time [F(2, 53) < 1].

An analysis of performance to the “different direction” trials suggested that it was generally poor: performance across the three training conditions was not significantly better than chance (33%) at either pre-training or post-training [all t values < 1], with the exception of the performance of the Spatial Navigation-only group at post-training [t(19) = 3.21, p = 0.005]. An analysis of performance to the “different direction” trials revealed no effect training group [F(2, 53) < 1]. However, there was a main effect of time [F(1, 53) = 4.26, p = 0.044, ηp2 = 0.07], with performance significantly improving from pre- (M = 33.26, SD = 12.11) to post-training (M = 37.46, SD = 15.2, p = 0.04) across all groups. There was no interaction between training group and time [F(2, 53) = 1.19, p = 0.31, ηp2 = 0.04].

To assess participants’ preferred strategy for navigation, for each participant we calculated the percentage of their responses which were consistent with each of the three navigation strategies (i.e., use of an associative cue, beacon, or allocentric strategy) in the “different direction” trials that distinguished between all strategies (see example in Figures 2B,C), at pre- and post-training. We conducted a mixed ANOVA with training group (3) as the between group factor, and time (2: pre-, post-training) and strategy type (3: associative cue, beacon, allocentric) as the within group factors. There was no effect of group or time [all F ratios < 1] but a main effect of strategy was found [F(2, 52) = 62.06, p < 0.001, ηp2 = 0.71]. This main effect indicated a greater preference for the associative cue (M = 46.43, SD = 11.82) and beacon strategies (M = 40.18, SD = 11.5) compared to the allocentric strategy (M = 12.28, SD = 13.49, p < 0.001) for the participants. There were no interactions between group and time [F(2, 52) < 1] nor between strategy and time [F(2, 52) = 3.06, p = 0.055, ηp2 = 0.11]. There were no other significant interactions found (all F ratios < 1).



Training Effect on Executive Function

We hypothesized that executive function performance of those allocated to the CityQuest condition would improve across pre- and post-training as this condition involved a higher level of multitasking than the Spatial Navigation-only or Obstacles-only conditions. Performance across groups on the TMT was analyzed pre- and post-training with a mixed ANOVA using the difference score (TMT B—TMT A) described above. The mixed ANOVA showed no effect of training group [F(2, 51) < 1]. There was a main effect of time [F(1, 51) = 11.54, p = 0.001, ηp2 = 0.18], with performance improving from pre- (M = 57.65, SD = 31.56) to post-training (M = 43.84, SD = 26.93, p = 0.001). There was no interaction between training group and time [F(2, 51) < 1]. However, planned comparisons revealed that the CityQuest trained group performed the TMT more quickly following training (post-assessment stage) than before training (p = 0.005) compared to either the Spatial Navigation-only (p = 0.042) or Obstacles-only (p = 0.39) groups.





DISCUSSION

This study was designed to investigate whether a spatial navigation and obstacle avoidance intervention, coupled with a balance control component using the Wii balance board, improved spatial memory performance and executive function in older adults. To that end, participants embarked on a training intervention over several weeks and their performance was compared to participants enrolled in one of two control conditions involving training on spatial navigation only or obstacle avoidance only. Our findings indicated that all three training conditions resulted in improvements for older adults in general on different but not all outcome measures, namely the object recognition task, the landmark location task, different direction trials of the spatial strategy assessment, and executive function.


Assessment of Spatial Navigation Following Training

The CityQuest intervention condition contained multiple components (i.e., locating target landmarks while avoiding obstacles and maintaining balance), a training approach which has been shown to result in the most effective cognitive enhancement of older adults (Basak et al., 2008; Anguera et al., 2013). We expected older adults allocated to the CityQuest group and the Spatial Navigation-only group to improve on all measures of the spatial navigation task, but not those in the Obstacles-only group, as their training did not have a spatial learning component. However, we found no improvement on the direction judgment or landmark naming tasks in the performance of any of the groups following training. One reason that may account for this lack of improvement is that performance was already quite good on both of these tasks for all training groups at the pre-training stage (66 and 64%, respectively per assessment) and it is possible that older adults had reached ceiling effects in terms of their performance (Whitlock et al., 2012).

We hypothesized that following training, both the CityQuest and Obstacles-only group would improve on the object recognition task relative to the Spatial Navigation-only group since object avoidance was common to their interventions. While the performance of the Obstacles-only group improved significantly following training, only a modest but non-significant performance improvement was found in the CityQuest group. During training, participants in the Obstacles-only group had greater obstacle avoidance efficiency (see Supplementary Material) which may explain their relatively better performance on the post-training, object recognition assessment. Moreover, this group was trained to focus specifically on the objects they encountered whilst the layout of the VE was task irrelevant. In contrast, those trained in spatial navigation focused on remembering the routes to the various landmarks during training and the city layout, without a requirement to remember specific obstacles. There may, therefore, have been a difference in the allocation of cognitive resources across groups: the Obstacle-avoidance group may have focused more on objects, whereas the spatial navigation groups focused more on the route. Although the spatial navigation groups did not improve their object recognition performance, the results from the current study indicate that it is nevertheless possible to improve performance in older adults, such as object recognition, using training that is targeted at a specific cognitive domain.

Age-related change in spatial abilities may be due in part to declines in general cognitive function, such as attention and working memory, speed of processing, executive function etc. (Sanders et al., 2008; Lester et al., 2017). However, not all spatial abilities show the same pattern of age-related decline, suggesting that global cognitive factors do not fully characterize specific spatial memory deficits as we get older (Lester et al., 2017; Yamamoto et al., 2019). Relatively preserved egocentric processing in older adults has been widely reported (Wiener et al., 2012; Gazova et al., 2013; Montefinese et al., 2015; Colombo et al., 2017; Fricke and Bock, 2018), particularly when compared to allocentric processing (Merriman et al., 2016, 2018a; Ruggiero et al., 2016; Caffò et al., 2020). Reliance on egocentric spatial strategies may represent a less cognitively demanding approach to achieve successful navigation and may constitute a strategic way to compensate for an age-related decline in both allocentric processing and general cognition, particularly of attentional and executive functioning (Colombo et al., 2017).

The CityQuest condition was designed to target several cognitive abilities (i.e., spatial navigation, obstacle avoidance, balance control), therefore we predicted a broader transfer of training benefits from this condition than the more focused Spatial Navigation-only or Obstacles-only conditions (Lustig et al., 2009; Moreau and Conway, 2013). As predicted, those assigned to the CityQuest group showed significant improvement on the landmark location task compared to those in the Spatial Navigation-only or Obstacles-only groups, although this group difference did not generalize to the landmark naming task. However, those who showed improvement in spatial navigation training performed significantly better on both the landmark location task and landmark naming task compared to those who did not improve in spatial navigation training (see Supplementary Material). The ability to recall the location of target landmarks presented on a 2D survey view map is considered a measure of “cognitive mapping” ability (Moffat and Resnick, 2002). During game training, all training groups navigated from first person perspective, however, their position was also simultaneously displayed on a smaller map of the environment presented in an aerial view from a fixed orientation. This 2D map may have provided sufficient visual cues to complete the task by associating egocentric directional information with a location. For example, the 2D map contained an outline of the buildings in the area which may have provided an adequate context to elicit an association between a particular target object with a given location. Therefore, it is unclear whether participants may have referred to the aerial map to recall target locations from an egocentric perspective or relied on their own allocentric cognitive map for the landmark location and naming tasks. Indeed, impairments in spatial learning may be emphasized in tasks requiring the processing of multiple orientations of an environment (i.e., survey, first person) during spatial memory formation (Yamamoto et al., 2019). Performance in the spatial strategy assessment task may therefore be more insightful regarding the type of spatial strategy adopted that led to improvement on the landmark location and naming tasks.



Spatial Strategy Assessment

Wiener et al. (2013) previously reported that older adults rely more on an egocentric strategy when an allocentric strategy is required for successful navigation. The results of the current study support their finding, with egocentric strategies more likely to be adopted, such as associative cue or beacon following training, as opposed to an allocentric strategy. For the “same direction” trials of the strategy assessment, navigation can be most efficiently solved using an egocentric spatial strategy. Performance of older adults in general was quite good on the same direction trials (78%), indicating that they could successfully judge the direction to be taken based on their recall of the original route during the learning phase. As with the direction judgment task in the spatial navigation assessment (also a measure of egocentric processing), it is possible that older adults’ performance was at ceiling prior to the training thus there was effectively little room for improvement on this task following training.

However, some evidence suggests that older adults tend to rely on an egocentric strategy during many spatial navigation tasks, even if an allocentric spatial strategy would be more efficient (Head and Isom, 2010; Rodgers et al., 2012; Wiener et al., 2013). Performance on the different direction trials in the current study was quite poor for older adults in general, remaining at chance level prior to training, with only those in the Spatial Navigation-only training group reaching levels above chance at the post-training assessment. This result suggests that even those older adults who performed well on route learning on the same direction trials were unable to form a cognitive map and utilize an allocentric strategy to solve the task when the route was approached from an unfamiliar direction. Although the performance in the different direction trials of some older adults (particularly those allocated to the Spatial Navigation-only condition and those who showed improvement in spatial navigation training, see Supplementary Material) improved across assessments, there was no obvious change in their strategy preference from an associative cue one to an allocentric strategy as a result of spatial navigation training. Therefore it is possible that those whose performance improved on different direction trials did so using an egocentric spatial strategy rather than a switch to an allocentric strategy.



Executive Function

Although executive function and working memory are different cognitive domains, both play an important role in successful spatial navigation, e.g., selecting the correct spatial strategy, switching to alternative strategies when appropriate, maintaining navigational goals, computing directions and distances to goals, translation of spatial representations (Wolbers and Hegarty, 2010). Similarly Weisberg and Newcombe (2016) provided evidence that integrators and non-integrators of spatial information have better verbal and spatial working memory performance than imprecise navigators. Therefore age-related spatial memory deficits for large-scale environments could partially be the consequence of reduced executive functioning and working memory function (Colombo et al., 2017). Executive function has also been shown to mediate navigational ability in aging (Taillade et al., 2013b). As the CityQuest condition is a complex, multitask training condition, we anticipated that training on this condition would significantly improve performance on executive function typically measured using the Trail Making Test (TMT). We found that while all participants slightly improved on the TMT following training, the performance of the CityQuest group significantly improved from pre- to post-assessment.



Vestibular Contributions

The CityQuest training intervention also included a balance control component, where participants had to shift their weight on the WBB to control the location of the virtual character to locate target landmarks and avoid obstacles within the virtual environment. The inclusion of a postural control element while training spatial navigation adds to the ecological validity of the intervention as real-life navigation is a complex motor-cognitive dual-task, where attentional resources need to be allocated to both motor control and spatial knowledge acquisition at the same time. To examine the effect of training on cortical areas involved in motor control and the vestibular system, a subset of participants were scanned with MRI following the baseline assessment and at completion of the study. These neuroimaging findings along with additional measures of balance control and balance confidence were reported by O’Callaghan et al. (2018). While no significant differences were found across the balance control and confidence measure, we found that successful completion of the intervention training was associated with an increase in gray matter volume in the precentral gyrus (an area associated with motor control) for all participants. The precentral gyrus is subject to age-related atrophy (Good et al., 2001, 2002; Lemaître et al., 2005), however, our findings demonstrated that spatial navigation training which incorporates body movements associated with balance control can attenuate the aging effect on this cortical region important for vestibular functioning.



Implications for Future Research

While this study demonstrated transfer of training effects of those allocated to the CityQuest and Spatial Navigation-only conditions to some measures of spatial memory and to a measure of executive function, we did not find that training benefited performance across all spatial tasks. One possible reason for this may include the duration of training. While a number of reviews of cognitive training studies have suggested that 4 weeks or 10 training sessions may be sufficient for training gains to occur (see Kelly et al., 2014; Schoene et al., 2014), other studies have found that longer interventions show greater training benefits. For example Basak et al. (2008) found that while 23.5 h of training was sufficient to observe beneficial effects of cognitive training in older adults, an assessment carried out mid-way through training (i.e., following 12 h of training) revealed 12 h of training was insufficient for any training benefit to be found. Similarly Stern et al. (2011) found that relative to the ten sessions used in training younger adults on an executive function game named “Space Fortress,” it was necessary to increase the duration of the intervention to three times longer when training older adults. A review of the use of virtual environments to train spatial abilities in stroke patients found that 8–15 training sessions of between 40–45 min duration were sufficient to show training benefits (Montana et al., 2019). However, delivering a spatial navigation intervention over a shorter time period but more intensely (e.g., 10 sessions over a 2 week instead of 5 week period) may also lead to improvements in spatial abilities (McLaren-Gradinaru et al., 2020).

Future research should aim to determine whether increasing the hours of training and/or the intensity of training would induce transfer to other tasks or lead the unsuccessfully trained to improve their navigation efficiency. Furthermore the CityQuest condition, which trained spatial navigation, obstacle avoidance, and balance control simultaneously could be considered “full emphasis training,” where all components of the training are given equal priority (Gopher et al., 1989). However, some studies have shown that the use of variable priority training, where participants are instructed to play the entire game at all times, but to shift their emphasis to different components of the game at different times during training led to greater transfer of a training benefit to untrained tasks (Gopher et al., 1989; Kramer et al., 1995; Silsupadol et al., 2009; Boot et al., 2010; Stern et al., 2011). Future iterations of the CityQuest game should apply this approach in order to investigate whether variable priority training might result in greater transfer to the outcome measures assessed.




CONCLUSION

In sum, our findings add to the literature on cognitive training interventions in that an intervention involving a video game incorporating spatial navigation and obstacle avoidance training with a balance control component in a virtual environment was successful in improving egocentric spatial processing and executive function in older adults. Training in spatial navigation does not facilitate a switch from egocentric to allocentric spatial strategies in older adults, but may lead to more efficient use of egocentric spatial strategies. Furthermore, spatial navigation training within an ecologically valid virtual environment complete with obstacles to avoid can result in more performance gains than training in an empty unpopulated virtual environment.
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With advanced age, there is a loss of reaction speed that may contribute to an increased risk of tripping and falling. Avoiding falls and injuries requires awareness of the threat, followed by selection and execution of the appropriate motor response. Using event-related potentials (ERPs) and a simple visual reaction task (RT), the goal of our study was to distinguish sensory and motor processing in the upper- and lower-limbs while attempting to uncover the main cause of age-related behavioral slowing. Strength (amplitudes) as well as timing and speed (latencies) of various stages of stimulus- and motor-related processing were analyzed in 48 healthy individuals (young adults, n = 24, mean age = 34 years; older adults, n = 24, mean age = 67 years). The behavioral results showed a significant age-related slowing, where the younger compared to older adults exhibited shorter RTs for the upper- (222 vs. 255 ms; p = 0.006, respectively) and the lower limb (257 vs. 274 ms; p = 0.048, respectively) as well as lower variability in both modalities (p = 0.001). Using ERP indices, age-related slowing of visual stimulus processing was characterized by overall larger amplitudes with delayed latencies of endogenous potentials in older compared with younger adults. While no differences were found in the P1 component, the later components of recorded potentials for visual stimuli processing were most affected by age. This was characterized by increased N1 and P2 amplitudes and delayed P2 latencies in both upper and lower extremities. The analysis of motor-related cortical potentials (MRCPs) revealed stronger MRCP amplitude for upper- and a non-significant trend for lower limbs in older adults. The MRCP amplitude was smaller and peaked closer to the actual motor response for the upper- than for the lower limb in both age groups. There were longer MRCP onset latencies for lower- compared to upper-limb in younger adults, and a non-significant trend was seen in older adults. Multiple regression analyses showed that the onset of the MRCP peak consistently predicted reaction time across both age groups and limbs tested. However, MRCP rise time and P2 latency were also significant predictors of simple reaction time, but only in older adults and only for the upper limbs. Our study suggests that motor cortical processes contribute most strongly to the slowing of simple reaction time in advanced age. However, late-stage cortical processing related to sensory stimuli also appears to play a role in upper limb responses in the elderly. This process most likely reflects less efficient recruitment of neuronal resources required for the upper and lower extremity response task in older adults.

Keywords: aging, event-related potential (ERP), visual-evoked potential (VEP), motor-related potential, finger and foot responses


INTRODUCTION

To avoid falls and injuries in our environment, we must perceive the threat and then select and execute the appropriate response. Bypassing unprecedented external perturbations in one’s immediate proximity, such as stepping over an uneven surface and maintaining balance, requires sensory sharpness and fast reactions to the perceived sensory stimulus (Stelmach and Worringham, 1985). Loss of sensory acuity (Cavazzana et al., 2018) and reaction speed (Deary and Der, 2005) associated with advancing age may contribute to factors like increased risks of falls and trips. For example, older fallers are more likely to suffer from impaired sensory acuity than older non-fallers (Lord et al., 1991; Brundle et al., 2015). Similarly, evidence obtained from reaction time (RT) tasks in older adults have demonstrated that increased RT of finger pressing is a significant and independent risk factor for falls (Lord et al., 1991, 1994; Lord and Clark, 1996). From the perspective of avoiding danger, such as rebalancing when confronted with an obstacle or slipping, rapid foot movements to maintain balance play an essential role (Pijnappels et al., 2010; Cai et al., 2020) which might be even more important than the upper-limb movement reactions. In a standardized clinical testing protocol, lower-limb RTs to visual stimuli discriminated between single and multiple fallers, providing a simple, cost- and time-effective way of identifying people at greatest risk of falling (Maver et al., 2011). However, the investigation of simple RT of the lower limbs remains a severely under investigated area. This study aimed to fill this gap and provide the first insights into the origin of sensorimotor delay in the upper- and lower limbs using electroencephalography (EEG).

Age-related behavioral slowing is typically reflected in longer RTs to simple auditory and visual stimuli (Woodruff and Kramer, 1979; Gottsdanker, 1982; Fozard et al., 1994; Inui, 1997; Deary and Der, 2005), and even more so in the tasks of higher-level cognition, such as sustained and selective attention, inhibitory control, working memory, and executive control (Finnigan et al., 2011; Gajewski and Falkenstein, 2014; Reuter et al., 2019). In a simple RT task, Woods et al. (2015) showed a 0.55-millisecond increase per year in mean simple RT in a visual paradigm, whereas Gottsdanker (1982) showed a 2-millisecond increase per decade in an auditory paradigm. In a more challenging GO/NOGO paradigm, Kropotov et al. (2016) demonstrated that early perceptual components (100–200 milliseconds) of event-related potentials (ERP) increased their peak latencies for 5–6 milliseconds per decade, while the later components (400–500 milliseconds) showed approximately 16 milliseconds increase pre decade. The structural damage to the myelin sheath and the reduction of the total number of nerve fibers in aged individuals (Salat, 2011), might undermine the functional efficacy of information flow by disrupting precisely timed communication patterns or rhythmic synchronization among cortical regions (Fries, 2015). Age-related behavioral slowing or motor impairments are not limited to associated changes in white matter structure (demyelization), but also manifest due to changes in gray matter (reduced volume, atrophy), biochemical effects (including reduced dopamine levels, receptors, transmission and transporters) and functional neural recruitment (for a review, see Seidler et al., 2010).

Simple RT, a basic measure of the minimal time required to respond to a stimulus, provides an estimate of the overall alertness and motor speed and is highly dependent on sensorimotor integration (Azim and Kazuhiko, 2019). Responses in a simple RT task can be therefore broken into a sensory processing stage in which a stimulus is perceived or detected, followed by a motor processing stage, during which the necessary movement is prepared and executed as a response (Woods et al., 2015). Despite being primarily used to assess processing speed, the RT task is nevertheless a cognitive-based test as attentional resources are needed not only for stimulus detection but also for movement initiation (Cai et al., 2020). Recorded reaction times comprise a summed duration of these events. Given that sensory and motor processing stages are functionally different, determining the basis of the behavioral slowing is an important step for an adequate understanding of aging-related changes and for intervention development. Attempts of estimating and dividing the stimulus detection time from movement initiation time were done on a behavioral level and suggest that the age-related sensorimotor slowing occurs primarily due to slowed motor output rather than the stimulus detection time (Woods et al., 2015). However, the characteristics of sensory- and motor-related processing stages of RTs investigated from the angle of their respective neurodynamic signatures remain spared for the upper extremities and have not yet been studied in the lower extremities.

Electroencephalography offers a way to investigate the origins of age-related sensorimotor delay by analyzing the time course of internal responses to sensorimotor information processing in conjunction with RT tasks. In the stimulus processing stage, the recognition of the stimulus occurs, which is captured by the early stimulus-locked ERP (s-ERP) components – P1 and N1 (Gazzaniga et al., 2019). The components’ latencies indicate speed, while their amplitudes indicate the intensity of early perceptual mechanisms (Amenedo and Díaz, 1998). Visually evoked P1 peak is typically detected within the 40–140 millisecond range after the stimulus presentation, while the N1 is detected within the 120–200 millisecond range (Yordanova et al., 2004; Zalar et al., 2015; Gazzaniga et al., 2019). P1 and N1 are proposed to reflect gain control of the sensory processing (Luck et al., 1990; Klimesch et al., 2004, 2007), and can be modulated by attention (Gazzaley et al., 2008; Gazzaniga et al., 2019). In the visual paradigm, the P1 and N1 components are observed and generated in the extrastriate cortex (Natale et al., 2006). Later component – P2, typically peaks at/after 200 milliseconds after stimulus presentation and is evidently generated in parieto-occipital regions, rostral to extrastriate cortex (Freunberger et al., 2007). P2 component has primarily been associated with higher-level cognitive functions, such as working memory (Wolach and Pratt, 2001; Lefebvre et al., 2005), encoding (Dunn et al., 1998) and semantic processing (Freunberger et al., 2007), and is therefore not surprising that its generating source corresponds to the parieto-occipital association cortex.

Motor processing can be examined by the motor-related cortical potentials (MRCPs), which are computed by averaging response-locked ERPs (r-ERPs) at the contralateral motor cortical sites (Taniguchi et al., 2001). This allows for the analysis of the latency and amplitude of the most negative MRCP peak and its comparison between older and younger adults. Yordanova et al. (2004) report no differences in the peak MRCP amplitude between the older and younger adults on the contralateral side to the responding hand, however, significantly larger ipsilateral activity detected in older adults might be indicative of deviant functional asymmetry and functional dysregulation of the motor cortex activation in older adults (Mattay et al., 2002; Ward and Frackowiak, 2003; Heuninckx et al., 2005, 2008). Despite the absence of evidence of behavioral RT slowing in older compared to younger adults in Yordanova et al. (2004), their findings are indicative of age-related neural deterioration. It remains unclear, however, whether the generally observed slowing of simple reaction times in older adults originates from the perceptual processing stage or motor-related processing stage. Evidence obtained in a task with higher complexity (choice RT) indicated amplitude increase and prolongation of the MRCP contralateral to the responding hand. This was not due to changes in the sensory stimulus processing phase, as observed in the latency and amplitude of the early ERP components, or in the response selection phase, which was investigated by the onset of the lateralized readiness potential (LRP) (Yordanova et al., 2004; Falkenstein et al., 2006).

Taken together, the evidence shows that the sensorimotor slowing observed in RT tasks in aged individuals may be primarily due to alterations of motor-related processing rather that stimulus detection processing. However, this statement is not strongly supported in the context of the simple RT task. In addition, the electrophysiological underpinnings of the lower-limb simple RT performance have never been investigated before. It remains unclear how the typically observed age-related sensorimotor slowing in the context of simple RT tasks relates to the associated neurodynamics at the level of stimulus detection and motor processing stages. In the present study, we investigate the simple RTs of the upper- and lower extremities in younger and older adults to assess the effects of aging on processing speed. Therefore, the aim is to investigate the origin of age-related behavioral sensorimotor slowing on a neural level for the upper limb and, for the first time, in the lower limb.



MATERIALS AND METHODS


Study Design and Participants

This cross-sectional study was conducted with a sample of 48 healthy adults, half of whom were younger (N = 24; mean age = 34 years; 11 men) and the other half were older adults (N = 24; mean age = 67 years; 9 men). All procedures were carried out in accordance with the ethical standards of the 1964 Declaration of Helsinki and were approved by the National Medical Ethics Committee (No. KME 57/06/17). Written informed consent was obtained from all participants prior to study enrollment.

Table 1 represents the basic characteristics of both groups. The younger adults were higher educated compared to older adults (16 years vs. 13 years, respectively, p < 0.001). Also, younger adults were taller compared to older adults (176 cm vs. 166 cm, respectively, p = 0.010). All participants stated that they were satisfied with their current health status, and no older adults reported an incidence of cardiovascular or neurological disease or took medication against it. Four young adults reported a left-hand preference, and all older adults reported a right-hand preference. All participants reported normal or corrected to normal vision and were able to clearly understand and follow the instructions of the simple RT task with upper- and lower limbs.


TABLE 1. Table of basic characteristics of young and older adults.
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Neuropsychological Assessment

The Montreal Cognitive Assessment (MoCA) was used to obtain a general level of cognitive performance and to test for cognitive impairment only in the sample of older adults (Nasreddine et al., 2005). The MoCA test refers to several cognitive domains, namely visual-spatial abilities, short-term memory, executive functions, attention, concentration, working memory, language, and temporal and spatial orientation. The final score ranges from 0 to 30 points, with scores ≥ 26 indicating no cognitive impairment.

The Trail-Making Test (TMT; Reitan, 1958; Tombaugh, 2004) was used to assess the speed of processing and executive function. In TMT-A, 25 encircled numbers randomly distributed on an A4 paper format must be connected with a single line in ascending order, starting at 1 and ending at 25. In TMT-B, a line must be drawn connecting numbers (1 – 12) and letters (A – L) in an alternating and increasing fashion (1-A-2-B-3-C…12-L). The scores for each part are given in time to completion (in seconds).



A Simple Visual Reaction Task

A simple visual reaction task (also called the psychomotor vigilance task) is a sustained attention reaction-timed performance task that measures the speed with which participants respond to a visual stimulus (Dinges and Powell, 1985). The experimental setup is presented in Figure 1. Participants were assessed while seated in a neutral position and instructed to perform a simple reaction time test in response to 70 visual stimuli presented with a random interstimulus interval between 2 and 5 s on a 17.0-inch flat panel LCD monitor (120-Hz refresh rate) situated approximately 50 centimeters in front of them. Their task was to press the response button as quickly as possible with (a) their index finger of their dominant hand and (b) the bottom of the right foot (second metatarsal head). The two conditions were applied in separate blocks (upper- and lower-limb). The order of these blocks was randomized. In both cases, the finger and foot rested on the response pad between responses. The response pad was connected to a trigger box (g.tec TRIGbox). The visual stimuli were presented in the center of the monitor (circular disc with a 5 cm radius was presented against a black background at the center of the display, duration 150 ms, intensity 50 cd/m2, visual angles 1° horizontal/1.5° vertical) placed directly in front of the participant’s visual field. Additional visual stimuli (not visible to the participant) were simultaneously presented with experimental stimuli and were recorded using photodiodes connected directly to the trigger box – a methodology that afforded precise stimulus onset and offset trigger times that were subsequently embedded within each participants raw EEG data file. RTs were then extracted from an event/marker list for each subject using a script written for the MATLAB software (The MathWorks, Inc., Natick, MA, United States, version MATLAB R2021a). Trials with RTs latencies less than 110 ms and greater than 1,000 ms were excluded as outliers (Woods et al., 2015). Based on this criterion, up to four and seven trials were discarded in a group of young and older adults, respectively.


[image: image]

FIGURE 1. Experimental procedures – Participants sat in a natural posture on a comfortable chair while maintaining visual fixation in the center of the screen in front of them. The two conditions (upper- and lower-limb) were applied in separate blocks, and the order of these blocks was randomized. In both conditions, the finger and foot rested on the response pad between responses.




Electroencephalography Recording and Analysis

Scalp EEG activity was recorded using g.tec medical engineering equipment (Schiedlberg, Austria), with 32 Ag/AgCl active electrodes, arranged according to the International 10–20 System. Included electrodes correspond to Fp1, Fp2, AF3, AF4, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, PO3, PO4, O1, Oz, and O2 predefined positions. The reference electrode was placed on the left earlobe and the ground electrode was placed in the AFz position. During EEG measurements, low-pass and high-pass filters were set to 100 and 0.1 Hz, respectively, for real-time display only. The notch filter was set to 50 Hz. Impedances were maintained below 10 kΩ for each channel and balanced across all channels within a 5 kΩ range. The sampling rate was 512 Hz with a 32-bit resolution. Before performing the simple visual reaction task, a baseline measurement was routinely performed with eyes open and eyes closed (3 min each) to check the quality of the EEG signal.

All data were preprocessed and analyzed using custom scripts in the EEGLAB toolbox (Delorme and Makeig, 2004) of the MATLAB software (The MathWorks, Inc., Natick, MA, United States, version MATLAB R2021a). First, the upper- and lower-limb recordings of single participants were concatenated into a single data file, down sampled to 256 Hz, high-pass filtered at 1 Hz. Second, a copy of the original concatenated EEG data file (copyEEG) was created. The copyEEG was average re-referenced, automatic bad channel detection algorithm clean_artifacts was applied (FlatLineCriterion was set to 10 s, ChannelCriterion to 0.80, and ChannelCriterionMaxBadTime to 0.5) and the bad channels detected were interpolated using the spherical method. Next, the CopyEEG was epoched to stimulus-locked intervals [−200 800 ms], and an inspection of rejected and accepted epochs was made using the amplitude threshold of >100 μV. This intermediate inspection determined if the automated bad channel detection and interpolation sufficiently cleaned the data or more channels had to be interpolated as a tradeoff to preserve the highest possible number of epochs and consequently grant the highest quality of the ERP signal. If a channel (i) was exceeding the 100 μV on a significant number of epochs and (ii) was not of primary interest to our analyses (other than occipital and central electrode sites) and (iii) was not detected by the automatic procedure, it was manually rejected and interpolated at this stage. The labels of the automatically and manually interpolated channels were saved into a variable and CopyEEG was discarded. The rationale for using CopyEEG was to first discover bad channels to then be able to interpolate them in the original concatenated EEG dataset before re-referencing it to the average reference. This approach offers a way to restrict the bad channel information from contributing to the average re-reference as it represents the non-meaningful information we are aiming to delineate from the signal of interest and reject.

In the original EEG dataset, bad channels were interpolated, and the data were re-referenced to the average reference. Time-domain cleaning eliminated data segments characterized by muscle artifacts, electrode pops, and other major perturbations. Next, the Adaptive Mixture Independent Component Analysis (AMICA) was performed using 2,000 iterations and subject-specific reduction of the data rank was considered (the number of interpolated channels plus one accounting for average re-referencing). The DIPFIT plugin for source localization was used to estimate single equivalent dipoles, co-registering the channel locations to standard_BEM head models. Lastly, the ICLabel plugin (Pion-Tonachini et al., 2019) was used to label the independent components. This procedure delivered a single independent component solution per subject and the concatenated data file was not used for further analyses.

In the final stage of the preprocessing, we returned to the separate condition data files (upper and lower limb files) which were treated in the same manner as described above (down sampling to 256 Hz, high pass filtering at 1 Hz, automatic and manual bad channel interpolation, and average re-referencing). Next, subject-specific AMICA (icaweights, icasphere, icaact, icawinv, icachansind) and DIPFIT information were copied to the subject’s separate condition data files and ICLabel was used. Independent components labeled as “eye” were automatically rejected if they met the threshold of ≥ 85%. Components expressing clear horizontal or vertical eye-movement profiles based on topography, spectral plot, and time-domain signature, but failed to reach 85% eye labeling threshold, were rejected manually.

For each experimental condition, the ERP analyses were performed on a single subject level. Stimulus-locked event-related potentials (s-ERPs) were segmented to −200 to + 800 ms epochs with a baseline correction set to −200 to 0 milliseconds. Epochs were rejected using the amplitude cutoff value of 100 μV (Yordanova et al., 2004). In all cases, a minimum of 50 stimuli epochs were averaged. ERPs to visual stimulation were assessed over the occipital locations where responses were most strongly represented (the occipital electrodes O1, Oz, and O2). The following peak-detection analyses were performed: (i) P1 was detected as the most positive peak (amplitude and latency) within the range 40–140 milliseconds after the stimuli occurred, (ii) N1 was the most negative peak (amplitude and latency) within the range of 80–140 milliseconds, and (iii) P2 was the first positive peak (amplitude and latency) after 200 milliseconds (Yordanova et al., 2004).

Additionally, the response-locked ERPs (r-ERP; for the upper- and lower-limb) were segmented to −500 to + 500 milliseconds epochs with the baseline set to −500 to −300 milliseconds before the response occurred. The exact methodological procedures implemented for the s-ERP epoch extraction (see above) were also utilized for the r-ERP extraction. r-ERPs, or motor-related cortical potentials (MRCPs) for simple reaction times, were analyzed over the C3 or C4 electrode, which was positioned on the contralateral side of the dominant hand above the motor cortex as well as above the Cz electrode, which overlays the sensorimotor cortices on the homunculus. The following parameters were extracted from each MRCP: the most negative displacement of MRCP (peak latency and amplitude), the onset latency of the MRCP with a threshold of 15% of MRCP maximum peak, and the duration of the motor-related activation, known as MRCP rise time (Yordanova et al., 2004). Because we focused on the pre-motor response potentials, we did not statistically evaluate the post-response potentials [the movement-monitoring potential known to be a component of performance control (Shakeel et al., 2015)], but we presented them in ERP and topographic figures for display purposes.



Statistical Analyses

The mean reaction time and its within-subject variability [standard deviation (SD) across trials] were computed and analyzed with a custom script written for MATLAB software (MathWorks, Natick, MA, United States). The behavioral and ERP results were statistically processed in the SPSS software version 26.0 (IBM, Chicago, IL, United States). Homogeneity of variances and normality of distribution of parameters was tested using Levene’s test and Shapiro-Wilk test, respectively. A repeated-measures analysis of variance (RM ANOVA) with a within-subject factor of condition (upper- and lower-limb) and between-subject factor of age (young and older adults) was used to assess the main effects (age and condition) and the two-way interaction effect between age and condition. For significant effects, effect size as partial η2 was reported and Bonferroni post hoc tests were applied. This included post hoc analysis for each significant main effect, primarily to present the mean differences and statistics related to the two levels in more detail. Multiple stepwise regression analysis was performed separately for age (young and older adults) and limb condition (upper- and lower-limb) to identify significant surviving predictors of RTs. Four models were run in which all ERP variables in each category (younger, older adults, upper- and lower-limb) were entered to predict RTs. Statistical conclusions were drawn at a p-value of 0.05.




RESULTS


Behavioral Data

Average finger and foot RTs for younger and older adults are presented in Figure 2. The RM ANOVA showed that each of the main effects were significant, with age- [F(1,46) = 6.452, p = 0.008, Partial η2 = 0.126], and condition-related differences [F(1,46) = 43.118, p < 0.001, Partial η2 = 0.496]. The interaction was not significant (p = 0.110). Both groups had longer RTs responding with lower- compared to the upper-limb (older p = 0.038; younger p < 0.001) as well as older adults had longer RTs responding with upper- (p = 0.006) and lower-limb (p = 0.048) compared to their younger counterparts.
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FIGURE 2. Mean RT (left) and its variability (SD) (right) of younger and older adults for lower- and upper-limb conditions. Error bars reflect one SD. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.


The variability of RTs (SD) showed a significant age effect [F(1,46) = 16.687, p < 0.001, Partial η2 = 0.294] and no condition (p = 0.371) or interaction effect (p = 0.975). There was greater variability in older compared to younger adults while responding with the upper- (p = 0.001) as well as with lower limbs (p = 0.001).



Electrophysiological Data

Supplementary Figure 1 shows the stimulus-locked event-related potentials (s-ERPs) on the scalp. An average s-ERP above the occipital cortex (electrode O1, Oz, and O2) is shown in Figure 3 with topographic patterns of P1, N1, and P2 components. Processing of visual stimuli was further investigated over the occipital electrodes and shows overall larger amplitudes with delayed latencies of endogenous potentials in older compared to younger adults.
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FIGURE 3. Grand average stimulus-locked event-related potentials (s-ERPs) for upper- (left) and lower-limb RT (right) for younger and older adults. The topographic maps correspond to the individual ERP components: P1, N1, and P2.




P1 Amplitude and Latency

The RM ANOVA for P1 amplitude did not show a significant effect of age (p = 0.141), condition (p = 0.374), or interaction (p = 0.432). Similarly, age (p = 0.337), condition (p = 0.271), and interaction (p = 0.263) effects were not significant for the P1 latency.



N1 Amplitude and Latency

The N1 amplitude showed a significant age [F(1,46) = 12.160, p = 0.001, Partial η2 = 0.311], but no condition (p = 0.404) nor interaction effect (p = 0.426). Older compared to younger adults had greater negative N1 deflection while responding with upper- (p = 0.001) as well as with lower limbs (p < 0.001) (Figure 4). No significant effect of age (p = 0.179), condition (p = 0.486) and interaction (p = 0.719) was found for N1 latency.
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FIGURE 4. N1 amplitude of younger and older adults for lower- and upper-limb conditions. Error bars reflect one SD. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.




P2 Amplitude and Latency

The P2 amplitude showed a significant age [F(1,46) = 10.252, p = 0.003, Partial η2 = 0.249], but no condition (p = 0.706) nor interaction effect (p = 0.133). Older compared to younger adults had greater P2 amplitude (Figure 5) while responding with both upper- (p = 0.011) and lower limbs (p = 0.001).
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FIGURE 5. P2 amplitude (left) and latency (right) of younger and older adults for lower- and upper-limb conditions. Error bars reflect one SD. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.


Similarly, for P2 latency a significant age [F(1,46) = 8.122, p = 0.011, Partial η2 = 0.208], but no condition (p = 0.472) nor interaction effect (p = 0.577) was discovered. Prolonged P2 latency (Figure 5) was found in older compared to younger adults for both upper- (p = 0.011) and lower limbs (p = 0.024).



Motor-Related Cortical Potential

Supplementary Figure 2 shows the response-locked event-related potentials (r-ERPs) on the scalp. Motor response processing was further examined over the contralateral motor cortex for upper-limb responses (C3 and C4 electrodes for the right- and left-handed participants, respectively) and at the vertex (Cz) for lower- limb responses. A grand average of the r-ERP is shown in Figure 6 with the topographic patterns of onset latency, MRCP peak, and movement-monitoring potential.
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FIGURE 6. Grand average response-locked event-related potentials (r-ERPs) for upper- (left) and lower-limb RT (right) for younger and older adults. The topographic maps correspond to the individual MRCP components: onset latency, peak amplitude, and movement-monitoring potential.


The RM ANOVA for MRCP peak amplitude showed an effect of age [F(1,42) = 4.914, p = 0.030, Partial η2 = 0.117] and condition [F(1,42) = 16.446, p < 0.001, Partial η2 = 0.586], while the interaction effect was not significant (p = 0.868). A larger MRCP peak amplitude was found in older compared to younger adults for upper- (p = 0.002) and a non-significant trend for lower limbs (p = 0.097). Although assessed from a different position (upper-limb at C3 or C4, and lower limb at Cz location), the MRCP peak amplitude was larger for lower- compared to upper-limb in younger (p < 0.001) and older adults (p < 0.001) (Figure 7A).
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FIGURE 7. MRCP peak amplitude (A), peak latency (B), onset latency (C), and rise time (D) of younger and older adults for lower- and upper-limb conditions. Error bars reflect one SD. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.


The MRCP peak latency showed a significant condition [F(1,42) = 62.855, p < 0.001, Partial η2 = 0.605] but no age (p = 0.646) or interaction effect (p = 0.132). The MRCP peak latency occurred earlier for lower- compared to upper-limb in younger (p < 0.001) and older adults (p = 0.004) (Figure 7B).

The MRCP onset latency showed a significant condition effect [F(1,42) = 26.646, p < 0.001, Partial η2 = 0.477], but no age (p = 0.624) or interaction effect (p = 0.116). Longer MRCP onset latencies were found for lower- as compared to upper-limb in younger (p < 0.001) and only non-significant trend in older adults (p = 0.095) (Figure 7C).

The MRCP rise time showed a significant age effect [F(1,42) = 4.242, p = 0.046, Partial η2 = 0.192], but no condition (p = 0.683) or interaction effect (p = 0.526). Longer MRCP rise times were found in older compared to younger adults for the upper limb (p = 0.036), and a non-significant trend for the lower-limb (p = 0.072) (Figure 7D).



Regression Analyses

A multiple stepwise regression analysis (Table 2) revealed that in young adults, upper-limb RTs were significantly predicted by MRCP onset latency [F(1,22) = 8.398, R2 = 0.39, p = 0.017], while in older adults, the upper-limb RTs were significantly predicted by three parameters, i.e., MRCP onset latency, MRCP rise time, and P2 latency [F(3,19) = 26.068, R2 = 0.89, p < 0.001]. Lower-limb RTs were significantly predicted by MRCP onset latency parameter in both younger [F(1,22) = 9.668, R2 = 0.40, p = 0.009] and older adults [F(1,19) = 4.275, R2 = 0.25, p = 0.043].


TABLE 2. Results of multiple regression analysis with surviving predictors presented.
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DISCUSSION

This study aimed to investigate the age-related slowing of sensorimotor processes while reacting to visual stimuli with the upper and lower extremities. To this end, the EEG/ERP method was used to assess the strength and timing of different ERP components that reflect processing efficiency of the brain. In a sample of forty-eight healthy adults, we found an age-related slowing of simple RTs when responding with the upper- and lower- limbs. Variability was higher in older adults but consistent for both upper- and lower-limb performance. Further examination of s-ERP components revealed overall larger amplitudes with delayed latencies of endogenous potentials in older compared to younger adults. In addition, motor processes in older adults showed age-dependent deflections with higher MRCP amplitude, most likely reflecting less efficient recruitment of neuronal resources required for the execution of the sensorimotor task with the upper and lower limbs. Our study also suggests that specifically for the upper-limb RT in older adults, the P2 component plays an important role in addition to the MRCP parameters.

A general age-related slowing of behavior when responding to a simple visual reaction task was confirmed in our study. Most studies reported delayed upper-limb responses to simple visual stimuli in older compared to younger adults (Inui, 1997; Deary and Der, 2005; Ashoke et al., 2010), while fewer studies focused on lower-limb RTs (Lord and Fitzpatrick, 2001; Cai et al., 2020). In contrast, Yordanova et al. (2004) found no age-related slowing in upper-limb simple RT but confirmed it in choice RT while responding to visual stimuli. Increasing age was also expected to result in greater variability in RTs (for a review see Dykiert et al., 2012), however, inter-limb differences in each age group were not present, implying that all participants were able to maintain the same variability while responding with lower- and upper- limbs.

The origins of age-related behavioral slowing were further analyzed using ERP components reflecting stimulus-related processing. First, the results of our study showed no age-related changes in the early component of P1. Early perceptual processes addressed by the P1 (and also N1) component presumably reflect the gain control of sensory processing (Luck et al., 1990; Klimesch et al., 2004, 2007) and, according to previous reports, did not differ between young and old adults (Yordanova et al., 2004; Kavcic et al., 2013). However, other studies reported an age-related enhancement of early components in the processing of visual stimuli that follows the U-shape across the lifespan, with the amplitudes of P1 and N1 being larger in children and the elderly (Reuter et al., 2019). Second, greater negativity in N1 peak amplitude was found in older adults, but no difference in N1 latency. This enhancement (greater negativity) in N1 amplitude could indicate higher attentional resources recruited for the same amount of visual information processed (Hillyard and Anllo-Vento, 1998). If a simple RT task is considered more demanding in advanced age than in younger years, the processes involved in motor preparation and execution must be guided with a stronger reference to external stimuli, and for this reason, more attention is allocated to these stimuli in order to support movement execution (Yordanova et al., 2004). Third, enhanced and delayed P2 responses were observed in old compared with young adults, but there were no differences between the upper- and lower-limbs in any of the age groups. Previous studies examining P2 suggested that this component reflects an index of working memory (Lefebvre et al., 2005; Finnigan et al., 2011), stimulus salience (Riis et al., 2009), and stimulus evaluation (Potts, 2004). It has also been suggested that P2 plays an important role in top-down cognitive control (Karamacoska et al., 2019; Lai et al., 2020). Therefore, together with the significant differences between age groups in the Trail-Making Test (TMT) [indicative of visual scanning ability and working memory (Arbuthnott and Frank, 2020; Ciolek and Lee, 2020)], the age-related increase in P2 amplitude and prolonged P2 latency are indeed indicative of impaired cognitive control.

Here, the P2 latency was found to be a significant predictor of RTs, but only for older adults and the upper limbs. Why P2 latency had no predictive power for lower-limb performance RT, should be further investigated. The overall predictiveness of upper-limb RTs was also not consistent with Yordanova et al. (2004), who reported N1 latency (in addition to the MRCP components discussed below) as a significant predictor of simple RT in both young and older adults. Based on their results, we also hypothesized that N1 latency would be predictive at least for simple RT for upper-limb, however, we did not find any evidence of this. The discrepancy between our results and those of Yordanova et al. (2004) could be due to several factors, including differences in age structure (young 34 year vs. 23 year; older 67 year vs. 58 year, respectively). In the study by Reuter et al. (2019), the N1 component is shown to follow a u-shaped pattern, with the shortest latencies and smallest amplitudes occurring in middle-aged individuals.

The negative potential preceding the movement represents the brain activity that is processed during the planning and preparation of a voluntary movement (Shibasaki and Hallett, 2006). It has been suggested that additional neural resources must be recruited in old age for successful motor performance (Heuninckx et al., 2008), while Yordanova et al. (2004) suggested that greater MRCP deflection was indicative of more extensive depolarization of neurons of the contralateral motor cortex (Yordanova et al., 2004). Similarly, the results of our study showed an age-related stronger MRCP amplitude for upper- and a trend for lower limbs but (although assessed from different positions) the MRCP amplitude was larger for lower- compared to upper-limb in both age groups. The question of why there is less efficient recruitment of neuronal resources required for motor response in the aging brain should be further explored by bringing together different imaging techniques. The review by Seidler et al. (2010) highlighted several factors that contribute to the age-related slowing of movements. Namely, changes in white matter (demyelination) (Zahr et al., 2009), gray matter (atrophy in the prefrontal cortex and also in the primary motor cortex) (Raz et al., 1997; Salat et al., 2004), and biochemical changes [decreased dopamine levels, receptors, transmission, and transporters (Gottfries, 1990; Kaasinen et al., 2000; Yamamoto et al., 2002)]. With respect to cortical motor cortex excitability, some studies suggest that motor cortex oscillations also depend on the inhibitory neurotransmitter γ-aminobutyric acid (GABA) (Gaetz et al., 2011; Burianová et al., 2020). Rossiter et al. (2014) reported that changes in beta oscillations in the motor cortex are associated with changes in GABA. Moreover, the meta-analysis by Porges et al. (2021) reported that GABA levels increase during adolescence and decrease later in adulthood. Thus, we can even speculate that the increased cortical excitability of the motor cortex may be due to the decreased GABA levels in older adults, which leads to decreased inhibitory processes. Further studies should clarify which processes (excitatory or inhibitory) play a greater role in the age-related changes in motor cortex excitability. It may be suggested that there is greater recruitment during planning and preparation of the motor response to the onset of a visual stimulus in the elderly compared to the younger participants. However, in the study by Yordanova et al. (2004), where only the upper limb was examined, similar findings were confirmed for more complex (choice) and not for simple RTs. Some discrepancies between the two studies were listed in the previous paragraph, but regarding MRCPs, our participants responded with the index finger, whereas Yordanova et al. (2004) used the middle finger. In our results, no such clear positivity was found at the ipsilateral site.

Although age-related slowing of simple RT tasks has been previously investigated using the EEG/ERP method for the upper-limb, this study extends knowledge to the lower-limbs. To be able to assess the fundamental responses to random time-locked visual stimuli, the simple RT task was applied. Previous study (Yordanova et al., 2004), however, showed that aging causes a functional dysregulation of the motor cortex that becomes more evident with increased task complexity. Although our study extends the information to the lower limbs, the fact that we do not have a paradigm of choice RT limits our understanding because some motor processes or mechanisms that might be associated with motor slowing in aging, such as response inhibition or mechanisms of limb selection, may not be revealed with the current paradigm. Thus, future studies should expand our protocol with simple RT with more complex cognitive tasks (Yordanova et al., 2004), with possible extension to the lower limbs. Randomizing responses for the upper- and lower limbs within the same block would lead to different results due to inhibitory processes of the brain regions representative of the hand and foot. Participants would have an equal chance of receiving visual stimuli requiring motor execution with the upper- or lower limb, representing a more complex paradigm. Finally, recent advances in Mobile Brain/Body Imaging (MoBI) research allow sensorimotor screening during movement (e.g., walking) in more naturalistic environments (Jungnickel and Gramann, 2016; Olsen et al., 2021; Wunderlich et al., 2021) would provide even more ecologically valid results.

In conclusion, our results to some extent confirm the previous findings showing an age-related slowing of sensorimotor activity occurring at the level of visual input as evidenced by visual-evoked potentials and motor response generation processes of the motor cortex, and further expand the results to the lower limbs. Quick and efficient reactions with upper- as well as lower-limb are needed to react to an unexpected hazard to avoid falls. The simple RT test evaluation is characterized as one of the basic measures that are highly dependent on sensorimotor integration and that estimates an individual’s alertness and processing speed. Our aim was to investigate the origin of age-related motor slowing at the neuronal level and to extend it to the lower limbs. Our study shows that age-related slowing already occurs during simple visual RT tasks with the upper and lower extremities and is not influenced by early processes of visual stimulus processing, but has its origin partly in the P2 component in addition to motor efficiency in the motor cortex. Because previous studies have shown that RTs can be improved with different physical (e.g., Fragala et al., 2014; Jehu et al., 2017) and cognitive (for review see Kueider et al., 2012) approaches, it would be important to extend this knowledge from the purely behavioral level to the neural level to explore which components are sensitive to training and to what extent they can be modulated. Such applications may be important not only for the aging population, but also for athletes who want to improve their performance to the millisecond.
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During the normal course of aging, perception of speech-on-speech or “cocktail party” speech and use of working memory (WM) abilities change. Musical training, which is a complex activity that integrates multiple sensory modalities and higher-order cognitive functions, reportedly benefits both WM performance and speech-on-speech perception in older adults. This mini-review explores the relationship between musical training, WM and speech-on-speech perception in older age (> 65 years) through the lens of the Ease of Language Understanding (ELU) model. Linking neural-oscillation literature associating speech-on-speech perception and WM with alpha-theta oscillatory activity, we propose that two stages of speech-on-speech processing in the ELU are underpinned by WM-related alpha-theta oscillatory activity, and that effects of musical training on speech-on-speech perception may be reflected in these frequency bands among older adults.
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INTRODUCTION: THE EASE OF LANGUAGE UNDERSTANDING MODEL AND WORKING MEMORY

Under ideal listening conditions, speech perception is considered automatic (Johnson and Ralston, 1994). With increasing complexity, such as in background noise, it is an active cognitive process (Heald and Nusbaum, 2014; see Mattys et al., 2012), and one’s ability to parse information relies on combined sensory and cognitive capacities (van Knijff et al., 2018). When the background masker is non-speech, such as a steady noise, the speech acoustic cues are limited due to direct obliteration from the masker. In such “energetic masking” (Brungart, 2001), speech perception relies on the construction of the speech meaning from the audible temporal and spectral sections of the target speech, using linguistic and semantic constraints, but otherwise no further interference comes from the masker. In contrast, in speech-on-speech perception — a special case of “informational masking” (Pollack, 1975)— where the masker can be a single-talker, multitalker, or babble (gibberish), further interference can occur due to the overlapping temporal and spectral properties of the target and masking speech, and linguistic and semantic content of the masker speech.

During speech-on-speech perception, spectral and temporal components of the speech streams can be used to segregate target and masker streams to better understand a target speaker. For example, increased spatial separation (Viswanathan et al., 2016) and speaker voice differences (Darwin et al., 2003; Başkent and Gaudrain, 2016) seem to improve performance. In segregating target and masker components, the listener also needs to actively inhibit interference from the masker (Tun et al., 2002). Hence, higher-order cognitive functions like selective attention (Oberfeld and Klöckner-Nowotny, 2016) and working memory (WM; Sörqvist and Rönnberg, 2012) are also engaged when speech is attended in the presence of competing speech.

The Ease of Language Understanding (ELU) model (Rönnberg et al., 2013, 2019, 2021) highlights the importance of sensory-cognitive integration in speech-on-speech perception. An initial sensory module that Rapidly, Automatically, and Multimodally Binds Phonological information (RAMBPHO) allows for easy lexical access and understanding of speech. Presbycusis (age-related hearing loss) or interference from background speech can cause a mismatch in phonological binding of input and the representations in long-term memory. The phonological mismatch can result in increased reliance on WM to process degraded speech through an interplay with semantic long-term memory and episodic long-term memory (ELTM) in which linguistic inferences are formed based on prior knowledge.

Working memory is central to goal-directed behaviors where information must be stored and manipulated (Chai et al., 2018), and contains a general executive attention component (Chung et al., 2018) linked to inhibitory control (Getzmann et al., 2018; Tiego et al., 2018). The model’s conception of WM also assumes a central pool of cognitive resources that may be allocated to either storage or processing of information. Consequently, increased processing demands lead to reduced storage capacity and vice versa. The ELU emphasizes the integral role of WM during speech perception, especially in the presence of interfering sounds, and posits two distinct functional processes that determine successful comprehension: pre-diction and post-diction. The pre-diction aspect of the ELU suggests that WM is automatically and implicitly involved in the top-down modulation of perceptual processing in terms of priming the cognitive system via resource, or attentional allocation and the gating of sensory input. This in turn results in easier RAMBPHO and quicker understanding. Conversely, when a speech-signal is degraded, the post-diction component of WM works to integrate limited perceptual information with accessible representations from semantic long-term memory and ELTM in a more effortful pursuit of understanding (Rönnberg et al., 2021).

Working memory is associated with alpha (8–12 Hz) and theta (4–8 Hz) oscillatory activity (Yurgil et al., 2020) and appears to be underpinned by a fronto-parietal network that incorporates cortical and subcortical regions (Eriksson et al., 2015). In general, alpha-activity underpinned by the prefrontal cortex (PFC) is associated with the gating of sensory information during WM updating (Manza et al., 2014; Misselhorn et al., 2019), and the functional inhibition of activity in brain regions not involved with stimulus processing (Klimesch et al., 2007). Theta-activity is thought to represent interactions between the PFC, posterior regions and hippocampus (Strunk et al., 2017) throughout short-term storage, manipulation and retrieval of information (Hsieh and Ranganath, 2014; Roux and Uhlhaas, 2014). Interestingly, functional differences in WM alpha-theta oscillations reported in the literature seem to coincide with components of the ELU’s explicit processing loop —pre-diction and post-diction— that are triggered by phonological mismatch.

We suggest that alpha-activity may govern pre-diction via increased listening effort, in which the active inhibition of distractor speech gates relevant information, allowing for more successful binding during RAMBPHO. During speech processing, increases in alpha power are linked to heightened listening effort, particularly in adverse conditions where the auditory signal is degraded (Obleser et al., 2012; Dimitrijevic et al., 2019; Paul et al., 2021). This alpha-activity is related to the gating of lexical integration and selective inhibition of task-irrelevant noise (Strauß et al., 2014a,b), which likely becomes more challenging in the presence of background speech.

Meanwhile, when the speech signal is increasingly degraded, enhanced theta-activity represents the manipulation of limited sensory information to successfully trigger and retrieve appropriate lexical and semantic representations in long term memory stores, which are then integrated to form an understanding. Furthermore, fronto-parietal theta-activity has been implicated in lexical access and retrieval (Meyer et al., 2015; Marko et al., 2019) specifically from ELTM (Roberts et al., 2018; Nyhus et al., 2019), as well as being involved in resolving lexical ambiguity (Strauß et al., 2014a).

In sum, we propose that the dissociable roles of alpha and theta activity, apparent in WM subprocesses and highlighted during speech processing, directly underpin the pre-diction and post-diction components illustrated in the ELU (Figure 1), respectively. This pertains especially to speech-on-speech perception, which requires one to process a degraded speech signal and inhibit background speech. While this physiological underpinning seems intuitive and has in part been alluded to in previous ELU publications (Rönnberg et al., 2019), we will show in the coming sections how this phenomenon may be relevant for aging research. Namely, reduced WM-alpha-theta activity that supports pre-diction and post-diction processes after phonological mismatch may explain poorer speech-on-speech perception in older adults. Musical training is suggested in younger adult literature to be associated with increased alpha-theta activity and in older adult literature to enhance working memory. Thus (a background with) musical training in older adults may preserve alpha-theta oscillatory activity associated with working memory longer into older age (i.e., slow the decline). Preserved alpha-theta activity may accordingly preserve the ELU explicit-loop process that can repair phonological mismatch during speech-on-speech perception.
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FIGURE 1. Hypothesized framework. Left, During speech-on-speech perception, the Ease of Language Understanding model (ELU; Rönnberg et al., 2019) describes how mismatch in phonological binding can occur which in turn triggers an explicit processing loop to repair the mismatch. The repair loop is governed by WM, consisting of the subcomponents pre-diction (blue) and post-diction (pink). Post-diction explicitly reevaluates lexical context, and pre-diction informs the (re-)binding of phonological information from the target speech signal in part by inhibiting distractor speech. Here, we suggest that the pre-diction and post-diction subcomponents of the loop are underpinned by alpha- and theta oscillatory activity, respectively. Right, We hypothesize further that any age-related decline in WM-related alpha-theta activity can be delayed if musical training occurred in younger age, or slowed by musical training in older age. In turn, musical training may preserve speech-on-speech perception longer into older age because preserved alpha-theta activity ensures proper repair of mismatched phonological binding. WM = working memory.




SPEECH ON SPEECH PERCEPTION AND WM IN OLDER AGE

Aging affects sensory and cognitive mechanisms and can make speech-on-speech perception more challenging (Goossens et al., 2017). As the population continues to age and life expectancy becomes longer, addressing these challenges becomes even more relevant. Often these changes occur simultaneously, making it difficult to parse what limitations come from changes in sensory or cognitive mechanisms. On the sensory side, the incidence of hearing loss increases with advanced age (Cunningham and Tucci, 2017). In the population older than 65 years, fewer than 50% have normal hearing, which lowers to 10% in those older than 80 (Homans et al., 2017). Since speech-on-speech perception relies in part on parsing target and masker streams based on the spectrotemporal acoustic cues, e.g., pitch contours, common onset and offset, common modulations, voicing, and similar (Bregman, 1990), presbycusis could have a negative effect by potentially altering these cues. However, even when hearing loss is minimized, speech-on-speech perception has been shown to be difficult in middle-aged (Başkent et al., 2014) and older individuals (Zobel et al., 2019).

On the cognitive side, age-related changes have been observed as decline in specific functions such as speed of processing, WM, long and short-term memory (Salthouse, 1996; Deary et al., 2009; Murman, 2015; Pliatsikas et al., 2019), but not in crystallized functions such as verbal knowledge (Park and Gutchess, 2002), which likely contribute to older individuals compensating for other changes when understanding degraded speech (Saija et al., 2014; Başkent et al., 2016). Specifically related to WM, poorer speech perception in older adults has been linked to age-related changes in WM, and particularly poorer attentional control compared to younger adults (Goossens et al., 2017). Likewise, lower WM and inhibitory control performance for normal hearing older adults is associated with more profound difficulties during speech-on-speech (Vermeire et al., 2019), and auditory working memory scores have been observed as the strongest predictor of performance (Anderson et al., 2013). Thus from the perspective of the ELU, one contribution to impoverished speech-on-speech understanding in older adults could be reduced functionality in the WM-governed explicit processing loop consisting of pre-diction and post-diction that occurs after phonological mismatch (RAMBPHO).

Here we suggest a physiological framework for the ELU such that pre-diction and post-diction are underpinned by alpha and theta-oscillatory activity, respectively. This framework is consistent with neurophysiological accounts of WM decline in older adults as well. Working memory decline in older adults is marked by reductions in myelination in the PFC (Schulze et al., 2011), which in turn is associated with WM-related oscillatory activity in alpha- and theta bands (e.g., Strunk et al., 2017; Misselhorn et al., 2019). Accordingly, in older adults, observed decline in WM positively correlates with alpha-theta activity, and is predicted by parahippocampal, striatal, and superior longitudinal fasciculus white matter integrity (Steiger et al., 2019; Kumral et al., 2020). Moreover, where age-related WM decline is observed, associated modulations of alpha-theta activity could explain difficulties in speech-on-speech perception (see Strauß et al., 2014a,b). Slower resting-state alpha and lower alpha-theta power are reported in high WM-load tasks (Rondina et al., 2019), and alpha-power reduction accompanies increased susceptibility to distractions (ElShafei et al., 2020) such as speech maskers (Tun et al., 2002), which increases the likelihood of phonological mismatch during pre-diction. Older adults reputedly sometimes bind information from target and distractor streams, resulting in poorer recall (Strunk et al., 2017), possibly due to deficits in WM maintenance (Jarjat et al., 2019) and ELTM retrieval (Korkki et al., 2020) that are reflected by changes in frontal theta-activity (Tóth et al., 2014).

Taken together, we suggest that within the framework of the ELU, older adults who show signs of WM decline may have a reduced capacity to gate information and inhibit distractor speech due to reductions in alpha-activity, leading to poorer pre-diction. Additionally, declines in WM and subsequent theta-activity result in a lessened ability to maintain and manipulate a degraded speech signal during lexical retrieval, leading to poorer post-diction.



MUSICAL TRAINING AND WM IN OLDER AGE

Musical training is a complex activity that integrates multiple sensory modalities and higher-order cognitive functions (Olszewska and Marchewka, 2021). Musical training studies cannot provide definitive evidence as to whether cognitive benefits are exclusively attained through lifelong musical training, or whether they can be achieved through training once already in older age, due to limitations in both cross-sectional (Schellenberg, 2015; Swaminathan and Schellenberg, 2018; see Hanna-Pladdy and MacKay, 2011) and intervention (Román-Caballero et al., 2018) designs. However, studies with both design types contribute to the overall picture of musical training influencing WM and speech-on-speech perception in older age to some degree.

Though effect sizes vary, cross-sectional evidence has revealed better WM performance in older adult musicians compared to non-musicians (see Table 1). In the studies that directly assess WM, several have reported significantly higher digit span (Mansens et al., 2018; Gray and Gow, 2020; Zhang et al., 2021), visuospatial span (Amer et al., 2013) and better performance on measures of WM maintenance and recall with older musicians (Parbery-Clark et al., 2011). There is evidence to also suggest increased efficiency for older musicians in tasks that indirectly measure WM, or in which WM is an important underpinning of task success. Better problem solving and reasoning (Hanna-Pladdy and Gajewski, 2012; Gray and Gow, 2020), faster and more accurate performance during auditory Stroop and reading with distraction tasks (Amer et al., 2013), superior sustained attention (Tierney et al., 2020), as well as advantages in speech-on-speech (Parbery-Clark et al., 2011; Zendel et al., 2019; Zhang et al., 2021) and verbal learning and fluency (Mansens et al., 2018) have all been reported. Additionally, those studies in which no group differences in digit span were found also revealed a musician advantage in short delayed recall tasks and letter-number sequencing in the same population (Hanna-Pladdy and MacKay, 2011; Hanna-Pladdy and Gajewski, 2012). The combined findings could allude to the limitations in relying on span tasks as a measure of WM, given that it is difficult to parse the temporal components of WM processing, within which older musicians may differ depending on the several factors that account for their musical experience and aptitude. This also highlights the difficulties associated with these studies adopting the commonly used “years of experience” (Hanna-Pladdy and MacKay, 2011; Hanna-Pladdy and Gajewski, 2012; Amer et al., 2013; Gray and Gow, 2020), or similarly weak “yes” or “no” musical training survey items (Mansens et al., 2018) as grouping criteria, as studies cannot then draw within-group comparisons between differing engagement in musical training and those temporal components of WM. Nevertheless, the broad cross-sectional data indicates a positive relationship between musical training and components of WM in older age, and studies that included additional grouping criteria based on the age of onset and current musical activity support the findings (Parbery-Clark et al., 2011; Zhang et al., 2021).


TABLE 1. Overview of selected literature organized by theme.

[image: Table 1a]
[image: Table 1b]

Musical intervention studies with older adults often report positive results with regards to WM as well. Following 6 weeks of one-to-one piano lessons combined with 3 h of practice per week, Bugos et al. (2007) reported better digit-span performance for musically trained older adults over controls that was maintained at a 6-month follow-up. Elsewhere, older adults who engaged in 6 months of weekly group piano lessons improved within-group digit-span performance whereas controls did not; there was, however, no between-group difference at post-test (Seinfeld et al., 2013). Although promising in terms of improving WM in older age and maintaining improvements once musical training stopped, more intervention studies are needed to determine causality.



MUSICAL TRAINING AND PRESERVED ALPHA-THETA ACTIVITY IN OLDER AGE?

In older age, benefits in WM related to musical training have been associated with reduced distractor interference and better inhibitory control (Moussard et al., 2016) reputedly originating from the PFC (Alain et al., 2018). As noted, the PFC is thought to underpin alpha recruitment during sensory gating and functional inhibition (Klimesch et al., 2007; Manza et al., 2014; Misselhorn et al., 2019). Beyond this, the relationship between musical training and WM-related alpha-theta activity is still somewhat unclear and to our knowledge, no research has explored musical training-related modulations of alpha recruitment during active inhibition (see Yurgil et al., 2020), especially later in life. However, reported phenomena from younger adults hint that musical training may preserve alpha-theta oscillatory activity. Increased alpha-theta connectivity has been reported in younger adult musicians over non-musicians and is thought to be involved in the propagation of information across long-range brain networks via the PFC (Klein et al., 2016). Evidence also suggests a positive effect of musical training on theta-activity specifically related to verbal WM encoding and retrieval. For instance, recent research saw musically trained younger adults outperform non-musicians during a measure of semantic integration and recall of newly learned words, where better performance correlated with increased theta connectivity between ventral and dorsal speech streams (Dittinger et al., 2018). Moreover, increased theta-activity was observed to correlate with the number of years of musical training. Similarly, younger adult musicians performed better than non-musicians in a verbal WM learning and recall task, and increased theta-activity correlated with better performance (Cheung et al., 2017). Next to this oscillation-specific evidence, recent behavioral studies reported positive association between musical training and inhibition (Moreno and Farzan, 2015), as well as musical training benefits in gating information during WM updating (Okada and Slevc, 2018).

The limited literature available from younger adults seems to align with the observed relationship between musical training and WM in older age. Taken together, this supports the idea that musical training may preserve WM-related alpha-theta activity longer into older age. In turn, age-related decline may be delayed from the perspective of the ELU, we suggest that preserved WM-related oscillatory activity in older adults may allow for better explicit repair of mismatched phonological binding during speech-on-speech perception: Preserved alpha-activity may protect from age-related decline in active inhibition of distractor speech during pre-diction. Similarly, we argue that preserved theta-activity in older adults may contribute to more successful post-diction through protection from declines in storage and manipulation of a degraded speech signal, and retrieval of appropriate semantic and lexical representations to understand target speech.

In line with this idea, there is a small body of research reporting improved speech on speech in older adults with musical training compared to adults with no musical training. Improvements in speech-on-speech perception for a group of 69-year-old adults following 6 months of piano lessons were thought to be mediated by benefits in WM (Worschech et al., 2021). Findings that revealed greater post-intervention allocation of attentional resources during speech-on-speech perception for those who underwent musical training, support this view (represented by enhanced attention-related ERP components; Zendel et al., 2019). Better verbal digit-span performance also reputedly mediated better speech-on-speech performance for older musicians in a recent cross-sectional study (Zhang et al., 2021). In Zhang et al. (2021), differences in speech-on-speech were less pronounced in younger musicians, and correlations between WM metrics and improved speech-on-speech perception were more pronounced in older adults compared to younger adults. Given that WM contains a general executive attention component (Chung et al., 2018), WM differences were perhaps reflected in another study when older musicians reportedly outperformed non-musicians during a speech-on-speech perception task, with measures of attentional control accounting for 54% of variance (Tierney et al., 2020). In one recent study where neither musical training nor WM was found to correlate with speech-on-speech (Mussoi, 2021), the author acknowledged that the study was underpowered.



LIMITATIONS

In this mini-review, we do not present comprehensive accounts of speech perception models and make no claims about how the current perspective for the role of WM and related oscillatory activity relates to other models (e.g., Grossberg, 1980; McClelland and Elman, 1986) or neurocognitive frameworks (e.g., Kotz and Schwartze, 2010; Strauß et al., 2014b; Meyer, 2018). We do not fully review all neural mechanisms related to aging (see Cabeza et al., 2018), speech-on-speech processing or hearing loss (e.g., Anderson et al., 2013), nor WM (see Baddeley, 2012; D’Esposito and Postle, 2015; Oberauer, 2019; Xu, 2021). There has been no exhaustive evaluation of WM-related oscillatory activity literature, and the appraisal of the aging, musical training, speech-on-speech, and WM literature is limited to how they intersect. This is in part due to the exploratory nature of this framework, which aims only to provide a direction for future research.



SUMMARY AND RESEARCH PERSPECTIVES

Our mini-review suggests that within the scope of the ELU model, pre-diction and post-diction components may be underpinned by WM-related alpha and theta activity, respectively. As WM function and associated alpha-theta oscillatory activity can decline during normal aging (Rondina et al., 2019), and lower alpha power is related to a lessened ability to inhibit irrelevant information (ElShafei et al., 2020), we argue that musician benefits to WM in older age may relate to preserved top-down modulation of alpha oscillations in sensory regions when understanding speech-on-speech and enhanced theta-activity relating to WM maintenance and retrieval. Specifically, preserved alpha-band activity could thus improve information gating through active inhibition and increased effort during the ELU’s pre-diction, while theta activity underpins lexical retrieval and the reconstruction of limited perceptual information during the ELU’s post-diction.

Our account highlights the need for further understanding of the relationship between WM, speech-on-speech perception, and musical training in older age. We suggest future musical training paradigms targeting speech-on-speech perception in older adults should not only limit to performance measures of music and speech perception, but also measure WM-related alpha-theta oscillations during speech-on-speech tasks. This will determine whether improvements in WM dictate any observed advantage in older musicians over non-musicians in speech-on-speech perception, and whether improvements in WM dictate this in turn. Additionally, the time course of WM-related alpha-theta oscillatory activity may be able to reflect real-time occurrence of the ELU’s pre-diction and post-diction.

Should the positive relationship between musical training, WM and speech-on-speech perception be causal, this would be extremely promising, not only to clarify inconsistencies in the literature, but also at the societal level. With an increasing life expectancy and aging population, the possible benefits of musical training, whether achievable earlier or later in life, are important to society. Future research addressing online recruitment of WM-related neural resources such as alpha-theta activity during speech-on-speech perception tasks could further help to understand this relationship. Causation can be established by musical intervention studies, and musician/non-musician cross-sectional studies should carefully address heterogeneity in WM capabilities and musical backgrounds of older adults. The knowledge of what effects occur due to age-related sensory changes and what effects due to age-related cognitive changes can be gained with experimental designs that utilize different groups of older individuals with varying hearing status, ranging from age minimal to age typical hearing loss. This new information from such studies can lead to better ways of utilizing successful sensory-cognitive integration during speech-on-speech perception in terms of cognitive compensation. This may also provide an avenue for future customized training and rehabilitation tools for older adults with or without presbycusis.
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A close inter-relationship between mobility and cognition is reported in older adults, with improvements in gait performance noticeable after cognitive remediation in frail individuals. The aim of this study was to evaluate the efficacy of computerized cognitive training (CCT) on mobility in healthy, independently living older adults, and to determine whether CCT is associated with changes in neural activation for mobility-related brain processes. Using a randomized single-blind control design, sixty-three non-demented adults age 60 y and older (mean age = 67 y; 76% female, mean Montreal Cognitive Assessment [MoCA] score = 27) were recruited from a local Senior Activity Center. Participants were randomly assigned to either a 2-month CCT program (8 weeks, 3x/week, 40 min/session) or a wait-list control group. Primary outcome was self-selected gait speed during single- and dual-task walking. Secondary outcome was executive function on Trail Making Test (TMT), Part B. Neural activity was assessed via electroencephalography/event-related potentials (EEG/ERPs) targeting lower-limb performance. Results from a linear mixed effect model, adjusted for baseline MoCA score, age, gender, and study completion revealed that compared to controls, CCT improved gait speed during the dual-task (p = 0.008) but not during the single-task walking condition (p = 0.057). CCT also improved executive function (p = 0.024). Further, shorter foot reaction time responses (p = 0.019) were found with enhanced neural activation over sensorimotor areas, with shorter ERP latencies during the P2 component (p = 0.008) and enhanced motor responses (p = 0.009) also evident in the CCT group after the intervention. Overall, the electrophysiological findings suggest possible neural adaptations that could explain improvements in mobility and executive functions associated with CCT in healthy older adults.

Keywords: visual evoked potentials (VEP), motor-related cortical potentials (MRCP), executive control, cognitive-motor brain networks, healthy aging, sensorimotor integration, functional mobility


INTRODUCTION

Walking difficulties are widespread among older adults, and are associated with restricted activities of daily living, mobility disability and death (Hirvensalo et al., 2000; Rosano et al., 2008). While exercise is recommended to improve mobility (Urzi et al., 2019), only 16% of U.S. seniors exercise at the recommended level and 33% remain inactive (Lee et al., 2017). Sedentary behavior or inactivity is related to increased risk of disability within all levels of physical activity (DiPietro et al., 2018).

Among non-pharmacological interventions, cognitive training has been shown to stabilize or even improve cognitive performance of healthy older adults (Tardif and Simard, 2011; Simons et al., 2016). Gait and cognitive functions are interrelated in older adults. Previous studies have revealed that the prefrontal cortex (PFC) plays a critical role in successful gait and cognition (Beauchet et al., 2016) and have linked gait to structural changes in cerebellar, precuneus, supplementary motor, insular, and PFC brain regions (Blumen et al., 2019). These findings support the notion that cognitive training could improve both cognitive and motor functions. Additionally, previous experiments have shown that cognitive training can improve response times, with improvements seen in multiple ERP components in healthy young (Olfers and Band, 2018) and old adults (Gajewski and Falkenstein, 2012, 2018; Pergher et al., 2018), promoting neural enhancements in aging (Nguyen et al., 2019).

Impairments in cognitive processes are associated with slower gait and gait instability (Montero-Odasso et al., 2012). Successful mobility performance is dependent on intact cognitive function (Montero-Odasso et al., 2012). Hence, recent research has focused on ways to improve cognitive function as a means to improve mobility. In a pilot study with sedentary seniors, Verghese et al. (2010) reported a far transfer computerized cognitive training (CCT) effect to mobility. A recent meta-analysis of 10 trials with 351 participants reported that cognitive training interventions can improve mobility-related outcomes, especially during challenging walking conditions requiring higher-order executive functions (Marusic et al., 2018a,b). More recently, computerized cognitive remediation improved walking and executive functions in older adults aged 70 years and above at high-risk for mobility disability, but not compared to an active control that included low level cognitive remediation training (Verghese et al., 2021).

Most studies examining the effect of CCT on mobility-related outcomes enrolled sedentary or frail older adults (Verghese et al., 2010; Smith-Ray et al., 2013; Ng et al., 2015; Azadian et al., 2018), and demonstrate significant CCT effects on mobility outcomes. Although the association between brain health, cognition and mobility has been demonstrated even in non-clinical populations (Cohen et al., 2016; Demnitz et al., 2017), the effect of CCT in healthy active older adults has not been established. Moreover, the underlying neural mechanisms of enhanced gait control after cognitive remediation programs have not been well investigated (Marusic et al., 2018b).

To address these knowledge gaps, we conducted a randomized single-blind control trial in 63 healthy active older adults. Our hypotheses were based on our previous work (Marusic et al., 2018a,b), which indicated that CCT would lead to improvements in executive functions and gait performance, particularly during challenging walking while talking conditions. We also hypothesized that CCT-related enhancements would be evident in pre-post assessments using electroencephalography (EEG)/event-related potentials (ERPs) over sensorimotor regions. This was guided by our recent investigation of the efficiency of recruitment of neuronal resources for the upper and lower extremity response task in young and old adults (Marusic et al., 2022), thus sparking an interest in investigating CCT related changes in neural activation.



METHODS


Study Design

The current study employed a single-blind randomized control trial design to investigate the efficacy of computerized cognitive training (CCT) on gait in healthy older adults recruited from a local adult activity center in Koper, Slovenia (EU). The inclusion criteria were: active and healthy older adults (defined according to self-reported questionnaires), normal or corrected normal vision, and no self-reported history of cardiovascular, neurological, or psychiatric conditions. The exclusion criteria were: symptoms of cognitive decline or evidence of cognitive impairment on the Montreal cognitive assessment (MoCA; score < 25), history of falls in the past 12 months, regular heavy alcohol consumption, or presence of acute or chronic skeletal, neuromuscular, metabolic and/or cardiovascular disease conditions that may limit mobility. All procedures were carried out in accordance with the ethical standards of the 1964 Declaration of Helsinki and were approved by the Republic of Slovenia National Medical Ethics Committee (KME57/06/17). Written informed consent was obtained from all participants prior to study enrollment. The trial was registered at ClinicalTrials.gov (NCT03860441).



Participants

Figure 1 presents the study flow. From the initial 77 participants who were assessed for eligibility, 63 were randomized to either the intervention or the wait-list control group. Fourteen participants were excluded because they either did not meet study criteria or were unwilling to participate in the study. Sixty-three older participants (67.5 ± 5.9 years; MoCA score: 27.2 ± 1.7) were enrolled and included in the intention to treat analyses (see Figure 1). A subsample of 45 participants agreed to complete an EEG / ERPs study before and after the CCT intervention.
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FIGURE 1. Study flow diagram. *A mixed linear model (MLM) analysis of variance was used for EEG sub-analysis when EEG data were of good quality and a merged pre-post EEG decomposition was acceptable. Poor quality of pre- or post-EEG data resulted in elimination of both datasets.



Clinical Assessments

Prior to the intervention, all participants were screened and interviewed by the research team. We asked participants to rate their general health on a 5-point Likert scale ranging from 1 (worst possible) to 5 (best). As previously mentioned, the MoCA (Nasreddine et al., 2005) was used to determine inclusion eligibility and also served as a covariate in the statistical models.



Computerized Cognitive Training Intervention

A commercially available internet-based cognitive training software CogniFit (CogniFit INC; San Francisco, CA, USA) was used for training. CogniFit software provides participants' with individualized training programs based on the results of their baseline cognitive performance evaluation. Difficulty of each cognitive task or game is systematically increased by the software in order to gradually increase the difficulty of each subsequent task, while ensuring that all abilities are trained. As well, this methodology is intended to provide personalized programs that strategically strengthen the individual's weakest cognitive abilities by emphasizing cognitive strengths in a manner that keeps participants within their comfort zone. The CCT training software in this study (CogniFit) is identical to that employed by Verghese et al. (2010, 2016, 2021) in their previous cognitive remediation trials.

Participants in the CCT group attended 40 mins training sessions three times weekly for a total of 8 weeks (24 sessions). The length of each daily session was set according to optimal duration determined in our systematic review (Marusic et al., 2018b). Sessions were administered at the activity center. CCT sessions included a maximum of eight participants and a minimum of two research assistants who aided with software initiation and insured participants' comprehension of each CCT task instruction set.



Wait-List Control

Participants randomly allocated to the control group were informed that upon conclusion of baseline measurements, their name would be added to a wait-list for future studies at our center. They received a lecture detailing the importance of maintaining a healthy lifestyle. Research assistants contacted control participants weekly via telephone to maintain interest and adherence in the trial as well as to match for study contacts in the intervention arm. Participants in the wait-list group were not revealed to the intervention group participants, and vice versa as members of each group were invited to the activity center on different days and/or times.



Outcome Measures

Our primary outcome measure was gait speed (m/s) during single- and dual-task walking conditions. Our secondary outcomes included executive function performance as assessed with the Trail making test (TMT); a simple visual reaction time task with lower limb as part of the EEG study; as well as sensory and motor ERPs. Research assistants assessed all outcome measures blinded to study group allocation at baseline and immediately following the conclusion of the 8-week study period for both the intervention and control groups.



Single- and Dual-Task Walking

Gait speed in single and dual task conditions was selected as our primary outcome as it is the most widely used metric to characterize mobility, and it was demonstrated to be sensitive to CCT effects (Verghese et al., 2010). Participants were instructed to “walk as if they were going to the nearest store and they were not in any hurry.” Gait speed was acquired with the 2D OptoGait system (Microgate, Bolzano, Italy); a valid and reliable measure of gait (Lienhard et al., 2013). To measure steady-state gait, all participants started at a marked point on the floor 2 meters before the 5-meter OptoGait recording area, and then walked until they reached a marked point 2 meters beyond the recording area.

To study cognitive-motor interactions, participants were instructed to walk at their preferred speed, while performing a cognitive interference task, which required them to recite alternate letters of the alphabet starting with the letter “A” (Verghese et al., 2010, 2016). They were instructed to pay equal attention to walking and talking to minimize task prioritization effects (Verghese et al., 2007). The number of errors and correctly recited alternate letters were recorded by the research assistants. Each participant completed a baseline practice trial of reciting alternate letters of the alphabet while standing prior to the dual-task walking.



Cognitive Measures

Executive function and attention are two essential cognitive resources required for normal walking (Montero-Odasso et al., 2012). The Trail Making Test (TMT) is divided into two parts and provides general information on visual search, scanning, speed of processing, mental flexibility, and executive function (Tombaugh, 2004). Part A assesses simple visual attention and sequencing (Reitan and Wolfson, 1985), while Part B assesses executive functions linked to prefrontal cortex activity (Kubo et al., 2008). Part B was strategically included to detect CCT-related transfer of learning (Marusic et al., 2018a).



Electrophysiological and Psychophysical Measures

Scalp electroencephalographic (EEG) activity was recorded using g.tec medical engineering equipment (Schiedlberg, Austria, EU), with 32 Ag/AgCl electrodes, arranged according to the International 10–20 System. The sampling rate was 512 Hz with 32-bit resolution.

Due to time- and study resource-constrains, only a sub-group of 23 intervention and 22 control participants were randomly selected and measured before and after the 2-month study period (see Figure 1). Participants were assessed while seated in a neutral position. After collection of baseline measurements with eyes open and closed, participants were instructed to perform a simple reaction time test in response to 70 visual stimuli presented with a random inter-stimulus interval between 2 and 5 secs on a 17.0-inch flat panel LCD monitor (120-Hz refresh rate) situated ~50 centimeters in front of them. Their task was to press the response button as quickly as possible with the bottom of the right foot (which rested on the response pad). The response pad was connected to a trigger box (g.tec TRIGbox). The visual stimuli were presented in the center of a monitor (circular disc with a 5 cm radius was presented against a black background at the center of the display, duration 150 ms, intensity 50 cd/m2) placed directly in front of the participant's field of view. Stimulus-locked ERPs (s-ERPs; also known as visual-evoked potentials VEPs) and response-locked ERPs (r-ERP; for the lower limb, also known as motor-related cortical potentials MRCPs) were extracted as described in Yordanova et al. (2004). The s-ERPs correspond to occipital electrodes (averaged across O1, Oz, and O2) and show visual components P1, N1, and P2 after the visual stimuli occurrence while the r-ERPs (MRCP) correspond to central electrode Cz and show the peak latency and amplitude of the most negative displacement of the MRCP, prior to or at the time of response execution. Details about sensorimotor task and EEG/ERP processing can be found in manuscript of Marusic et al. (2022).




Statistical Analyses

Data were analyzed in SPSS software version 26.0 (IBM, Chicago, IL). An examination for normal distribution was conducted using the Shapiro-Wilk's test and visual inspection (histogram and Q-Q plot). To examine potential group differences in demographic and clinical outcome measures at baseline, an independent-sample t-test was performed. The difference between groups in attrition rate was assessed using chi-square statistics. A mixed linear model (MLM) analysis of variance was used to test the effect of the 2-month CCT intervention on the outcome measures in comparison with the control group. Groups were compared using the intention-to-treat principle with MLM adjusted for confounders (baseline MoCA score, age, and gender). While the MLM can handle missing data due to dropout missing at random (Laird and Ware, 1982), the analysis controlled for attrition in both arms by including a dichotomous ‘study completion' variable as a covariate in the model. More specifically, Group (experimental vs. control), time (pre- vs. post-intervention), and group × time interaction terms were treated as fixed effects and participants as a random effect. Maximum Likelihood (ML) was used to produce parameter estimates. The alpha level was set to 0.05.




RESULTS


Group Characteristics

Of the 63 participants, 32 were randomized to the CCT and 31 to the control group. Table 1 represents the baseline characteristics of the final sample. The majority of participants were women (78% in CCT and 74% in control group); however, the two groups did not demonstrate significant differences across any key demographic variables suggesting adequate randomization. The sub-sample of 45 participants for EEG/ERP analysis also did not show any group differences in baseline characteristics (all ps ≥ 0.125).


Table 1. Table of baseline characteristics for intervention and control group (intention to treat).

[image: Table 1]

The attrition in the control group (n = 9) was significantly higher than the attrition in the intervention group (n = 3; (χ(1) = 3.946, p = 0.047). In the control group, 3 participants were lost due to medical issues and 6 participants did not show up for the POST measurement session. In the intervention group, 1 participant was lost due to medical issues and 2 participants discontinued the intervention program (see also Figure 1). There were no significant differences in baseline characteristics parameters between those who dropped vs. those who completed the study (p ≥ 0.217); however, we included study completeness as a covariate in the MLM. In the intervention group, the CCT adherence was high (87.3%). When queried about self-reported daily computer exposure, eight CCT participants (25.0%) reported daily computer exposure prior to the study, 12 (37.5%) reported moderate exposure, while the remaining 12 (37.5%) reported minimal to no computer exposure.



Primary Outcomes

Primary outcome results are presented in Table 2.


Table 2. Mixed-effect linear model results for primary outcome measures revealing Group, Time, and Group × time interactions as well as adjustments.
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Self-Selected Single-Task Gait Speed

At baseline, no difference between group was observed for the self-selected single-task gait speed (p = 0.226). However, there was a non-significant group × time interaction trend (p = 0.057; Table 2). Post-hoc analyses revealed that self-selected gait speed significantly increased within the intervention group (+17.0 ± 21.3%; p <0.001), while there was a lesser within group improvement for the control group (+7.2 ± 15.4%; p = 0.096). Comparison of speed in the self-selected single-task gait speed condition showed that older adults in the intervention group walked 0.16 m/s faster at the end of the CCT intervention, whereas participants in the control group increased their speed by 0.07 m/s from baseline.



Self-Selected Dual-Task Gait Speed

At baseline, no difference between group was observed for the self-selected dual-task gait speed (p = 0.901). The MLM revealed a significant group × time interaction (p = 0.008) indicating that CCT improved dual-task performance in the intervention compared to the control group. Post-hoc analyses revealed that self-selected dual-task gait speed significantly increased within the intervention group (+20.6 ± 24.8%; p < 0.001), while there were no within group changes pre- to post-intervention for the control group (+3.0 ± 13.8%; p = 0.467). Older adults in the intervention group walked 0.13 m/s faster in self-selected dual-task gait speed condition at the end of the CCT intervention, whereas participants in the control group increased their speed by 0.02 m/s from baseline.




Secondary Outcomes

Secondary outcome results are presented in Table 3. We had reported blood draws as secondary outcomes in the clinicaltrials.gov registration form, but these are not included in this manuscript due to their complexity.


Table 3. Mixed-effect linear model results for secondary outcome measures revealing Group, Time and Group × time interactions as well as covariates.
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TMT A

At baseline, no difference between groups was observed in TMT A test (p = 0.397). The MLM revealed no significant group × time interaction (p = 0.137). Delta values showed that post-CCT, older adults in the intervention group solved TMT A, on the average, 9.8 s faster compared to older adults in the control group who solved TMT A, on the average, 2.5 s faster.



TMT B

At baseline, no difference between groups was observed in TMT B test (p = 0.948). The MLM revealed a significant group × time interaction (p = 0.024). Post-hoc analyses revealed that time to complete the TMT B was significantly reduced in the intervention group (−21.1 ± 31.1%; p = 0.002), while there were no changes pre- to post-intervention for the control group (+2.9 ± 33.0%; p = 0.855). Delta values showed that older adults in the intervention group solved TMT B on average 31.9 s faster at the end of the CCT intervention, whereas participants in the control group reduced solving time by 1.3 s.



Foot Reaction Time Test

At baseline, no difference between groups was observed in simple reaction time using lower limbs (p = 0.932). However, the MLM revealed a significant group × time interaction (p = 0.019). Post-hoc analyses revealed that simple reaction time was significantly reduced in the intervention group (−5.0 ± 9.9%; p = 0.040), however remained unchanged in the control group (+2.7 ± 9.4%; p = 0.222) during the pre- to post-intervention period. Delta values showed that older adults in the intervention group had on average foot reaction time 9.5 ms faster at the end of the CCT intervention, whereas participants in the control group prolonged their foot reaction time on average by 6.8 ms.



ERPs

Results for the ERP components are summarized in Figures 2, 3 and Table 2. A significant interaction between group and time was found for the P2 latency component (p = 0.008). Post-hoc analyses revealed that P2 latency was significantly reduced in the intervention group (−6.6 ± 5.7%; p < 0.001; Figure 2 left), there were no changes pre- to post-intervention for the control group (+1.8 ± 9.1%; p = 0.500). Delta values revealed that older adults in the intervention group reduced their P2 latency on average for 14.6 ms at the end of the CCT intervention, whereas participants in the control group prolonged their P2 latency by 4.0 ms.
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FIGURE 2. Grand average stimulus-locked event-related potentials (s-ERPs) for the intervention (left) and control (right) group. Figure represents the grand averaged ERPs for pre- (gray, solid) and post-assessments (red, dashed) for intervention (left) and control group (right). The s-ERPs correspond to occipital electrodes (averaged across O1, Oz, and O2) and show visual components P1, N1 and P2 after the visual stimuli occurrence.
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FIGURE 3. Grand average response-locked event-related potentials (r-ERPs) for the intervention (left) and control (right) group. Figure represents the grand averaged ERPs for pre- (gray, solid) and post-assessments (red, dashed) for intervention (left) and control group (right). The r-ERPs (MRCP) correspond to central electrode Cz and show the peak latency and amplitude of the most negative displacement of the MRCP, prior to or at the time of response execution.


Similarly, a significant interaction was found for the peak amplitude in motor-related processes (p = 0.009). Post-hoc analyses revealed that MRCP peak amplitude was significantly reduced in the intervention group (−14.5 ± 23.3%; p = 0.029; Figure 3 left), though there were no changes pre- to post-intervention for the control group (+22.6 ± 47.7%; p = 0.154). Delta values indicated that older adults in the intervention group reduced their MRCP peak amplitude on average for 1.1 uV at the end of the CCT intervention, whereas participants in the control group increased their MRCP peak amplitude by 0.2 uV. No other significant interactions were found for the remaining ERP components (see Table 3).



Correlation Analyses

There were significant correlations found only in the Intervention group between delta scores on TMT B and self-selected dual-task gait speed (r = −0.42; p = 0.041), TMT B and P2 latency (r = 0.62; p = 0.025), and self-selected dual-task gait speed and P2 latency (r = −0.68; p = 0.006).





DISCUSSION

The findings from this single-blind randomized controlled trial reveal that CCT was effective in improving not only gait but also executive function in active, healthy and independently living older adults. At the conclusion of this structured 2-month cognitive training program (24 sessions of CCT), the intervention group exhibited improved gait performance, especially during challenging walking conditions, relative to the control group. Enhanced primary/gait outcome measures were accompanied with enhanced performance on a test of executive function (TMT) as well as on a sensorimotor task for lower limbs. This was also evident from a correlation analysis showing that improvements in motor and cognitive functions were related to a shortening of the P2 component of visual processing. To our knowledge, this is the first study to reveal that CCT alone can improve complex mobility performance in active, healthy older adults. These results extend previous behavioral reports of the impact of CCT on both cognitive and motor performance in less healthy populations (Mewborn et al., 2017; Marusic et al., 2018b), as well as provide preliminary support for neural enhancements in the aging brain.

The improvement in executive functions in the intervention group supports near transfer of training effects of CCT as demonstrated in previous studies (Klusmann et al., 2010; Heinzel et al., 2014; Marusic et al., 2018a). Compared to the controls, participants in the intervention group required less time to complete the TMT B task - a test of executive functioning that was not used for training purposes in the CogniFit software. Also, the TMT was administered only twice (both pre- and post- study) to both the intervention and control groups, so practice effects across both groups cannot explain enhancements in performance solely for the intervention group. Traditionally, training interventions have only evaluated cognitive training-related improvements in the directly trained cognitive domain (Butler et al., 2018), although some initial cognitive interventions report potential transfer effects to other domains like driving performance and daily functioning (Ball et al., 2002; Willis et al., 2006).

Far transfer, to a distal untrained domain, such as mobility was reported in the present trial in a sample of asymptomatic older adults where self-selected dual-task gait speed was significantly increased (0.13 m/s = 21% intervention vs. 0.02 m/s = 3% control improvement) in the intervention compared to control group. Moreover, there was a trend toward improved walking speed during the single-task (0.16m/s = 17% intervention vs. 0.07m/s = 7% control improvement). Similar findings were obtained in a pilot study of sedentary older adults (Verghese et al., 2010) and latter summarized in our meta-analytical review (Marusic et al., 2018b) that highlighted larger cognitive training-related improvements during challenging walking conditions given their reliance on higher-order executive functions. From the perspective of clinically meaningful change, both gait speeds were increased by more than 0.08 m/s in the intervention group, which was considered a meaningful change in physical performance (Kwon et al., 2009). Recently, a larger CCT study of 383 non-demented seniors at high risk for mobility disability was completed (Verghese et al., 2021). The authors reported an improvement in walking, but this was no greater than in the active control group, who also completed the same amount of CCT but with no progress in the difficulty of the games performed (Verghese et al., 2021). Here, the authors report that practice effects might explain the improvements seen in both arms and the lack of between-group differences; however, the investigators also discuss an alternate hypothesis that the more robust effect on executive function tests in the cognitive remediation arm compared to the active control may indicate a true training effect, and raises the possibility that even low levels of cognitive remediation (as in their active control arm) lead to cognitive benefits (Verghese et al., 2021). Nevertheless, the current study differed in several ways that might explain the discrepancy in results including, smaller sample size, use of healthy elderly population, wait list control, and the inclusion of neurophysiological measures that were lacking in the previous trial.

The near and far transfer improvements in the current experiment suggest that common brain substrates involving cognitive and mobility processes were strengthened by the CCT. The electrophysiological study in a subgroup of our participants provides further insights into the observed benefits. That is, the intervention group manifested shortened foot reaction times to visual stimuli after 2 months of CCT with concomitant P2 latency reduction over occipital regions as well as decreased MRCP amplitudes over motor cortex region. The former likely reflects enhancements in executive attention processes and sensory encoding (Finnigan et al., 2011), while the latter points toward the optimization in response generation and efficiency in depolarization of motor cortex neurons (Yordanova et al., 2004). While slower foot reaction times have been associated with falls (Lord et al., 2003), a recent study revealed a link between participation in cognitive activities and neuromotor performance (Cai et al., 2020). Although using a cross-sectional design, the latter study showed the participation in cognitively stimulating activities is associated with shorter foot reaction times and faster gait speed (Cai et al., 2020), which is consistent with our longitudinal observations.

Enhancing neural substrates and consequently (sub)components of executive functions [i.e., cognitive flexibility; for details see (Diamond, 2013)] seems like a plausible explanation for improvements in gait (Marusic et al., 2018b), as well as sensory functioning. Previous EEG/ERP studies typically report a u-shape pattern in ERP components (Reuter et al., 2019), and more specifically increased P2 component latencies in older as compared to younger adults (Goodin et al., 1978; Iragui et al., 1993). Our recent study found overall larger amplitudes with delayed latencies of endogenous potentials in older compared to younger adults (Marusic et al., 2022), which is consistent with our recent findings in which P2 latency was significantly reduced after CCT. Moreover, the lower MRCP amplitude during sensorimotor task performed with the lower limbs may indicate less intense depolarization of motor cortex neurons or more efficient recruitment of neuronal resources required for the lower extremity response task after CCT (Yordanova et al., 2004; Marusic et al., 2022).

It is well-documented that walking, a rhythmic motor task, involves complex motor, sensory and cognitive processes (Holtzer et al., 2006; Scherder et al., 2007; Al-Yahya et al., 2011). It is also known that older adults require more attentional demands for motor control while walking, indicating the compounded involvement of attentional resources during gait (Kressig, 2010). Moreover, the association of multisensory integration processes with attention-based performance (Mahoney and Verghese, 2020) and measures of mobility including balance, falls and gait (Mahoney et al., 2019) have been well established. Findings reveal that better performance on a visual-somatosensory simple RT test requiring lower limb responses was associated with better cognitive and motor outcomes in healthy older adults. The authors present a potential overlapping neural circuit which emphasizes the critical role of the prefrontal cortex for intact multisensory, motor and cognitive performance (Mahoney and Verghese, 2020). However, further studies are needed to determine whether CCT simultaneously improves sensory, cognitive, and motor functioning by targeting neural networks with connections to prefrontal cortex.

The main strength of the current study is the application of a randomized control design for examining the effect of CCT. The current study replicates previous studies addressing mobility-related improvements after non-physical training, while revealing the potential of CCT in asymptomatic older adults and highlighting for the first time associated neural alterations.

This study is not without limitations. The sample size was determined by convenience in which we targeted recruitment of older adults attending the Center for daily activities for the elderly. There was a relatively high attrition rate, particularly in the control group, but similar to other cognitive training studies (Ballesteros et al., 2014; Maffei et al., 2017). Attrition rates could likely be improved by including an active control group and/or compensating participants for their time and effort (Verghese et al., 2016). Recent findings by Verghese et al. (2021) in which the active control group showed cognitive and motoric benefits point to the possibility that even low levels of cognitive training have cognitive benefits (Verghese et al., 2021). We were unable to assess durability effects of CCT over time on our outcome measures. Future studies should explore monitoring brain activity directly during actual locomotion through a Mobile Brain/Body Imaging (MoBI) setup for example, to gain further insights into neuroplasticity in ecologically valid environments (Wunderlich et al., 2021).



CONCLUSIONS AND IMPLICATIONS

Overall, results from the current study provide evidence that CCT improves mobility in a population of active, healthy and independently living older adults, and is associated with enhancements in cognitive performance. Enhanced executive functions together with optimization of sensorimotor processing that contributes to shorter lower-limb response times after CCT may play a role in enhanced mobility but requires further validation. Our correlational analyses suggest that neurophysiological findings support alterations in neural activity that may contribute to the reported enhancements in cognitive and motor performance. Understanding the underlying mechanisms of how non-physical interventions can improve mobility could guide future research in situations where physical exercise is limited or not possible such as before or after surgery or during periods of immobilization as in hospital stays. There is a need for well-designed large-scale clinical trials with active controls to identify neuronal substrates that are susceptible to CCT enhancement to improve current multimodal interventions to prevent cognitive and motoric declines in aging.
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Self-motion perception (e.g., when walking/driving) relies on the integration of multiple sensory cues including visual, vestibular, and proprioceptive signals. Changes in the efficacy of multisensory integration have been observed in older adults (OA), which can sometimes lead to errors in perceptual judgments and have been associated with functional declines such as increased falls risk. The objectives of this study were to determine whether passive, visual-vestibular self-motion heading perception could be improved by providing feedback during multisensory training, and whether training-related effects might be more apparent in OAs vs. younger adults (YA). We also investigated the extent to which training might transfer to improved standing-balance. OAs and YAs were passively translated and asked to judge their direction of heading relative to straight-ahead (left/right). Each participant completed three conditions: (1) vestibular-only (passive physical motion in the dark), (2) visual-only (cloud-of-dots display), and (3) bimodal (congruent vestibular and visual stimulation). Measures of heading precision and bias were obtained for each condition. Over the course of 3 days, participants were asked to make bimodal heading judgments and were provided with feedback (“correct”/“incorrect”) on 900 training trials. Post-training, participants’ biases, and precision in all three sensory conditions (vestibular, visual, bimodal), and their standing-balance performance, were assessed. Results demonstrated improved overall precision (i.e., reduced JNDs) in heading perception after training. Pre- vs. post-training difference scores showed that improvements in JNDs were only found in the visual-only condition. Particularly notable is that 27% of OAs initially could not discriminate their heading at all in the visual-only condition pre-training, but subsequently obtained thresholds in the visual-only condition post-training that were similar to those of the other participants. While OAs seemed to show optimal integration pre- and post-training (i.e., did not show significant differences between predicted and observed JNDs), YAs only showed optimal integration post-training. There were no significant effects of training for bimodal or vestibular-only heading estimates, nor standing-balance performance. These results indicate that it may be possible to improve unimodal (visual) heading perception using a multisensory (visual-vestibular) training paradigm. The results may also help to inform interventions targeting tasks for which effective self-motion perception is important.
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Introduction

Accurately and precisely perceiving our own movements through space is important for safely navigating our environment. During tasks such as walking, driving, and standing, we receive dynamic information from several different sensory systems that our brains must quickly and efficiently integrate to coherently perceive self-motion. In real-world environments these individual sensory inputs are rarely experienced in isolation and integrating them typically improves perceptual precision (Meredith and Stein, 1986; Ernst and Banks, 2002; Angelaki et al., 2009; Fetsch et al., 2009; Butler et al., 2010, 2015; Gu et al., 2013). The greatest benefits of multisensory integration are often observed when sensory estimates are less reliable (The Principle of Inverse Effectiveness; Meredith and Stein, 1986), and older age is often associated with sensory decline. This suggests that older adults may particularly benefit from multisensory stimulation.

Two of the most important cues to self-motion perception are visual cues (e.g., optic flow; Gibson, 1950) and vestibular cues (Angelaki and Cullen, 2008). In younger and older adults, visual and vestibular cues are often weighted and integrated in an optimal manner that minimizes variability to inform self-motion perception (Fetsch et al., 2009, 2010; Butler et al., 2010, 2015; Angelaki et al., 2011; Karmali et al., 2014; Greenlee et al., 2016; Ramkhalawansingh et al., 2017, 2018). When visual and vestibular cues are congruent and redundant (as is typically the case during most everyday experiences), integrating these inputs improves the precision of perceptual estimates (Ernst and Bülthoff, 2004; Fetsch et al., 2010; Butler et al., 2015).

Aging is associated with changes in individual sensory functioning, such as vestibular perception (Roditi and Crane, 2012; Bermúdez Rey et al., 2016; Karmali et al., 2017; Beylergil et al., 2019; Kobel et al., 2021; Gabriel et al., 2022a) and visual perception (Owsley, 2011). In terms of self-motion perception specifically, relative to younger adults, healthy older adults are worse at perceiving the direction of visual motion (Bennett et al., 2007) and self-motion perception in particular (e.g., egomotion simulated with an optic flow field) (Warren et al., 1989; Mapstone et al., 2006; Snowden and Kavanagh, 2006; Billino et al., 2008; Duffy, 2009; Mapstone and Duffy, 2010; Kavcic et al., 2011; Velarde et al., 2013; Lich and Bremmer, 2014; Ramkhalawansingh et al., 2017, 2018), with some evidence indicating that a subset of healthy older adults are completely unable to estimate their heading direction using optic flow alone (Warren et al., 1989; Ramkhalawansingh et al., 2018). With regards to vestibular self-motion perception (passive movements in the dark), older adults demonstrate larger perceptual detection and discrimination thresholds relative to younger adults across most axes and directions (Roditi and Crane, 2012; Bermúdez Rey et al., 2016; Karmali et al., 2017, 2018; Beylergil et al., 2019; Gabriel et al., 2022a), except for in the yaw axis (Chang et al., 2014; Roditi and Crane, 2012; but see Bermúdez Rey et al., 2016). They do not, however, show differences relative to younger adults in discriminating forward linear heading direction using only vestibular inputs (Ramkhalawansingh et al., 2018). These results suggest that while certain aspects of vestibular perception decline with older age, other aspects may not (e.g., heading discrimination).

In addition to these unimodal changes, aging is also associated with changes in multisensory integration, which may become heightened with older age (Laurienti et al., 2006; Mahoney et al., 2011; Mozolic et al., 2012; Diaconescu et al., 2013; Freiherr et al., 2013; McGovern et al., 2014; de Dieuleveult et al., 2017), including heightened visual-vestibular integration (Ramkhalawansingh et al., 2017, 2018; Nestmann et al., 2020; Kenney et al., 2021). In other words, when multiple sensory inputs are congruent and redundant, older adults may experience greater perceptual benefits from integrating these sensory inputs compared to younger adults (Hughes et al., 1994; Cienkowski and Carney, 2002; Laurienti et al., 2006; Peiffer et al., 2007; Tye-Murray et al., 2010; Mozolic et al., 2011; McGovern et al., 2014; Ramkhalawansingh et al., 2016, 2018; de Dieuleveult et al., 2017). However, heightened integration can also lead to performance decrements when sensory inputs are in conflict. For instance, older adults are more susceptible to integrating incongruent sensory cues (e.g., visual and vestibular heading directions that differ) than younger adults, and they weight the less reliable sensory cue higher than is optimal (Ramkhalawansingh et al., 2018; Nestmann et al., 2020). These age-related changes in unisensory and multisensory processes may partially explain why older adults are particularly vulnerable to injury during tasks requiring accurate self-motion perception, such as when driving and walking (Public Health Agency of Canada, 2014; Center for Disease Control, 2018a,b). Therefore, improving self-motion perception might help protect against adverse outcomes, such as injuries due to falls or collisions, in the older adult population.

Very few studies have investigated whether heading perception (i.e., self-motion perception) can be improved through training. Recently, Klaus et al. (2020). found that younger adults’ perception of self-motion in the dark improved following training (i.e., feedback) when the trained motion type was a combination of roll and tilt (i.e., stimulating both the vestibular semicircular canals and otoliths simultaneously). However, Hartmann et al. (2013). showed that training was not effective when participants were moved exclusively in yaw (rotation around an Earth-vertical axis) or sway (linear motion from side to side) stimulating only the canals or otoliths, respectively. They also found that training was effective in improving sway (but not yaw) motion perception if vision was also provided during training (i.e., if training was multisensory).

With regards to visual-only training, Kuang et al. (2020) showed that younger adults can improve their visual estimates of left/right heading direction from optic flow fields through feedback-based training, and Gibson et al. (2020) also showed that training could improve vertical heading accuracy (e.g., down-and-forward vs. down-and-backward). But no studies have yet evaluated whether vestibular and/or visual self-motion training can improve heading perception in older adults. This present study therefore investigates the effects of multisensory training on heading perception [biases and just-noticeable differences (JNDs)] and assesses whether any benefits of perceptual training might transfer to other performance-related domains such as improving standing-balance. We also examine whether potential training-related improvements may be more apparent in older relative to younger adults.

Here, we trained older and younger adults in a passive visual-vestibular heading discrimination task (forward left/right judgments). Participants’ heading estimation biases and JNDs were measured both pre- and post-training for three different sensory conditions: (1) visual-only (they were visually moved through a virtual starfield using a head-mounted display), (2) vestibular-only (they were physically moved on a six-degree-of-freedom motion platform in the dark), and (3) bimodal (visual and vestibular cues combined). We also assessed potential far-transfer-of-training effects by collecting pre- and post-training posturography measures during a quiet standing balance task under full and reduced sensory conditions.



Materials and methods


Participants

Participants were screened over the phone and were invited to participate only if they reported no history of stroke, seizures, diagnosed vestibular disorder, disabling musculoskeletal disorder, acute psychiatric disorder, eye disease (e.g., glaucoma or cataracts), diagnosed mild cognitive impairment, dementia, or hearing loss. Ultimately, 14 older adults and 13 younger adults met the screening-eligibility criteria and were invited to participate in the study. The sample size was based on (and/or exceeded) previous visual-vestibular training studies (Hartmann et al., 2013). Older adult participants completed an in-lab baseline assessment session (see below), which consisted of a battery of sensory, cognitive, and mobility tests, a sub-set of which were used to ensure that certain eligibility criteria were met (visual acuity, pure tone audiometry, cognitive impairment). Data from three older adult participants were excluded due to an inability to understand task instructions (n = 1) or because they did not have their prescription glasses for both pre-training and post-training sessions (n = 2). Data from two younger adults were also excluded due to not completing the post-training session. Thus, the data from 11 older adults (Mage = 71.54 years, SD = 6.70, females = 9, males = 2) and 11 younger adults (Mage = 23.73 years, SD = 5.18, females = 8, males = 3) were included in the analyses. Participants provided written informed consent and were compensated $20/h for their participation. This study was approved by the Research Ethics Boards of the University Health Network (Protocol Number: 18-5331.0) and the University of Toronto (Protocol number: 00037394).



Baseline assessment session

Older adult participants completed a series of sensory, cognitive, and mobility assessments. Both age groups completed the visual assessments. If participants wore corrective lenses during the experimental procedure, they were required to wear those same corrective lenses during the baseline assessment testing. Results of these assessments are given in Table 1.


TABLE 1    Summary of baseline assessment measures.
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Vision screening


Visual acuity

To measure visual acuity, participants stood 4 m away from an ETDRS (Early Treatment Diabetic Retinopathy Study Research Group, 1985) visual acuity chart and were asked to read the letters on the chart. They were instructed to read the chart from left-to-right for their left eye, and right-to-left for their right eye, beginning with their better-seeing eye. When participants could not read a letter, they were asked to guess. Testing stopped once the participant made three errors on one line. For each eye, the last line read with at least three correct letters was recorded and later converted into a LogMAR score. All participants had a LogMAR score which was less (i.e., better) than 0.5 (see Table 1), indicating visual acuity in the normal or near-normal range (Colenbrander, 2002, 2010).



Pelli-robson contrast sensitivity

To measure contrast sensitivity, participants stood 1 m from a Pelli-Robson contrast sensitivity chart (Pelli et al., 1988) and were instructed to read the letters from left-to-right for each eye, beginning with their better-seeing eye and then with both eyes. Testing continued until participants reported two out of three letters in a triplet incorrectly. Participants’ log contrast sensitivity score was recorded as the last triplet for which they had correctly read at least two out of the three letters (Table 1), and all participants obtained scores within the range of normal (or better) for their age-group (Mäntyjärvi and Laitinen, 2001).



Randot stereo test

The Randot Stereo test (12%; Stereo Optical Company)1 was used to assess stereovision (Table 1). The test booklet was held by the experimenter 16 inches from the participant. Participants were instructed to wear polarizing viewers (over their prescription glasses, if necessary) and report the forms or images displayed in the booklet. Seconds of arc at 16 inches were recorded for each subtest.




Auditory screening


Pure-tone audiometry

Given that declines in vestibular functioning may be associated with age-related hearing loss (Viljanen et al., 2009; Lin and Ferrucci, 2012; Zuniga et al., 2012; Campos et al., 2018; Carpenter and Campos, 2020; Lubetzky et al., 2020; Gabriel et al., 2022b) all older adult participants were screened to ensure normal hearing. Audiometric testing was completed as per the guidelines established by the International Organization of Standardization (ISO; ISO 8253-1, 1989). Pure-tone audiometry was used to determine audiometric hearing thresholds using a Grason-Stadler 61 Clinical Audiometer (GSI-61; Grason-Stadler Inc., Eden Prairie, MN) and Telephonics TDH-50P headphones (Telephonics Corporation, Farmingdale, NY). Testing was performed in a double-walled, sound-attenuating booth (Industrial Acoustics Company, Inc., New York, NY). Frequencies tested were from 250 to 8,000 Hz, inclusive. Binaural pure-tone audiometric (PTA) thresholds were averaged across 500, 1,000, 2,000, and 4,000 Hz (Table 1). All but n = 3 older adult participants had an average binaural (and better ear) PTA average below the 25 dB HL cut-off for hearing loss (World Health Organization, 1991).



Speech, spatial and qualities of hearing scale

The Speech, Spatial and Qualities of Hearing Scale comprises three separate scales that measure subjective abilities to hear spoken language in day-to-day settings (“Speech”), to accurately perceive the direction or location of a sound source (“Spatial”), and to perceive the clarity of a given real-world auditory stimulus (“Qualities”) (Gatehouse and Noble, 2004). The maximum average test score is 10 points, which is the total combined average of all tested items and indicates that the participant reported no hearing difficulties. All but 2 older adults completed this assessment (Table 1).




Cognition

Mild cognitive impairment was screened for using the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005). The test assesses general cognitive abilities by examining several domains of cognitive functioning including attention, executive function, memory, and language and is scored out of a total of 30 points. In this study, level-of-education adjusted scores are reported and all participants obtained a score of 26 or higher (the common cut-off for mild cognitive impairment).



Mobility

Walking, balance, and mobility impairments were assessed using the Timed-Up-and-Go (TUG) task. Four older adults did not complete this task. For each trial, participants were seated in a chair with armrests and instructed to stand and walk at a comfortable pace to a clearly delineated point 3 m away, turn around, and sit back down again. Participants completed this task twice while the experimenter timed each trial. The cut-off time for community-dwelling older adults who are not at risk of falling is 12s or less (Shumway-Cook et al., 2000; Bischoff et al., 2003). All older adults who were tested met this criterion.




Experimental sessions

The combined experimental sessions for this study were roughly 7 h in duration per participant spread across three separate days within a 2-week span (see Figure 1): Day 1 (pre-training psychophysical heading judgments and posturography tasks followed by the first 250 training trials: 2.5 h), Day 2 (400 training trials: 2 h), Day 3 (250 training trials, post-training psychophysical heading judgments and posturography tasks: 2.5 h). The psychophysical tasks consisted of three conditions: visual-only, vestibular-only, visual-vestibular (combined and congruent; bimodal). Training trials were bimodal visual-vestibular trials with feedback provided.
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FIGURE 1
Order of the tasks completed for each participant. EOF, Eyes-open on a firm surface; EOC, Eyes-open on a compliant surface; ECC, Eyes-closed on a compliant surface; ECSS, Eyes-closed on a compliant surface, wearing passive sound-suppressing headphones.



Psychophysical heading judgment task


Stimuli and apparatus

Visual condition.

Visual stimuli were rendered using the platform Unity version 2019.2.2f1 by Unity Technologies Inc. (Unity, 2019). The visual display consisted of a 120 × 120 × 50 m virtual space, presented through a stereoscopic head-mounted display (HMD; HTC Vive, 2016) whose AMOLED (active-matrix organic light-emitting diode) screen resolution was 1,080 × 1,200 pixels per eye, with a 90 Hz refresh rate, and 110° diagonal field of view. The virtual space was populated with 2,000 white spheres with a visual angle of 0.1° at its furthest distance (i.e., smallest size; Figure 2A). Forward visual self-motion was simulated by moving the spheres toward and past the viewer. The size of the spheres increased as their distance to the viewer decreased within the virtual space. The movement of the starfield followed a smooth sinusoidal acceleration and deceleration profile, beginning at 0 m/s and reaching a peak velocity of 0.4 m/s after 1 s with a peak acceleration of 0.628 m/s2. The motion then decelerated to 0 m/s for another 1 s (Figure 2C). As such, each trial lasted 2 s, allowing participants to visually travel 0.4 m through the virtual starfield. At the start of each condition, participants were moved toward a point 25° to the left or right of straight ahead. This heading angle then widened or narrowed as a function of an adaptive staircase, described in more detail below. Participants remained securely seated within the laboratory for the duration of the experiment and used a videogame controller to submit their direction-discrimination responses (“left” or “right”).
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FIGURE 2
(A) Screen capture of the starfield viewed by participants; (B) illustration of a participant wearing a head-mounted display, seated in a chair located within the laboratory that was mounted on top of the 6-degree-of-freedom hydraulic hexapod motion platform; (C) motion profile for one trial.


Vestibular condition.

The experiment took place in one of the KITE-Research Institute’s 8 m3 fiberglass laboratories, which was mounted on a 6-degree-of-freedom hydraulic hexapod motion platform (Bosch-Rexroth HyMotion 11000; Figure 2B). Participants were seated on a specially constructed bucket-seat and secured with a four-point harness to reduce torso, head, and limb movement. The seat was cushioned to reduce vibrotactile cues to the body. Participants also rested their feet on a foam mat and wore an inflatable neck-pillow to further reduce movement of, and vibrotactile cues to, the neck and legs, thereby limiting the availability of extra-vestibular cues to motion. To reduce visual-input, and for consistency, participants continued to wear the head-mounted display that they wore during the visual-only condition, but the screen was dark (black) for the duration of each 2 s trial.

Motions were applied through movements of the motion platform, which used a smooth, sinusoidal acceleration and deceleration profile. The maximum acceleration and peak velocity were identical to those of the visual stimuli (i.e., ± 0.628 m/s2 and peak velocity of 0.4 m/s), meaning that the lab moved 0.4 m during every 2 s trial (see Figure 2C). This motion profile was similar to that used by Ramkhalawansingh et al. (2018) and is well above human acceleration detection thresholds. Again, this condition started with movement direction displaced 25° to the left or right of straight ahead, with the angle changing as a function of an adaptive staircase procedure throughout the trials, as described below.

Visual-vestibular (bimodal) condition.

During the bimodal visual-vestibular condition, participants were presented with simultaneous, congruent visual and vestibular input, with the same motion profiles described above.





Procedure

Every participant completed, (1) pre-training psychophysical tasks (visual-only, vestibular-only, bimodal) and pre-training posturography tasks, (2) training task, and (3) post-training posturography tasks and post-training psychophysical tasks (visual-only, vestibular-only, bimodal), across 3 days (see Figure 1 for a summary of the timeline).


Psychophysical heading task

On Day 1 (pre-training) and Day 3 (post-training) we used two, randomly interleaved Parametric Estimation by Sequential Testing (PEST) staircases (Taylor and Creelman, 1967) for each of the three condition (visual-only, vestibular-only, and bimodal) separately to assess the bias and JND of participants’ heading percepts. Each trial began with a yellow fixation cross in the VR display, followed by a movement. After each movement, a white fixation cross was presented straight ahead of the participant and the participant was instructed to indicate whether they had been moved to the left or right of straight ahead. Participants responded using a videogame controller by pressing and holding the joystick to the left or right for 2 s. The 2 s period was indicated by a green bar that grew to full size in 2 s (see Figure 3).
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FIGURE 3
Schematic overview of visual display during the psychophysical heading task: (A) initial yellow fixation cross to signal the start of the trial, (B) heading movement: the starfield was present for the visual, bimodal and training trials, but during the vestibular condition the display was black, (C) response screen: participants pressed and held their response until the bar on the display was filled in green in the direction of their heading judgment (left/right) (2 s). This sequence repeated until the end of the block.


Conventional PEST rules were used to determine the next heading angle to be presented in each staircase (Taylor and Creelman, 1967; see Figure 4A for an example). The initial step size was 45° and the initial focus of expansion (FOE) of the headings were 25° to the left of straight ahead for one staircase, and 25° to the right of straight ahead for the other. The largest angle that could be presented was 50°. Each staircase terminated after 15 reversals. MATLAB was used to fit the data to a logistic function, where the 50% point represented participants’ perceptual bias—the heading where they were equally likely to choose left or right of straight ahead (Figure 4B). The slope of that function (defined as ±23.1% of the bias) was used to represent the JND of their heading judgments. Each condition took approximately 20 min to complete and the order in which the three conditions were tested was randomized across the participants.
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FIGURE 4
(A) Example of two interleaved PEST staircases for one representative participant in one condition. The right-starting PEST is plotted in pink and the left-starting PEST in blue. 0° represents straight-ahead, with positive values representing rightward angles, and negative values leftward angles. The red dashed line represents the participants’ bias as inferred from the logistic function. (B) Black circles represent the participant’s response (1 = right, –1 = left) for each presented heading angle, in the solid red line is the fitted psychometric function. The dotted red line represents the midpoint of this function (i.e., participant’s perception of straight ahead).




Training task

During the second half of the Day 1 session, during the full session on Day 2, and during the first half of the Day 3 session (see Figure 1 for a timeline), participants completed 900 bimodal training trials total. During each training trial, participants were physically and visually moved (congruent and bimodal) in a direction either to the right or left of straight-ahead and asked to judge their heading direction relative to straight-ahead. Following their “left” or “right” responses they received feedback of either “Correct” in green, or “Incorrect” in red on the visual display. The heading angles were chosen randomly from a range centered around true straight-ahead (0°), ±67% of their angular bias from the pre-training bimodal psychophysical heading estimation task. Specifically, we took 67% of each participant’s bias and presented them with values chosen randomly from the range of plus and minus this value (e.g., a participant with a perceptual bias of +10 would be presented with heading angles between −6.7 and +6.7° from true straight-ahead). The training range was chosen to ensure that the deviations from true straight-ahead were not too easy (in which case there would be no added value from receiving feedback) or too difficult (i.e., imperceptible). Guidance for these values was also provided by the training range selected by Hartmann et al. (2013).



Posturography task

Immediately before the pre-training and post-training psychophysical heading task on Days 1 and 3, participants completed a posturography task. Participants were asked to stand on a force plate (AMTI MSA-6 MiniAmp strain gage amplifier) for 30 s (Scoppa et al., 2013). The center of pressure (COP) path length (cm), velocity (cm/s), and velocity root-mean-square (RMS; cm/s) were measured during quiet standing. Participants stood with feet parallel and wore a loose harness throughout the procedure to protect against a potential loss of balance. This posturography task was completed under four counterbalanced conditions. Participants either stood (1) directly on the forceplate with their eyes open on a firm surface (EOF; “firm surface”), (2) with their eyes open while standing on a piece of high-density, compliant foam placed directly on the forceplate (EOC; “compliant surface”; AIREX, Balance-Pad; 50 × 41 × 6 cm; density = 55 kg/m2), (3) with their eyes closed on the compliant surface (ECC), or (4) with their eyes closed on the compliant surface, while wearing sound-suppressing headphones (ECSS).

The forceplate data were collected at a sampling rate of 1,000 Hz. The first 5 s of the data were removed for each condition and the remaining data were passed through a 2nd order zero-lag dual-pass Butterworth filter with a 6 Hz cut-off frequency. MATLAB was used to extract mean COP path lengths, velocity, and velocity-RMS. Path length was defined as the absolute total length of sway in centimeters recorded in each condition, average velocity as the COP excursion divided by trial time, and velocity-RMS as the square-root of the mean of squares of the velocity measures. Longer path lengths, and higher velocities and velocity-RMS indicated more variable postural sway.




Data analysis

All analyses were run using the biases and JNDs obtained as described above in R 3.6.0 (R Core Team, 2017). While the analyses presented below use raw, unwinsorized data, analyses with winsorized data can be found in Supplementary material 1. Two separate mixed-factorial ANOVAs, 2 (Age Group; younger, older) × 3 (Psychophysical Condition; visual-only, vestibular-only, bimodal) × 2 (Session; pre-training, post-training), were conducted to evaluate the extent to which participants’ perceptual biases and JNDs (dependent variables) changed in the older and younger groups following training, for each of the three psychophysical conditions (visual-only, vestibular-only, bimodal). Post-hoc t-tests were Tukey-corrected for multiple comparisons. We also examined the magnitude of change in biases and JNDs for these participants, which we calculated using difference scores pre- vs. post-training. Specifically, we took the absolute value obtained post-training and subtracted it from the absolute value obtained pre-training [BiasDifferenceScore = abs(BiasSession1)−abs(BiasSession3); JNDDifferenceScore = abs(JNDSession1)−abs(JNDSession3)]. Positive scores indicated an improvement (biases or JNDs larger in Session 1 than in Session 3), while negative values indicate the opposite. We conducted two different 2 (Age Group) by 3 (Psychophysical Condition Difference Score) mixed-factorial ANOVAs with bias or precision as the dependent variable.

Importantly, three out of 11 older adults in this study were unable to complete the visual-only condition during the pre-training session. Specifically, the data obtained from the left- and right-starting PESTs in these three older adult participants for the visual-only condition did not converge due to essentially random responding (see Supplementary material 2 for their raw data). The experimenter re-explained the task to them numerous times to ensure that it was not a problem of task comprehension. They were also able to do the other two pre-training conditions (vestibular and bimodal). As such, we have omitted these participants’ heading data from the group analysis, and instead report their data separately.

We conducted pairwise t-tests to assess whether the difference scores, when collapsing across Age Groups, were significantly different from zero (i.e., no training effect). We also report the number of participants who demonstrated numeric post-training improvements, both including and excluding the three older adults who were unable to complete the visual-only condition pre-training (see Supplementary material 3).

Using a Maximum Likelihood Estimation (MLE) model we calculated the predicted optimal JNDs and biases for each condition and compared these predictions to the observed values using paired-sample t-tests.

For the training data, each of the 900 trials were coded as “1” for correct, and “0” for incorrect. This classification allowed us to calculate the number of correct responses obtained by participants within a given bin. Specifically, the percent correct for every 50 trials was calculated creating 18 bins of 50 trials where larger values indicated a greater percentage of correct responses than smaller values. Average of percent correct responses were computed for each of the 3 days separately (i.e., Day 1 was 250 trials, Day 2 was 400 trials, and Day 3 was 250 trials). A 2 (Age Group; younger, older) × 3 (Days; 1, 2, 3) mixed-factorial ANOVA was conducted to examine the extent to which performance changed over the course of training and whether there were any age-related differences.

With respect to the posturography measures, three mixed-factorial ANOVAs, 2 (Age Group; younger, older) × 4 (Posturography Condition; EOF, EOC, ECF, ECSS) × 2 (Session; pre-training, post-training) were conducted for COP (1) path length, (2) velocity, and (3) velocity-RMS. Post-hoc t-tests used were Tukey-corrected for multiple comparisons. Posturography data from three younger adults were excluded from all analyses due to a technical error during Session 1.




Results


Heading


Just-noticeable difference values

The pre-and post-training JNDs are shown in Figure 5. The 2 (Age Group) × 3 (Psychophysical Condition) × 2 (Session) mixed-factorial ANOVA on JND values revealed a main effect of Session [F(1, 17) = 9.45, p = 0.007], indicating that pre-training JNDs were significantly larger (i.e., worse) than post-training JNDs. It also showed a main effect of Condition [F(1.48, 25.14) = 5.89, p = 0.013], with post-hoc t-tests revealing that JNDs in the vestibular-only condition were significantly smaller than the JNDs in the visual-only condition [t(17) = −2.72, p = 0.037], and results trending to suggest that JNDs in the bimodal condition were significantly smaller than those in the visual-only condition [t(17) = −2.54, p = 0.053] (Figure 5).
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FIGURE 5
Mean and individual JND values plotted for each Age Group and sensory condition, pre-training (lighter shades) and post-training (darker shades). Individual data points are also plotted, with lines connecting each participant’s pre-training JND to their post-training JND for each of the three sensory conditions (visual-only, vestibular-only, bimodal). Black dots represent means, plotted with standard error bars.


No other main effects or interactions were significant. This includes the Session × Condition interaction which was only trending, [F(1.45, 24.65) = 3.04, p = 0.080], with post-hoc t-tests showing this trend to be driven by the visual-only data, [t(17) = 2.56, p = 0.020].



Just-noticeable differences: Absolute difference scores

For each of the conditions, we took the absolute value of the post-training JND and subtracted it from the absolute pre-training JND (i.e., Session 1 minus Session 3). Positive scores thus indicate improvement (JNDs being larger, or worse, in Session 1 than Session 3), while negative values indicate the opposite. A 2 (Age Group) × 3 (Condition Difference Score) mixed-factorial ANOVA showed a significant main effect of Condition, [F(1.36, 27.14) = 4.43, p = 0.034]. Tukey-corrected post-hoc t-tests showed the visual condition to be driving this effect—with larger difference scores (improvement) for the visual condition compared to the bimodal condition [t(40) = −2.74, p = 0.024], and trending significance for the vestibular condition [t(40) = −2.38, p = 0.057], indicating significantly greater precision for the visual condition following training (Figure 6).
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FIGURE 6
Difference scores for JNDs, across all three psychophysical conditions, for each of the two age groups. Black dots represent means, and error bars represent standard error. Individual data points are represented by the blue (younger adults) and red (older adults) circles. Positive values indicate improvement. Black dashed line represents “0” (i.e., no change after training).


We then conducted three separate pairwise t-tests to compare each condition’s JND difference scores (visual, vestibular, bimodal) with “0,” in order to assess whether the changes in JNDs following training differed significantly from zero. The results showed that the post-training reduction in JNDs in the visual condition was significantly different from 0, [t(21) = −2.728, p = 0.012] but the vestibular-only and bimodal conditions were not significantly different from 0 (p > 0.05).

We also tallied the number of participants who demonstrated numeric post-training improvements (lower JND) for each of the three sensory conditions (see Supplementary material 3). Notably, while 75% of older adults (or 82% if including the three older adults who could not complete the visual-only heading task) demonstrated lower visual-only JNDs post-training, only 64% of younger adults demonstrated lower visual-only JNDs post-training.



Bias values

The pre-and post-training bias values are shown in Figure 7. A 2 (Age Group) × 3 (Condition) × 2 (Session) mixed-factorial ANOVA on perceptual biases showed a significant main effect of Condition [F(1.44, 24.41) = 5.58, p = 0.017], with post-hoc t-tests revealing significantly larger biases for the bimodal condition relative to the vestibular only condition [t(40) = −3.324, p = 0.011], but no significant differences for the bimodal condition relative to the visual-only condition, or the bimodal condition compared to the vestibular-only condition (p’s both > 0.05). There were no other significant main effects or interactions (i.e., no other effects of training).
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FIGURE 7
Biases plotted for each Age Group and sensory condition. Pre-training values (lighter shades) and post-training (darker shades). Individual data points are also plotted, with lines connecting each participant’s pre-training bias to their post-training bias, for each of the three sensory conditions (visual-only, vestibular-only, bimodal). Black dots represent means, plotted with standard error bars.




Bias: Absolute difference scores

Absolute difference scores (pre-post) were calculated for the biases in the same way that they were for the JNDs. Getting closer to true straight ahead after training would result in a positive score. The 2 (Age Group) × 3 (Condition Difference Score) mixed-factorial ANOVA on perceptual biases did not show any significant main effects or interactions. We then conducted three separate pairwise t-tests to compare each condition’s difference bias scores (visual, vestibular, bimodal) with “0,” in order to assess whether changes in pre- and post-training biases differed significantly from zero. The results (Figure 8) showed that only the bimodal bias was significantly greater than 0 (i.e., closer to true straight ahead) following training, [t(21) = −2.149, p = 0.043].
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FIGURE 8
Difference scores for bias, across all three psychophysical conditions, for each of the two age groups. Black dots represent means, and error bars represent standard error. Individual data points are represented by the blue (younger adults) and red (older adults) circles. Black dashed line indicates a bias no closer to true straight ahead following training.


As with the JNDs, we tallied the number of participants who demonstrated numeric post-training improvements in bias and report them for each sensory condition in Supplementary material 3.




Maximum likelihood estimation

We calculated predicted optimal JNDs for both older and younger adults using an MLE model:
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These were calculated for the pre-training and post-training bimodal session values separately (Figure 9). Paired sample t-tests revealed that older adults’ predicted JNDs did not differ significantly from their observed JNDs for either the pre-training session [t(7) = 0.776, p = 0.463] or the post-training session [t(7) = −1.855 p = 0.986]. For the younger adults, while predicted JNDs were significantly smaller (i.e., more precise) than their observed JNDs for the pre-training session [t(10) = −2.97, p = 0.014], we did not observe a significant difference in the post-training session [t(10) = −2.08 p = 0.064].
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FIGURE 9
Observed bimodal JNDs relative to predicted bimodal JNDs in older (left panel) and younger (right panel) adults. Black dots represent the averages and error bars represent standard errors. Colored dots represent individual participant’s scores. *p < 0.05.



Older adults who were unable to estimate visual heading pre-training

Importantly, three of our older adult participants were not able to judge their heading in the visual-only condition before training and provided “left” and “right” responses essentially randomly during the task, despite understanding the instructions. Thus, their left- and right-starting PESTs for the visual-only condition did not converge, and we could not obtain meaningful JND or bias values for these participants. As such, they were removed from the group-level analyses described above. They were, however, able to perform the visual-only heading task following the training, indicating a profound improvement as a result of training. We report their individual data here in Tables 2A,B. Further details of their performance can be found in Supplementary material 2.


TABLE 2A. JNDs for the three older adults who could not perform the visual-only heading task pre-training, as well as the group average and standard deviations for the rest of the older adult group.
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TABLE 2B. Biases for the three older adults who could not perform the visual-only heading task pre-training, as well as the group average and standard deviations for the rest of the older adult group.
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Training data

A 2 (Age Group) × 3 (Days) mixed-factorial ANOVA did not reveal any significant main effects of Days [F(1.41, 21.13) = 0.12, p = 0.82], Age Group [F(1, 15) = 0.11, p = 0.74], or interaction effects [F(1.41, 21.13) = 2.15, p = 0.15] (Figure 10).
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FIGURE 10
Average percent correct on the training trials for older and younger adults. Values for each bin represent the average percent correct for each 100 trials. Error bars represent standard error. Participants completed 250 trials on Day 1, 400 trials on Day 2, and 250 trials on Day 3. Older adult data are plotted in blue, and younger adult data in orange.




Posturography task

A 2 (Age Group) × 4 (Posturography Condition) × 2 (Session) mixed-factorial ANOVA, with COP path length as the dependent variable was conducted (Figure 11). Data from the three older adults who could not estimate their visual pre-training heading were removed from these analyses. There was a main effect of Age Group [F(1,14) = 5.41, p = 0.036], indicating that older adults had significantly longer COP path lengths (M = 69.7 cm, SD = 42.3) than younger adults (M = 53.6 cm, SD = 30.2). There was also a main effect of Posturography Condition F(1.54, 21.50) = 48.87, p < 0.001], with pairwise comparisons showing that more difficult postural conditions produced significantly longer COP path lengths than each of the easier conditions (p < 0.05 between all conditions), with the exception of ECC compared to ECSS conditions (p > = 0.999). No other main effects or interactions were significant.
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FIGURE 11
Mean COP path length (cm) for older and younger adults, pre-training (lighter shades) and post-training (darker shades). The individual data points are plotted for all four posturography conditions, with lines connecting each participant’s pre-training COP path length to their post-training COP path length. Black dots represent means, plotted with standard error bars.


We conducted two additional mixed-factorial ANOVAs [2 (Age Group) × 4 (Posturography Condition) × 2 (Session)] with COP velocity and velocity-RMS as the dependent variables. Like the results of COP path length, older adults had larger velocity and velocity-RMS, compared to younger adults, with a similar main effect of Posturography Condition as described above, but no effect of training.





Discussion

In this study, we examined whether older and younger adults would show reduced biases and/or smaller JNDs (i.e., increased precision) in their heading estimates following a visual-vestibular heading training task. Overall, we found a main effect of training for JND values (increased precision post-training relative to pre-training). Using difference scores, we observed that these training-related effects were only found in the visual-only condition and not in the bimodal or vestibular-only conditions. In line with previous studies investigating visual heading perception in older adults (Warren et al., 1989; Ramkhalawansingh et al., 2018) we found that three of our older adult participants (27% of our sample) were unable to perform the visual-only heading discrimination task in the pre-training phase of our study (Warren et al., 1989; Ramkhalawansingh et al., 2018). Importantly, however, all three of these participants were able to complete the visual-only heading task successfully after training (Table 2). We did not find improvements during the around-threshold training sessions, nor were there any changes in participants’ postural stability following training. Only the older (not younger) adults demonstrated a non-significant difference between predicted and obtained pre-training JNDs, which suggests optimal integration, in line with MLE model predictions. Both groups, however, showed optimal integration following training.


Effects of training

Based on previous training studies (Hartmann et al., 2013; Fitzpatrick et al., 2015; Klaus et al., 2020; Diaz-Artiles and Karmali, 2021), we expected that we would observe improvements in heading perception following training. In support of these hypotheses, we did observe a main effect of training indicating that JNDs were reduced post-training compared to pre-training, with these training effects being mainly attributed to improvements in the vision-only condition. Following training, we also noted a profound improvement in the performance of three older adults who originally could not perform the visual-only task at all pre-training. This pronounced training effect for the visual-only condition could suggest that the sensory system with the poorest pre-training precision, in this case vision, benefited significantly from training with a bimodal input that included an additional, more precise sensory input (vestibular). While a unimodal training study would be needed to confirm this speculation, this interpretation is consistent with recent, mounting evidence demonstrating that multisensory training can facilitate perceptual improvements for unisensory tasks (Seitz et al., 2006; Von Kriegstein and Giraud, 2006; Shams and Seitz, 2008; Shams et al., 2011). Specifically, previous studies have shown that the benefits observed for unisensory tasks following multisensory training tend to exceed those obtained following unisensory training. For instance, in a recent audio-visual training study (Seitz et al., 2006), participants were provided with trial-by-trial feedback on a motion direction-detection task (i.e., “which of two intervals contained directional rather than random motion”). Participants who were trained on the audio-visual task demonstrated greater and faster improvements when tested on the visual-only motion task, relative to participants who were trained with only visual input. These results suggest that multisensory training might promote better learning for unisensory tasks than unisensory training alone.

Part of the reason we may have observed improvements during the post-training phase (relative to pre-training) but not during the training trials themselves may be because the training trials provided participants with subthreshold stimuli (i.e., ±67% of each participants’ bias). This method is consistent with previous multisensory training literature which found that sub-threshold, but not at-threshold or suprathreshold training, is associated with perceptual improvements.

While it is unclear why multisensory training may promote greater training benefits than unisensory training, it has been suggested that while unisensory training engages only primary sensory regions, multisensory learning engages several primary sensory regions (e.g., both auditory and visual cortices), as well as multisensory regions (e.g., parietal cortex), and functional as well as structural connections among these regions (Shams and Seitz, 2008). Such additional activation could account for some of the benefits observed from multisensory training, especially as it compares to unisensory training. In the present study, training would likely have recruited visual, vestibular, and bimodal regions (e.g., VIP, MSTd, insula; Fasold et al., 2002; Angelaki and Cullen, 2008; Lopez and Blanke, 2011) as well as connections among those regions. Furthermore, compared to training with only individual sensory inputs, multisensory inputs provide more information about a given object or event which could then be used to increase perceptual precision (Burr and Gori, 2011) and allow for calibration among the senses during training. This would be particularly beneficial for a sensory input that has a lower reliability when combined with a sensory input that has higher reliability, as was the case in the current study: visual-only heading perception was less precise than vestibular-only heading perception, especially for many of our older participants. In the present study, participants may have demonstrated greater post-training improvements in the visual-only condition (i.e., the least reliable pre-training condition), since this sensory condition was paired with redundant and congruent information from a more reliable sensory cue (i.e., vestibular) during training. Future studies could add a unisensory training condition (i.e., visual alone or vestibular alone) to examine whether multisensory training is indeed more effective than unisensory training in the visual-vestibular domain.

In the context of aging, very little is currently understood about whether older adults can benefit to the same or even greater extent from multisensory training as younger adults, given their often poorer overall precision and their heightened sensory integration (Ramkhalawansingh et al., 2018). This study is the first, to our knowledge, to show that self-motion perception, specifically in the context of visual-vestibular integration, can be improved following training. Interestingly, on average, the effects were not statistically different between age groups but most notable for three older adults who were initially completely unable to estimate their heading in the visual-only heading task pre-training, but were able to perform this task well post-training. Likewise, when examining difference scores, we found that participants showed improved (i.e., lower) JNDs for the visual-only condition relative to the bimodal after training, with results trending to suggest they were also lower than the JNDs in the vestibular condition (p = 0.057). The visual-only condition was also the only condition for which the training-related effects (difference scores) were significantly greater than zero.



Transfer of training to standing balance stability

We also assessed the extent to which multisensory heading perception training might lead to changes in a standing balance task, given that both tasks rely on the precise integration of visual and vestibular cues. We did not, however, find any significant effects of bimodal heading training on balance performance. To our knowledge, there are no studies that have considered the effects of multisensory perceptual training on postural control. It has been shown, however, that poorer standing balance in older adults is associated with an increased susceptibility to the sound-induced flash illusion (Stapleton et al., 2014) and that training postural stability reduces susceptibility to such illusions (Merriman et al., 2015), suggesting that multisensory processing abilities may underlie both types of tasks.

One possible reason why effects of training did not transfer to postural control could be that our static posturography task may have been too easy and participants may have been able to take sufficient advantage of other, non-trained sensory inputs to successfully complete the tasks (e.g., proprioceptive/tactile). As such, using a more complex test of postural stability that would further challenge visual and/or vestibular abilities, such as dynamic posturography following a balance perturbation, might reveal some effects of visual-vestibular training (Baloh et al., 1998; Prosperini and Pozzilli, 2013).




Conclusion

This study examined whether younger and older adults could be trained to better perceive self-motion (heading) after completing a multisensory training paradigm. We found that both younger and older adults became more precise in their visual-only performance following bimodal training. This improvement did not transfer to a static posturography task. Our results may have implications for mobility rehabilitation strategies, particularly in contexts when some sensory cues to self-motion are poor while others remain reliable.
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ETDRS? (logMAR)
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Pelli-Robson (log-CS)
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Randot stereo test (Arcsec)
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Forms 340.91 (126.13) 250 (0) 0.04
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PTAP 21.00 (14.43) = =
Speech Spatial, spatial and qualities hearing scale 7.76 (1.28) - -
MoCAS 28.30 (1.95) - =
TUGH 8.71 (1.42) - -

p-values represent the results of independent samples, two-tailed t-tests between the two groups.

With the exception of “Sex” which is reported as sample size (n), all scores and values are reported as averages with standard deviations in parentheses.
“ETDRS = Early Treatment Diabetic Retinopathy Study visual acuity test.

PPTA = Binaural Pure Tone Average; frequencies tested: 500, 1,000, 2,000, and 4,000 Hz, inclusive.

‘MoCA, Montreal Cognitive Assessment.

STUG, Timed-Up and Go Task.
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conditions

Audiometer used to test acuity
Custom test used to test acuity

Studies that cid not report the type of test
they used

Studies where participants wore hearing
aids during testing

Studies where participants did not wear
hearing aids during testing
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Visual acuity criteria used for inclusion Number of studies

Approximately 20/20 (6/6 or 0 LogMAR) 4
= 20/25 (6/7.5 or 0.1 LogMAR) 8
= 20/30 (6/9.5 or 0.2 LogMAR) 5
= 20/40 (6/12 or 0.3 LogMAR) 11
> 20/50 (6/15 or 0.4 LogMAR) 1
= 20/125 (or 6/38 or 0.8 LogMAR) 1

Note that the most commonly used criteria for exclusion was if vision was worse than:
20/40, followed by 20/25, and thirdly 20/30.
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Binocular testing
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Far viewing distance (defined by authors as > 1m or if
defined as “far” in the study)

Viewing distance not reported

Vision health conditions (history of cataracts,
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Studies that required eye exams
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Thresholds reported

Hearing threshold lower than or equal to 15 dB
Hearing threshold lower than or equal to 20 dB
Hearing threshold lower than or equal to 25 d8
Hearing threshold lower than or equal to 30 dB
Hearing threshold lower than or equal to 35 dB
Hearing threshold lower than or equal to 40 d8
Hearing threshold lower than o equal to 50 dB
Hearing threshold lower than or equal to 55 dB
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Note thatinclusion in one category does not preclud it from inclusion in another category.
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Most common auditory acuity criteria used for
inclusion

<25 dB hearing level (HL) at 0.25 ~ 3kHz (ooth ears)
<20 dB HL from 0.25 to 4 kHz (in both ears or not
specified)

<or =85 dBHLat 4kHzand < or <25 dB HL at
025,05, 1, and 2kHz

<25 dB HL for 0.5, 1,2, 4KHz

0.2~ 4 kHz: no hearing loss up to 2kHz (at <20 dB
HL) and no more than mild hearing loss at 4 kHz (at
<85 dB HL)

=25 dB HL for 0.5, 1, 2kHz in the better ear or in
both ears

OB, decibels; kHz, kilohertz.

Number of studies
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MMSE score Number of studies  MoCA score Number of

studies
>or=24 6 =22 1
225 2 >orz23 3
>26 1 =24 1
>or>27 2 =26 2
>28 1 - -
<25 SD from mean 6 . -

Note that some of the studies that used the MMSE and the MoGA (14 and 4 studies
respectively) presented average values the participants achieved instead of a cut off score
and are not reported in the table (see Supplementary Table 10 for further informatior).
The average values for those additional stucies ranged from 27.09 to 29.6 for the MMSE
and 27.28 to 29 for the MoCA. Note that two studies utiizing the MVISE and two studies
utiizing the MoCA did not present any results. SD, standard deviation.
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Methods of accounting  Hearing Vision Hearing and

forauditory and visual  (percentage) (percentage) vision
acuity (percentage)
Acuity criteria mentioned ~ 69(95.83) 66 (91.66) 64 (38.88)
Acity self-reported 41(56.94) 39(54.16) 37 (51.39)
Studies that reported 9(12.50) 6(8.39) 6(8.33)

self-reported questions in
the manuscript

Acuity measured 46(6389)  87(61.89) 33 (45.89)
objectively

Note here, that inclusion in one category (e.g., auditory acuity measured objectively)

does not exclude inclusion from a different category (e.g., auditory acity self-
reported measures).
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Parameter Estimate

TMTA

Group * Time 6.999
Gender ~6.746
Age ~0.109
MoCA total score -0.986
Study completion 2.269
™TB

Group * Time 28,063
Gender -19.074
Age 0.628
MoCA total score -8219
Study completion 8984
Foot reaction times

Group * Time 27.685
Gender 17.642
Age 1.399
MoCA total score ~1.408
Study completion 4755
Stimulus processing P1 amplitude
Group * Time 1.801
Gender 1.604
Age 0.135
MoCA total score ~0.556
Study completion —~0.311
Stimulus processing P1 latency
Group * Time 6.558
Gender —11.821
Age 0.652
MoCA total score 2.947
Study completion 1657
Stimulus processing N1 amplitude
Group * Time —1.112
Gender —1.666
Age ~0.089
MoCA total score 0578
Study completion -1.160
Stimulus processing N1 latency
Group * Time 12.160
Gender ~11.126
Age 0.166
MoCA total score 2.400
Study completion 6.386
Stimulus processing P2 amplitude
Group * Time -0.899
Gender 2.330
Age ~0.039
MoCA total score -0.328
Study completion 1.374
Stimulus processing P2 latency
Group * Time 27.012
Gender ~0.851
Age ~1.726
MoCA total score —1.234
Study completion 16.787
Motor-related processes: peak amplitude
Group * Time ~3501
Gender 1.380
Age 0,006
MoCA total score ~0.007
Study completion 1.924
Motor-related processes: peak latency
Group * Time -0549
Gender -3.477
Age -2.026
MoCA total score —2971
Study completion ~7.629
Motor-related processes: onset latency
Group * Time ~19.049
Gender 5535
Age ~1.108
MoCA total score -5.727
Study completion 9.188

Std. error

4.625
5.808
0.484
1510
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11.981
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1.042
3.220
16.063
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14.572
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16.369

1.069
0817
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0223
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8.788
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2.408
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1.073
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1.218
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0.128
0.412
1.610

8.656
13.851
1173
3.821
11.944

1.207
1.279
0.109
0.342
1.596

13.023
13.640
1.642
3.669
17.608

21.2156
16.212
1.086
4.368
25.816

Significant group  time interactions are signed with bold.

44.007
48.420
50.718
47.039
61.307

42.796
46.818
49.984
45.026
65.965

25.641
33.320
31.922
33.024
38.974

18.550
22222
26.747
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33.987

17.900
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26.575
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16.109
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18.001
22.389
26.572
21.415
33.431

14.437
21.813
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13.046
21.462
22911
21.246
16.762

18.500
24.186
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24113
30.938

14.251
20.750
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20.245
16.684

14.570
17.792
16.088
17.060
16.683

1513
—-1.161
-0.225
—-0.653

0311

2342
—1.535
0.603
—2.552
0.560

2.509
1.211
1272
—-0.353
0.309

1218

1.962

1.849
—2.493
—0.260

0.665
—1.345
0.845
1.224
0.132

-1.086
-1.253
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1578
-0817

0.972
—1.097
0.185
0.865
0.443

—-0.738
1.566
—0.302
-0.796
0.854

3.121
—0.061
—1.471
-0.323

1.406

-2.901
1.079
0.069

-0.283
1.206

—0.042
-0.255
-1.233
-0.810
—0.433

—-0.898
0.341

—0.558

-1.311
0.356

sig.

0.187
0.251
0.823
0.517
0.767

0.024
0.132
0.550
0.014
0578

0.019
0.235
0213
0.727
0.759

0.239
0.062
0.076
0.021
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0515
0.192
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0.234
0.896

0315
0.223
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0.128
0.423

0.344
0.284
0.855
0.397
0.660

0.472
0.134
0.765
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0.403

0.008
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0.186
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0.178

0.009
0.201
0.953
0.780
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0.967
0.801
0.232
0.428
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Parameter Estimate Std. error df t Sig. 95% confidence interval

Lower bound Upper bound
Self-selected single-task gait speed
Group * Time ~0.008 0,050 48222 ~1.949 0057 ~0.199 0008
Gender ~0.001 0058 47.871 ~0.016 0.987 -0.118 0.116
Age -0.002 0.005 46.995 -0.332 0.741 -0.011 0.008
MoCA total score 0,008 0015 47.122 0529 0599 —0.028 0,039
Study completion -0.036 0072 54.746 -0.500 0619 ~0.479 0.108
Self-selected dual-task gait speed
Group * Time -0.130 0046 45.127 -2.790 0.008 ~0223 -0.036
Gender 0016 0076 47.156 0212 0833 ~0.136 0.168
Age ~0007 0006 46,625 —1.124 0267 ~0.019 0,005
MoCA total score ~0.006 0020 46516 -0315 0754 0.034
Study completion -0.065 0.091 51.444 -0.714 0.479 0.118

Significant group x time interactions are signed with bold.
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Variables Intervention Control p value

N 32 31
Age (years) 67758 67260 0757
Wormen () 2 23

BMI (kg/m?) 25468  258%44 0725
Education (years) 184£21 12921 0204
MoCA score (0-30) 27417  270%17 0353
General health status (1-5)" 36+06 37£07 0736

Self-selected gait speed ST(/s) ~ 1.14£021  1.18+£022 0356
Seff-selected gait speed DT (mvs) ~ 093£025 095023 0878
TMT A (sec) 418+£197  466+235 0425
TMT B (sec) 989+£501 992524 0987

*1, minimal; 5, best; BMI, body mass index; MoGA, Montreal Cognitive Assessment; TMT,
Trail Making Test.
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Pre-training

Post-training

CityQuest Spatial navigation-only Obstacles-only CityQuest Spatial navigation-only Obstacles-only
N=21 N =19 N=15 N=21 N =19 N=15
Spatial navigation assessment
Object recognition 86.01 (9.86) 85.31 (11.70) 83.75 (11.52) 91.07 (7.01) 86.25 (13.99) 92.92 (8.14)
Direction judgment 70.24 (16.52) 66.25 (21.50) 60.83 (20.52) 72.62 (18.38) 71.88 (22.53) 69.17 (156.57)
Landmark location 50.89 (22.21) 61.25 (22.73) 57.92 (22.09) 71.73 (22.93) 67.50 (26.25) 59.59 (27.74)
Landmark naming 66.07 (27.71) 60.63 (26.99) 61.67 (24.31) 66.67 (30.19) 66.88 (27.29) 64.17 (24.94)

Spatial strategy assessment

Same direction
Different direction
Strategy preference
Associative
Beacon
Allocentric
Trail making test
Completion time (B-A)

84.33 (13.56)
34.92 (12.75)

47.62 (17.31)
40.87 (14.17)
10.71 (15.84)

54.93 (20.72)

74.17 (21.23)
31.15 (11.74)

46.25 (16.17)
43.75 (12.35)
9.58 (14.38)

60.60 (43.95)

76.39 (15.40)
33.75 (12.10)

45.56 (15.06)
43.33(7.18)
8.89 (12.39)

57.53 (26.09)

87.50 (10.12)
36.21 (14.81)

49.21 (17.66)
33.73 (17.18)
15.87 (19.53)

35.31 (12.07)

81.04 (19.84)
39.37 (8.89)

45.83 (17.42)
42.50 (19.85)
10.42 (14.27)

48.02 (37.49)

81.11 (13.26)
36.67 (21.89)

42.78 (13.31)
37.22 (14.73)
18.89 (19.79)

49.93 (23.92)
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CityQuest (N = 21) Spatial navigation-only (N = 20) Obstacles-only (N = 15)

F ratio P value

Age (years) 69.27 (2.68) 73.10 (4.59) 73.67 (5.46) 6.10 0.004~
MoCA score 27.52 (1.83) 26.85 (2.30) 26.20 (1.78) 1.94 0.154
SBSOD rating 4.63 (1.26) 4.68 (0.66) 5.00 (0.59) 0.81 0.452
Visual Acuity (LogMAR) 0.04 (0.07) 0.15(0.12) 0.07 (0.07) 7.20 0.002*
Contrast Sensitivity IlogCS) 1.95 (0.00) 1.91(0.12) 1.95 (0.00) 281 0.091
Hearing Acuity (Db) 30.96 (15.36) 35.13 (16.37) 35.00 (17.32) 0.29 0.751
*significant at p < 0.05.
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Group Index Group * Index Young vs. Elderly
ROI n. Young Elderly F (1,37) F (1,37) F(1,37) Thickness BOLD
Region Z-scores Mean SD Mean SD pFDR pFDR pFDR p-value p-value

ROI 1 alPS Thickness 0.27 0.90 —0.28 1.04 2.662 0.000 0.615 0.086 0.534
BOLD 0.10 1.01 —0.11 1.00 0.253 0.998 0.456

ROI 2 SPL Thickness 0.41 0.78 —0.43 1.04 2.880 0.000 4.569 0.007* 0.841
BOLD —0.02 0.91 0.02 1.11 0.253 0.998 0.052

ROI'3 IPL Thickness 0.51 0.74 —0.53 0.97 3.799 0.020 9.221 0.001* 0.698
BOLD —0.07 0.84 0.08 117 0.245 0.998 0.009*

ROI 4 SPL Thickness 0.22 0.97 —0.23 1.00 0.167 0.020 3.373 0.158 0.437
BOLD —0.08 0.84 0.09 117 0.779 0.998 0.089

ROI 5 FuG Thickness 0.50 0.81 —0.53 0.92 4.968 0.003 6.877 0.001* 0.874
BOLD 0.03 0.90 —0.03 1183 0.245 0.998 0.020*

ROI 6 10G Thickness 0.07 113 —0.07 0.86 1.167 0.001 0.208 0.656 0.283
BOLD 0.17 0.91 -0.19 1.09 0.399 0.998 0.651

ROI'7 SM1 Thickness 0.32 0.82 —0.34 1.08 1.671 0.022 2.805 0.037* 0.829
BOLD —0.05 0.88 0.06 1.14 0.365 0.998 0.111

ROI 8 ITG Thickness 0.35 0.79 -0.37 1.08 0.804 0.030 5.941 0.022* 0.278
BOLD —0.11 0.85 0.12 1.16 0.470 0.998 0.027*

ROI 9 SM1 Thickness 0.32 0.76 —0.34 1.13 1.381 0.013 3.224 0.037* 0.718
BOLD —0.04 0.91 0.08 1.13 0.399 0.998 0.092

ROI 10 MOG Thickness 0.38 0.78 —0.40 1.06 2.794 0.012 3.594 0.012* 0.872
BOLD —0.04 0.90 0.04 1183 0.253 0.998 0.082

ROl 11 alPS T Thickness 0.54 0.64 —0.56 1.02 7.301 0.004 6.054 <0.001* 0.794
BOLD 0.04 1.09 —0.04 0.95 0.245 0.998 0.027*

ROI 12 IFG (vPMC) Thickness 0.53 0.74 —0.55 0.95 4.030 0.016 9.703 <0.001* 0.540
BOLD —0.10 0.78 0.11 1.21 0.245 0.998 0.008*

ROI 13 Precentral Gyrus (dPMC) Thickness 0.65 0.58 —0.69 0.89 2.467 0.006 28.819 <0.001* 0.024*
BOLD —0.32 0.88 0.36 1.08 0.260 0.998 <0.001*

ROI 14 MFG (VIPFC) Thickness 0.46 0.78 —0.49 0.99 1.189 0.037 13.230 0.002* 0.167
BOLD —0.23 0.91 0.25 1.06 0.399 0.998 0.003*

ROI 15 MFG (dPMC) Thickness 0.48 0.71 —0.50 1.08 3.816 0.030 7.152 0.001* 0.825
BOLD —0.05 1.16 0.06 0.82 0.245 0.998 0.019*

ROI 16 MFG (VIPFC) Thickness 0.54 0.82 —0.57 0.85 3.977 0.006 12.168 <0.001* 0.606
BOLD —0.08 1.09 0.08 0.92 0.245 0.998 0.004*

ROI 17 IFG (vPMC) Thickness 0.46 0.94 —0.49 0.83 0.011 0.020 25.073 0.002* 0.001*
BOLD —0.46 0.51 0.51 117 0.955 0.998 <0.001*

ROI 18 MFG (dPMC) Thickness 0.47 0.86 —0.45 0.93 1.796 0.000 7.948 0.004* 0.356
BOLD —0.15 0.95 0.17 1.05 0.189 0.998 0.014*

ROI 19 VIPFC/IFG Thickness 0.40 0.85 —0.40 0.99 0.000 0.100 12.849 0.013* 0.016*
BOLD —0.37 0.58 0.41 1.21 0.998 0.998 0.003*

ROI 20 IFG (VIPFC) Thickness 0.61 0.70 —0.61 0.89 0.482 0.051 36.452 <0.001* 0.007*
BOLD —0.38 0.58 0.42 1.20 0.586 0.998 <0.001*

ROI 21 IFG (vPMC) Thickness 0.47 0.90 —0.47 0.89 0.090 0.007 17.186 0.003* 0.012*
BOLD —0.38 0.54 0.42 1.22 0.833 0.998 <0.001

ROI 22 IFG pars orbitalis Thickness 0.62 0.68 —0.66 0.86 2.675 0.000 31.249 <0.001* 0.109
BOLD —0.22 0.63 0.24 1.27 0.253 0.998 <0.001

ROI 23 IFG Thickness 0.46 0.77 —0.48 1.00 1.207 0.007 10.979 0.002* 0.162
BOLD -0.21 0.72 0.23 1.21 0.399 0.998 0.005*

ROI 24 MFG (preSMA) Thickness 0.50 0.72 —0.55 0.99 1.020 0.009 17.639 0.001* 0.060
BOLD —0.32 0.63 0.35 1.21 0.420 0.998 <0.001*

ROI 25 MeFG Thickness 0.47 0.71 —0.50 1.08 2.930 0.001 8.382 0.001* 0.595
BOLD —0.07 1.10 0.08 0.90 0.253 0.998 0.012*

BA, Brodmann area; alPS, Anterior Intra-parietal Sulcus; SPL, Superior Parietal Lobule; IPL Inferior Parietal Lobule; FuG, Fusiform Gyrus; SM1, Primary somatosensory
cortex; ITG, Inferior temporal gyrus; Middle occipital gyrus; vPMC, Ventral premotor cortex; IFG, Inferior Frontal Gyrus; dPMC, dorsal premotor cortex; MFG, middle frontal
gyrus; VIPFC, ventrolateral prefrontal cortex; oPFC, orbital prefrontal cortex; MeFC, medial frontal cortex.
*Statistically significant results.
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Surface

Firm

Foam

Cognitive load

Baseline
Processing speed
EF Shifting

EF Updating

EF Inhibition
Baseline
Processing speed
EF Shifting

EF Updating

EF Inhibition

Age

Younger adults Older adults
Mean SD Mean SD
0.026 0.013 0.022 0.010
0.051 0.064 0.035 0.028
0.051 0.043 0.041 0.033
0.051 0.091 0.037 0.033
0.035 0.029 0.033 0.027
0.042 0.015 0.065 0.041
0.049 0.025 0.054 0.033
0.051 0.028 0.069 0.047
0.051 0.023 0.057 0.042
0.045 0.027 0.060 0.042
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Elderly Young Group comparison
N 19 21
Sex (M:F) 8:11 12:9 0.3422
Age (years, 7147+ 2666 + <0.001°
mean =+ SD) 8.52 3.30
Neuropsychological Mean SD Minimum-Maximum Cut-off
assessment of
Elderly Group
MMSE adjusted 27.25 0.99 26.00-29.10 >23.80
score (Measso et al.,
1993)
FCSRT—IFR adjusted ~ 29.30 3.49 22.00-34.40 >19.60
score (Frasson et al.,
2011)
FCSRT—ITR (Frasson ~ 35.95 0.23 35.00-36.00 >35.00
etal., 2011)
FCSRT—DFR 10.09 1.48 7.10-12.00 >6.32
adjusted score
(Frasson et al., 2011)
FCSRT—DTR 11.89 0.46 10.00-12.00 >11.00
(Frasson et al., 2011)
FCSRT—CSI 089 0.03 0.85-1.00 >0.90
(Frasson et al., 2011)
Phonemic Fluency 38.58 8.11 23.20-57.00 >17.00
adjusted score
(Novelli et al., 1986)
Semantic Fluency 41.33 7.80 27.90-58.30 =>25.00
adjusted score
(Novelli et al., 1986)
TMT A adjusted 28.08 19.06 0-66.00 <93.00
score (Giovagnoli
etal., 1996)
TMT B adjusted 43.60 41.02 0-145.90 <282.00
score (Giovagnoli
etal., 1996)
TMT B-A adjusted 14.97 30.24 0-81.80 <187.00

score (Giovagnoli
et al., 1996)

aChi-squared (x2) test.

bindependent samples Student’s t-test were performed to compare the two

groups.

MMSE, Mini Mental State Examination; FCSRT, Free and Cued Selective Reminding
Test;, FCRST-IFR, Immediate Free Recall; FCRST-ITR, Immediate Total Recall;
FCRST-DFR, Delayed Free Recall; FCRST-DTR, Delayed Total Recall; FCRST-CSI,
Cueing Sensitivity Index; TMT, Trail Making Test; TMT-A, Part A; TMT-B, Part B.
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Surface

Firm

Foam

Cognitive load

Processing speed
EF Shifting

EF Updating

EF Inhibition
Processing speed
EF Shifting

EF Updating

EF Inhibition

Younger adults

Older adults

Mean SD
357 47.3
186 185
0.84 0.18
146 82.4
360 53.6
179 234
0.89 0.13
135 93.3

Mean

427
302
0.59
348
441

296
0.63
353

SD

103
338
0.21
203
108
260
0.24
197
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P-uncorr Equivk T X y z ROI number Anatomical region Brodmann area Side

<0.001 6237 11.45 —38 —42 48 1 alPS* 40 L
8.64 —22 —62 54 2 SPL* 7 L

8.02 —62 —24 30 3 IPL* 40/2 L

6.16 —24 —70 40 4 SRl 7 L

<0.001 15458 11.15 32 —58 -20 i Cerebellar declive R
10.70 —36 —56 —22 i Cerebellar declive L

8.93 —36 —70 —20 15 FuG 19 L

8.80 -32 —70 -18 * Cerebellar declive L

8.10 —30 —96 —16 6 10G 18 L

7.92 —26 —62 -16 * Cerebellar declive L

7.18 44 —38 60 7 Postcentral gyrus (SM1%) 2 R

Tfalte) 58 —60 —-14 8 ITG 37 R

6.96 48 —34 54 < Postcentral gyrus (SM1*) 2 R

6.88 —56 —68 —14 10 MOG 37 L

6.80 40 —48 56 11 alPS* 40 R

6.73 8 —78 —22 * Cerebellar declive R

<0.001 3041 8.81 —50 6 30 12 IFG (vPMC) 44 L
7.54 —40 -2 50 13 Precentral Gyrus (dPMC*) 6 L

6.03 —38 32 16 14 MFG (VIPFC) 46 L

4.46 —16 6 58 15 MFG (dPMC¥) 6 L

4.21 —42 22 24 16 MFG (VIPFC) 46 L

< 0.001 2617 7.23 46 6 30 7 IFG (vPMC) 9 R

6.01 40 -2 54 18 MFG (dPMC) 6 R

4.95 58 18 4 19 IFG (VIPFC) 45 R

4.44 54 24 -8 20 IFG (VIPFC) 47 R

3.35 44 22 18 21 IFG (vPMC) 45 R

0.018 245 5.43 —46 46 —4 22 IFG (pars orbitalis) 47 L
412 —30 26 —4 23 IFG 47 L

0.070 171 4.18 10 14 50 24 MFG (preSMA) 6 R
414 —4 24 44 25 MeFG 8 L

In gray colors the coordinates selected as Regions of Interest (ROIs) in subsequent statistical analyses. *Juelich atlas label.

BA, Brodmann area; alPS, Anterior Intra-parietal Sulcus; SPL, Superior Parietlal Lobule; IPL, Inferior Parietal Lobule; FuG, Fusiform Gyrus; IOG, inferior occipital gyrus;
MOG, middle occipital gyrus; SM1, Primary somatosensory cortex; ITG, Inferior temporal gyrus; Middle occipital gyrus; vPMC, Ventral premotor cortex; IFG, Inferior
Frontal Gyrus;, dPMC, dorsal premotor cortex; MFG, middle frontal gyrus; vIPFC, ventrolateral prefrontal cortex; oPFC, orbital prefrontal cortex; MeFG, medial frontal
gyrus; * ROI not included in ANOVA analysis (Group x Index).
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Biases

Pre-training Post-training
Visual Vestibular Bimodal Visual Vestibular
Older Adult 1 - —1.68 —1.44 1.24 —6.00
Older Adult 2 - —0.67 1.51 6.71 —4.47
Older Adult 3 - 1.86 —0.94 —7.03 —1.03
Average of other older adults (1 = 8) —1.97 (5.27) —4.60 (4.34) —1.32(6.02) —2.47 (6.02) —3.84(3.96)

Biases are given in degrees. The averages of the other older adults’ data are presented in the last row along with the corresponding standard deviations.

Bimodal

—4.89
—412
—0.75

0.27 (3.61)
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Age group Young Older  Totalmales  Total
adults adults females
(age range)  (age range)

Sample size 1624(16-50) 4,778 2,350 2,983
(60-90)

Percentage of 2573 7483 44.08 55.93

sample (%)

Note, again that there are more older adts and more femeles compared to younger
adults and males included in this scoping review. Also note that some studies did not
specify the gender of their participants.
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Descriptionof ~ Youngmales ~ Young  Oldermales  Older

the studies females. females
included

Nurmber of 406 686 1,944 2,207
participants

Percentage of 37.18 62.82 4584 54.16
sample (%)

Note here that the percent of sample wes calculated separately for young and older
adults (e.g., males made approximately 37% of the sample in the younger group
and approximately 46% in the older group). Further, note here thet five studies were
included that tested only older aduls (3,133 participants) which may help to explain
the large difference in numbers found between young and older adlts (see Table 2
for further information). Also note that some studies dld not specify the gender of
their participants.
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Item Minimum Maximum
MES-T 57 97
MES-M 12 48
MES-E 32 50
ADL 14 18
FAQ 0 8
EQ-5D 0.15 0.42
Frailty phenotype 0 2
Grip strength (kg) 9.60 47.60

4 m Walking time (s)  2.60 8.50

X+ts
80.57 +£8.91
36.15+6.70
44.41 £4.42
14.50 +1.08
2.08 £2.55
0.21 £0.06
0.37 £0.65
29.08 £7.97
4.36 £0.79

95%Cl

79.46, 81.67
35.29, 37.02
43.86, 44.96
14.37, 14.63
1.76, 2.39
0.20, 0.22
0.29,0.45
28.09, 30.07
4.26, 4.46

MES-E, MES Executive; MES-M, MES Memory; ADL, Activity of Daily Living
Scale; FAQ, Functional Activities Questionnaire; EQ-5D, European Quality of

5-Dimensions.
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1

MES-M 1
MES-E 0.173**
ADL —-0.179**
FAQ —0.301**
EQ-5D —0.019
Physical activity 0.039
Self-reported exhaustion —0.129*
4 m walking time —0.006
Grip strength 0.222**

1
—0.155"
—0.231**
—0.058
—0.062
—0.137~
-0.115
0.063

1
0.452**
0.088

—0.009
0.066
0.076

—0.177™

1
0.079
0.067
0]k

—0.042

—-0.277

0.005
0.072
—0.034
—0.069

0.079
0.052
—0.074

1
—0.057
—0.292**

—0.044

1

*P < 0.05 *P < 0.01.
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Index Acceptable range Value

¥2-value 26.790
P-value >0.050 0.314
RMSEA <0.050 0.022
GFI >0.900 0.978
AGFI >0.900 0.958
CFl >0.900 0.988
Tu >0.900 .982

RMSEA, Root Mean Square Error of Approximation; GFI, Goodness of Fit Index;
AGFI, Adjusted Goodness of Fit; CFl, Comparative Fit Index; TLI, Tucker-Lewis
Index.
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Influence path Direct Indirect Total

effect effect effect
Frailty«<> Cognitive function —0.521 —0.521
Health outcome «-Cognitive function —0.728 —0.728
Health outcome «Frailty «-Cognitive function —0.031 —0.759
Health outcome «Frailty 0.060 0.060
Health outcome<«Cognitive function «Frailty 0.380 0.440
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Characteristics

Gender

Male

Female
Educational level
Primary and below
Junior high

Senior high and above
Occupation
Mental labor
Physical labor
Marital status
Married
Divorced/Widowed
Hypertension

No

Yes

Diabetes

No

Yes

Coronary heart disease

No

Yes

Cerebral infarction
No

Yes
Hyperlipidemia

No

Yes

Family history of dementia

No

Yes

BMI

18.5
18.6~23.9
24~27.9
28

Frequency

128
124

54
95
103

1156
137

208
44

120
132

209
43

232
20

245

217
35

233
19

10
108
98
36

Proportion(%)

50.79
49.21

21.43
37.70
40.87

45.63
54.37

82.54
17.46

47.62
52.38

82.94
17.06

92.06
7.94

97.22
2.78

86.11
13.89

92.46
7.54

3.97
42.86
38.89
14.29
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Age

Angular deviation

IT

MT

Digit symbol test

Block design test

Stroop color and word test

Note: "p < 0.05; *p < 0.01; and **p < 0.001.

Age

0.26"
0.49"
~0.04
-0.83"
~0.71*
0.45"

Angular deviation

0.33"
—0.19*
—-0.32*
—0.37*
0.13

-0.22°
~0.46"
~0.43"

Q.31

MT

—0.02
0.02
0.13

Digit symbol test

0.77"*
_0.50"*

Block design test

_0.48"*
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Model x2 df CFI (>0.95) TLI (>0.95) SRMR (<0.10) RMSEA (<0.08)

Full mediation 14.558 9 0.984 0.973 0.040 0.072
Partial mediation 12.495 8 0.987 0978 0.037 0.068

Note: the ranges in the brackets refer to criteria of acceptable fit on indices of goodness-of-fit.
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Age N Sex (male/female) Education (years)

Range M SD

18.8-27.1 214 2.4 20 10/10 16.5
55.9-59.8  58.0 1.4 20 10/10 10.2
60.7-64.8  62.7 1.4 20 10/10 10.9
65.3-69.9  67.4 1.7 20 10/10 10.5
70.1-74.8 72.3 1.5 20 10/10 11.2
75.2-82.3 78.3 2.2 20 10/10 11.4
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MMSE®

MoCA®

Increased number of WSS
Increased number of WSF*
Increased number of TUGSS®
Increased time of WSS?, s
Increased time of WSF?, s
Increased time of TUGSS?, s
CRR of WSS®

CRR of WSF®

CRR of TUGSS®

DTE of WSS?, %

DTE of WSF®, %

DTE of TUGSS®, %

Speed in WSS*, m/s

Stride length in WSS?, m
Speed in WSF?, m/s

Stride length in WSF ®, m
Speed in TUGSS?, m/s
Stride length in TUGSS?, m

CMB (n = 68)

27 (25, 29)
23(21,25)
~1.00 (~2.00, 0.00)
0.00(~2.00, 1.00)
~1.00 (~2.75, 0.00)
4.20 (250,7.38)
243 (1.24, 4.96)
6.10 (2,68, 8.75)
0.6 (0.00,0.16)
0.49 0.21)
0.08(0.09)
~58.33 (~100.00, 0.00)
0.00(~29.64, 14.29)
—53.57 (~100.00, 0.00)
0.56 (0.38, 0.66)
0.78 (0.65, 0.90)
060 (0.47,0.76)
081(0.20)

0.4 (0.33,0.53)
063 (0.53,0.79)

No CMB (n = 143)

28 (27, 29)
25 (23, 26)
~1.00(~2.00, 0.00)
~1.00(~2.00, 1.00)
~1.00(~2.00, 0.00)
3.47 (1.80,7.10)
2.20(1.03, 4.28)
4.27(1.80, 7.50)
0.12(0.04,029)
056 (0.21)
0.12(0.10)
~33.33(~75.00, 0.00)
~10.00 (~28.57, 20.00)
~33.33 (~80.00, 0.00)
058 (0.44,0.77)
0.83(0.67,0.97)
067 (0.49, 0.81)
086 (0.18)

0.48 (0.37, 0.56)
0.70(0.57, 0.80)

P

0.012*
0.001*
0.161

0.530
0274
0.328
0317
0.063
0.003*
0.030*
0.008*
0.017*
0.852
0.062
0.125
0.054
0.189
0.073
0.051

0.045*

CMB, cerebral microbleed; MISE, mini-mental state examination; MoCA, Montreal Cognitive Assessment; WSS, walking and serial subtraction; WSF, walking and semantic fluency;

TUGSS, timed up and go and serial subtraction; CRR, correct response rate; DTE, dual-task effect.

Median (quarties).
bMean (standard deviation).
“P < 0.05.
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Age?, year

Men, n (%)

Years of education®, year
Height?, m

Weight?, kg

MMSE®

MoCA®

Smoking, n (%)

Drinking, n (%)
Hypertension, n (%)
Diabetes melltus, (%)
GAD, n (%)

History of stroke/TIA, n (%)
Hyperiipemia, n (%)

Blood pressure-lowering medication, 1 (%)
Antiplatelet/anticoagulant drug, n (%)
Antidiabetic drug, n (%)
Lipid-lowering drug, n (%)
CSVD MRI markers
Presence of lacune, n (%)
Presence of CMB, n (%)
PVH?

DWMH®

BG-PVS®

CSO-PVS®

PA®

Impairment group (n = 58)

69.50 (63.00, 76.25)

29 (50.00)

96, 12)
1.65(1.58, 1.70)
66.00 (60.00, 75.00)
26 (24, 28)

23 (20, 25)
11(18.97)
7(12.07)
43(74.14)

15 (25.86)

10 (17.24)
11(18.97)

13 (22.41)

35 (60.34)

13 (22.41)

18 (22.41)
11(18.97)

25(43.10)
26 (44.89)
1(1-8)
10-9
1(1-4)
2(1-4)
1(0-2)

Control group (n = 153)

70.00 (65.00, 75.50)
87 (56.86)
9(9,19)

1.65 (1.60, 1.70)
69.00 (60.50, 76.50)
28 (27, 29)

25 (23, 26)
54(35.29)

29 (18.95)

104 (67.97)
48(3137)

40 (26.14)
35(22.89)

63 (41.18)

94 (61.44)

53 (34.64)
47(30.72)

57 (37.25)

58 (37.91)
42 (27.45)
101-3)
10-3)
1(1-4)
2(1-4)
1(0-2)

P

0.784
0.371
0.014*
0.630
0.174
<0.001*
<0.001*
0.022*
0.235
0.385
0.435
0175
0.539
0.011*
0.884
0.087
0.232
0.011*

0.490
0.016*
0.812
0.198
0.332
0.302
0.203

CRR, correct response rate; TUGSS, timed up and go and serial subtraction; MMSE, mini-mentl state examination; MoCA, Montreal cognitive assessment; GAD, coronary artery
disease; TIA, transient ischemic attack; CSVD, cerebral small vessel disease; MRI, magnetic resonance imaging; CMB, cerebral microbleed; PVH, periventricular hyperintensity; DWMH,
deep white matter hyperintensity; BG, besal ganglia; CSO, centrum semiovale; PVS, perivascular space; PA, posterior atrophy.

“Median (quarties).
bMedian (range).
“P < 0.05.
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Grouping method cmB Impairment group. Control group p OR (95% Cl) p

CRR of WSS No CMB, n 31 112 0020 1.79(0.85,8.74) 0.125°
CMB, n 25 43

CRR of WSF No CMB, n 30 113 0044 1.15 (051, 2.57) 0.742°
CMB, n 23 45

CRR of TUGSS No CMB, n 32 111 0016 2554 (1.11,5.82) 0.027°
CMB, n 2 a2

DTE of WSS No CMB, n 31 112 0020 1.79(085,3.74) 0.125¢
CMB, n 2 43

CMSB, cerebral microbleed; OR, odds ratio; WSS, walking and serial subtraction; WSF, walking and semantic fluency; TUGSS, timed up and go and serial subtraction; CRR, correct
response rate; DTE, dual-task effect.
#Adjusting for age, sex, education, deep white matter hyperintensity, MMSE and MoCA; Padjusting for age, sex, education, diabetes, hyperfipidemia, antidiabetic drug, lacuna, deep
white matter hyperintensity, paraventriculer hyperintensity, basal ganglia perivasculer space, MMSE and MoCA; Sadjusting for age, sex, ecucation, smoking, hyperlpicemia, pic-lowering

drug, MMSE and MoCA; %adjusting for age, sex, education, deep white matter hyperintensity, MMSE and MoCA

*P<0.05.





OPS/images/fnagi-13-807753/math_1.gif
number of correct reponses
time

CRR =





OPS/images/fnagi-13-807753/crossmark.jpg
©

2

i

|





OPS/images/fnagi-13-807753/fnagi-13-807753-g001.gif
CRR of TUGSS

025-
020
a5
o0
a0s
.

-005-

NolMB 1CMB zCMEs

peo0n

3 emes





OPS/images/fnagi-13-807753/fnagi-13-807753-t001.jpg
Age?, year

Men, n (%)

Years of education?, year
Height®, m

Weight?, kg

MMSE?

MoCA®

Smoking, n (%)

Drinking, n (%)
Hypertension, n (%)
Diabetes melltus, n (%)
CAD, n (%)

History of stroke/TIA, n (%)
Hyperiipemia, n (%)

Blood pressure-lowering meication, n (%)
Antiplatelet/anticoagulant drug, n (%)
Antidiabetic drug, n (%)
Lipid-lowering drug, n (%)
CSVD MRI markers
Presence of lacune, n (%)
Presence of CMB, n (%)
PVH?

DWMH®

BG-PVS®

CSO-PVS®

PA®

Al participants (n = 211)

70.00 (64.00, 76.00)
116 (54.98)
9(0,12)

1.65 (1.59, 1.70)
69.00 (60.00, 75.00)
28 (26, 29)

24 (22, 26)

65 (30.81)

36 (17.06)

147 (69.67)

63 (20.86)

50 (23.70)

46 (21.80)

76 (36.02)

129 (61.14)

66 (31.28)

60 (28.44)

68 (32.29)

83(39.39)
68(32.29)
1(1-3)
10-9
1(1-4)
2(1-4)
1(0-2)

MMSE, mini-mental state examination; MoCA, Montreal cognitive assessment; CAD,
coronary artery disease; TIA, transient ischemic attack; CSVD, cerebral small
vessel disease; MRI, magnetic resonance imaging; CMB, cerebral microbleed; PVH,
periventriculer hyperintensity; DWMH, deep white matter hyperintensity; BG, basal
gangla; CSO, centrum semiovale; PVS, perivascular space; PA, posterior atrophy.

2Median (quartites).
bMedian (range).
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Mussoi 2021
Tierney et al. 2020
Parbery-Clark et al. 2011
Zendel et al. 2019
Zhang et al. 2021

N=31 =65 years
N =69 16—

65 years
N=387 45-65
N=234 >55 years
N=77 >57

NA

46%

Female

NA

71%
Female

51%
Female

Musicians
(n=15)
Non-musicians
(n=16)

NA Correlational
design

Musicians
(n=18)
Non-musicians
(n=19)

Experimental
(n =13) Video
Game control
(n = 8) Control
(n=13)

Musicians
(n = 48)
Non-Musicians
(n = 29) (Also
analyzed a group
of younger adults)

(a) Started musical
training before the age
of 10
(b) At least 5 years
formal training
(c) Currently practicing
at least 3 h per week
Years of experience
used as primary
predictor

(a) Started musical
training before the age
of 9
(b) Currently active at
least three times per
week

6-month piano training
intervention in which
participants took part in
app-based lessons in
their own home.
Practice took place for
30 min, 5-days a week.

Musicians active in
conservatories, choirs,
and orchestras

-TDS
-QuickSIN
-HINT
-SPIN-R

-AST
-SASA
-CRM

-BA

-HINT
-QuickSIN
-WIN
-WJ-II
VWM
-BM

Participants
presented with
competing
multitalker
scenarios and
asked to recall
target words

-AST
-SIN

Musicians and non-musicians
did not differ in the QuickSIN,
though low WM capacity
participants displayed greater
SNR loss.

No group differences in the
TDS, HINT, SPIN-R
Musicians outperformed
non-musicians on SASA and
BAT, though BAT reliability
score was very low and results
to be interpreted with caution.
Musicians also performed
better on CRM and
performance correlating with

SASA scores.
Musicians outperformed
non-musicians on the HINT,
QuickSIN WIN, WJ-III, and BM.
HINT and QuickSIN
performance correlated with
better WJ-IIl scores.
No group differences were
reported in the VWM
Behavioral findings revealed the
music group outperformed
both controls. EEG findings
indicated musical training
enhanced the N1 component
during passive listening. During
active listening, authors related
enhanced P300 to improved
resource allocation.
Older instrumentalists displayed
significantly greater TDS and
better SIN than non-musicians
and vocalists. Years o
experience associated with
better TDS, and this correlated
with better SIN in older
musicians.
No group differences in AST
were reported

AST, Auditory Stroop task; VST, Visuospatial task; GNG, Go/No Go task; TMT, Trail-Making Task; DS, Digit Symbol task; TDS, Total Digit Span, BDI, Beck Depression
Inventory; LNS, Letter Number Sequencing; CWS, Color-Word Stroop Task; SLCT, Single Letter Cancellation Task; WMS-VR, Wechsler Memory Scale — Visual
Reproduction; BNT, Boston Naming Test; SS, Spatial Span; L&S fluency, Letter fluency and semantic fluency; AMNART, American Adult Reading Test; CVLT, California
Verbal Learning Task; Tower, D-KEFS Tower Task; GR, Grooved pegboard task; WCST, Wisconsin Card Sorting Task; AVLT, Auditory Verbal Learning Test; FT, Finger
Tapping test; SDMT, Symbol Digit Modalities test; HINT, Hearing in Noise Task; SPIN-R, Revised Speech Reception in Noise task; SASA, Sustained Auditory Selective
Attention Task; CRM, Coordinate Response Measure; VWM, Visual Working Memory,; BM, Backwards Masking task; BAT, Beat Alignment Test; WJ-IIl, Woodcock-Johnson
Ill: RST, Reading Span task; SOS, Speech-on-speech perception.
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WM and Musical
training

Authors

Amer et al.

Bugos et al.

Gray and Gow

Hanna-Pladdy and
MacKay

Hanna-Pladdy and
Gajewski

Mansens et al.

Seinfeld et al.

SOS and musical
training

Year

2013

2007

2020

2011

2012

2018

2013

N=1101

N=41

Age Sex Groups

Musicians
(n=18)
Non-musicians
(n =24)

>50 years NA

26%
Female

Experimental
{n=18)
Control (n = 16)

>60 years

53%
Female

Musicians
(n=30)
Non-musician
(n =30)

>60 years

50-60%
Female

High-activity
musicians
[n =22}
Low-activity
musicians
[n =27)
Non-musicians
(n=21)

>60 years

Musicians
(n =33)
Non-musicians
(n=37)

>59 years NA

52%
Female

Musicians
0 =277
Non-musicians
(n =824)

>55 years

>60 years NA Experimental
(n = 25) Controls

(n=16)

Criteria

Years of experience
(=10 years)

6-month individualized
piano instruction (IPl)
program. Participants

took part in one 30-min
lesson per week and

practiced for a
minimum of 3 additional
hours.

Years of experience
(=10 years)

High activity musicians
- >10 years of
experience
Low-activity -
5-10 years of
experience

Years of experience
(>10 years)

Musicians classed as
such if they answered
‘Yes’ to the question
‘Do you make music?’
in LASA Physical
Activity questionnaire

4-month group piano

intervention. Included

one 90-min lesson and

an extra 4-h practice
per week. Active

controls took part in a
variety of leisure

activities

Outcome

-AST
-Simon Task
-VST
-GNG
-Reading with
Distraction

-TMT
-DS
-TDS
-BD
-LNS

-CWS
-Spatial
Reasoning

-TMT
-Abstract
Reasoning
-SLCT

-TDS

-TDS
-LNS
-WMS
-VR
-SS
-TMT
-BNT
-L&S fluency
-AMNART
-CVLT

-LNS
-TDS
-TMT
-L&S fluency
-BNT
-CVLT-l
-WCST
-Tower Task
-GP

-TDS
-Fluency
-AVLT

-TDS

TMT
-SDMT
-SOWT

Results

Findings

Musicians outperformed
non-musicians on the AST,
VST, and reading with
distraction.

No group differences reported
in the Simon Task or GNG
Significant improvement for
musicians in TMT and DS, as
well as better post-test
performance than
non-musicians.

No significant improvement or
post-test performance in the
TDS, BDI, and LNS

Musicians outperformed
non-musicians in measures of
CWS, spatial reasoning,
abstract reasoning, and SLCT,
as well as TDS.

No group differences in TMT
once scores were adjusted for
multiple comparisons.

High-activity musicians
performed better than
low-activity, and non-musicians
in WMS delayed recall, TMT
and BNT word retrieval.

No group differences in the
TDS, LNS, SS, L&S, AMNART
and CVLT were reported.

Musicians displayed higher
scaled scores in the LNS,
which was predicted by earlier
age of onset. Musicians also
performed better in letter
fluency, CVLT short delay and
tower task
No group differences in the
TDS, TMT, BNT and WCST
were reported.

Musical instrumentalists
displayed greater TDS than
vocalists and non-musicians

and better performance in
fluency and AVLT, though no
difference reported in recall
condition of AVLT.

Musical group showed
improvements in FT, TMT and
SCWT, but only outperformed
the control in SCWT.
Groups did not differ in the
TDS, GP, or SDMT






OPS/images/fnagi-14-806439/fnagi-14-806439-g001.jpg
WM N N N N SN B S N R S S Sy, fagy P
: S o
alpha-theta : \{’&,@/
activity ‘ N
Ny
\@C‘/,/'>
phonological repair N%

phonological mismatch | understanding

younger age wm mm
older age

speech-on-speech perception musical training





OPS/images/fnagi-14-806439/cross.jpg
3,

i





OPS/images/fnagi-14-819576/fnagi-14-819576-t002.jpg
Model R R2 B Stderror Beta p value

Upper-limb - Young adults

MRCP onset latency 0.625 0.391 —0.373 0.135 —-0.625 0.017

Upper-limb - Older adults

MRCP onset latency 0.762 0.580 —1.025 0.124 —1.022 <0.001
MRCP rise time 0.891 0.794 -0.750 0.196 —0.475  0.002

P2 latency 0.943 0.890 0.811 0.242 0.325 0.005

Lower-limb - Young adults

MRCP onset latency 0.630 0.397 —0.493 0.162 —0.630  0.009

Lower-limb - Older adults

MRCP onset latency 0.496 0.246 —0.508 0.230 —0.496  0.043

All ERP components were entered into a stepwise regression model to predict

RTs; R, multiple correlation coefficient; R?, adjusted coefficient of determination; B,
regression coefficient; beta, standardized regression coefficient.
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Variables Young adults Older adults p value

N 24 24

Sex (m/f) 11/13 9/15

Age (years) 341 +£23 66.8 + 4.4 <0.001
BMI (kg/m?) 24.0 +£ 21 26.9+6.2 0.206
Education (years) 16.4 £ 2.0 13.4+1.8 <0.001
MoCA score (0-30) 2E 418

TMT-A (sec) 247 £ 55 415 +18.2 <0.001
TMT-B (sec) 40.0 +£26.9 76.5 £ 26.3 <0.001

BMI, body mass index; MoCA, Montreal Cognitive Assessment; TMT, trail-
making test.
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Variables

Age (years)

Education (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Systolic BP (mmHg)

Diastolic BP (mmHg)

Resting heart rates (beats per minute)
MMSE (scores)

MoCA (scores)

BDI-II (scores)

IPAQ (MET-min/week)

Physical fitness

Crip (k)

Arm curl (number)

Chair stand (number)

8-foot up-and-go (s)

Back scratch (cm)

Chair sit-and-reach (cm)
Estimated VOzmax (mL/kg/min)

Total (n = 20)

61.15 4+ 4.43
13.75+£2.15
162.85 £ 7.94
64.30 + 7.59
2423 +£2.27
127.60 £ 19.54
77.35+11.72
69.70 £ 7.41
29.00 + 1.08
27.85+1.57
1.95+2.31
1428.55 + 743.66

30.57 +£9.32
37.45+9.19
2220+ 5.33
513+ 0.76
4.08 £+ 4.11
7.50 £ 56.57
35.57 + 5.46

BMI, body mass index; BR blood pressure; MMSE, Mini-Mental Status
Examination; MoCA, Montreal Cognitive Assessment; BDI-ll, Beck Depression

Inventory, 2nd edition.
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Participants P-valuet

No late-life Late-life depressive Motoric cognitive Late-life depressive
depressive symptomatology’" risk Syndrome’ symptomatology plus
symptomatology't (n=341) (n=20) MCR
and no MCR (n =26)
(n=71)

Age (years), mean  SD 736441 741 £41 749441 76.1£4.0 0.058
Female, n (%) 354 (49.8) 197 (57.8) 9(450) 13 (50.0) 0.095
Overweight/obesityY, n (%) 508 (71.4) 245 (71.8) 14(700) 19(73.1) 099
Polypharmacy?, n (%) 282 (39.7) 183 (537 12 (60.0) 16(61.5) <0.001
Past history of falls, 1 (%) 117 (165) 72(21.1) 6(300) 4(155) 0.143
Low level of physical activity, n (%) 210 (29.5) 138 (405 8(400) 11(423) 0.003
3MS score (/100), mean = SD 946:+£40 MA4£42 923+ 4.5 89.9+ 4.5 <0.001
IADL score <4 (/4), n (%) 73(10.3) 55(16.1)* 5(25.0° 13 (50.0°° <0.001
Incident dementia®, n (%) 12(1.7) 10(29) 2(100P 5(19.25°° <0.001

3MS, modified mini-mental state; SD, standard deviation; IADL, instrumental activity daily lving.
*30-item Geriatric Depression Scele score > 10/30.

*Exclusive (ie., only participants with the condition).

*Multiple comparisons based on ANOVA Kruskal-Walls or Chi-square test, as appropriate.

“Body mass index > 25 kg/m?.

SNumber of therapeutic drugs deiy taken > 5.

#Score of the Physical Activity Scale for Elderly below the lowest teril (ie., <69.1 for female and <87.7 for mele).

**Overall incident of dementia diagnosed with Modlified Mental State score < 79/100 and instrumental activity diy ing score < 4/4 at each annual visit after the baseline assessment.
2Comparison of participants without late-lfe depression and motoric cognitive risk syndrome (MCR) with participants with significant late-lfe depression (ie., <0.01).

bComparison of participants without late-lie depression and MCR of participants with a significant MCR (ie., <0.01).

©Comparison of participants without late-lfe depression and MCR of participants with combined late-Ife depression and significant MCR (ie., <0.01).

9Comparison of participants with late-lie depression and participants with significant MCR (ie., <0.01).

°Comparison of participants with late-ife depression and participants with combined late-life depression and significant MCR (ie., <0.01).

Significant values of P (ie., <0.01) are indicated in bold.
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Investigators Drawing tests

Diseases

Hemisphere Methodis

Related brain areas

Vocat (Vocat et al., 2010) Galnotti-Ogden

figure copying

Chechlacz (Chechlacz et al., 2014)  BCoS figure
copying

Chen (Chen et al., 2016) BCos figure
copying

Toba (Toba et al., 2018) GEREN battery

Tranel (Tranel et al., 2008) coT
Biesbroek (Biesbrosk et al, 2014)  ROCFC, JLO
Russell (Russell et al., 2010) ROCFC, BDT
Kenzie (Kenzie et al., 2015) BIT

Star and cube
copying

Carson (Carson et al., 2019)

Ischemic stroke

Stroke

Ischemic stroke

Ischemic stroke

Multiple causes

Ischemic stroke

Stroke
Stroke

Stroke

Right

Both

Both

Right

Both

Right

Right
Right

Both

VLSM

VBM

VLSM

VLSM

PM3

VLSM

Ls
VLSM

VLSM

dIPFC, PPC (hyperacuite phase); dIPFC, PPC and TPJ
(subacute phase).

Right BG, Tha (total scorel; right IPL, MFG (eft
egocentric neglect) right IG, left LG and calcarine
(relative position); right AG, Put, IG (left asymmetry
score); right MTG, ITG, AG, IPS, left PreCun (ieft
asymmetry score); left calcarine, Gun, PreCun, IG,
cerebellum (local features); right MTG (global features).
Right thalamus, MFG, left IPL, postCG (high-level motor
control); right MOG extending to FG, left LG, RO
(visuo-motor transformation); right LG, preCun, FG,
cerebellum, left IFG (interacting with objects and
planning).

Right AG and SMG (neglect); right AG, SLF, and IFOF
(copying score).

Right parietal lobe (visuospatial errors); left frontal lobe
(time concept related errors).

Right frontal lobe, SMG, STG (both ROCFC and JLO);
right IPL, SPL, AG, MOG (ROCFC only).

Right temporoparietal junction and IG.

SPL, IPL, STG, MTG (allocentic neglect);
PreCG, MFG, IG, Cau (egocentric neglect).

Right STG, G, RO, TP (presence of neglect); right IG,
STG, MTG, SMG (eft cube face omissior).

Abbreviations: AG, angular gyrus; BDT, block design test; BG, basal ganglon; BIT, Behavioral Inattention Test; Cau, caudate nucleus; dIPFC, dorsolateral prefrontal cortex; FG, fusiform
gyrus; IFG, insular gyrus; IFOF, inferior fronto-occipital fasciculus; IG, insular gyrus; IPL, inferior parietal lobe; IPS, intraparietal sulcus; ITG, inferior temporal gyrus; JoLO, judgment
of line orientation test; LS, lesion subtraction; MOG, middlle occipital gyrus; MTG, micle temporal gyrus; PMS, lesion proportion difference map; postCG, postcentral gyrus; PPC,
posterior parietal cortex; preCun, precuneus; Put, putamen; RO, rolandlic operculum; ROCFC, Rey-osterieth complex figure copying test; SLF, superior longitudinl fasciculus; SPL,
superior parietal lobe; TR, temporal pole; TP, temporoparietal junction; VLSM, voxel-based lesion mapping.
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Drawing tests Stimuli Symmetry of the stimuli Elements of the stimuli

MMSE-PCT (Folstein et al., 1975) EC, NO Blateral Pentagons
MoCA-CDT (Nasreddine et al., 2005) 1,0 Central Circle, lines, and numbers
MoCA-Cube copying (Nasreddine et al., 2005) EC,0 Central Squares and parallelogram

ROCFG (Shin et al., 2006) EC and IC, NO None Multiple regular geometric figures
Hurman face copying (Schaer et al., 2012) EC,0 Bllateral Curves and irregular geometric figures
Torrance Tests of Creative Thinking (Torrance, 1972) 1C. NO/O Unrestricted Geometrical figures

Abbreviations: CDT, clock drawing test; EC, externally-cued drawing IC, intemally-cued drawing; MMSE, Mini-mental state examination; MoCA, Montreal Cognitive Assessment; NO,
HonobleENer T obisctiis PCT. Dalsdon copiing Tast: BOCTS, Rey-Cslanethi ot SEie coomia.
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Investigators sample size Drawing tests Related brain areas (function/process)

Ino (Ino et al., 2003) 18 cpT SPL, IPS, dPMA, preSMA, VPFC, precentral gyrus, and
cerebellum.

Makuuchi (Makuuchi et al., 2003) 17 Object drawing and naming SPL, IPS, SMG
PostITS and vPMA (object recognition).

Ferber (Ferber et al., 2007) 20 Drawing from memory and copying  Guneus, LG, and ACC (copying vs. drawing from memory).

Gowen and Miall 10 Tracing and drawing shapes Right cerebellar crus |, preSMA, dPMC, right SPL/preCun,

(Gowen and Mial, 2007) and left preCun (drawing vs. tracing).

Harrington (Harrington et al., 2007) 11 Drawing and writing BA 37 (naming), BA 44 (execution and imagery of
movement), BA 7 (spatial processing), BA 40 (motor
attention and working memory), FEF (eye movement).

Harrington (Harrington et al., 2009) 8 Obijective and nonobjective drawing TG, FG, alFG, and IPL (famillar objects vs. nonobject); IFG
and TG (semantic process).

Kowatari (Kowatari et al., 2009) 20 Designing new pens PFC-parietal Network (creativity); training exerts a direct
effect on the left parietal cortex.

Miall (Miall et al., 2009) 13 Gartoon faces drawing Lateral occipital lobe and FFA (face processing); PPC and
frontal lobe (drawing from memory).

Schaer (Schaer et al., 2012) 20 Portrait drawing FFA and higher visual cortex (face recognition); PreCun
(allocentric coordinate encoding); IPS and cerebellum
(feedback during motor feedback).

Ellamil (Ellamil et al., 2012) 15 Book cover designing MTL, dIPFC, dACC (creative generation); mPFC,
PCC/preCun, TPJ (creative evaluation).

Yuan and Brown 15 Blind drawing, copying, and visual M1, SMA, cerebellum (hand movement); FEF (eye

(Yuan and Brown, 2014) perception movement)

VE/MT+, V3A, LO (visual motion perception); SPL, IPL, and
IPS (visuomotor coupling).

Garbarini (Garbarini et al., 2014) 12 Real and imagery tasks preSMA, PPC (bimanual coupling); right SPL (mediating
spatial interference); left PPG (motor imagery).

Park (Park et al., 2015) 48 Figural Torrance Tests of Creative bilateral ITG, left IG, left PL, right AG, PFC (creativity).

Thinking

Sagger (Saggar et al., 2015) 30 Word-guessing game of Pictionary  Cerebellum, thalamus, left parietal cortex, right SFG, left
PFC and paracingulate/cingulate regions.

Sagger (Saggar et al., 2017) 36 Word-guessing game of Pictionary  DLPFC, AGC/PGC, SMA, and parietal regions (exective
functioning); cerebellar-frontal connectivity (spontaneous
implicit).

Talwar (Talwar et al., 2019) 33 cpT Fontal, occipital and parietal lobes; DNN negative activation.

Abbreviations: ACC, anterior cingulate cortex; CDT, clock drawing test; dACC, dorsal anterior cingulate cortex; dIPFC, dorsolateral prefrontal cortex; dPMC, dorsal premotor cortex;
DN, default netral network; dPMA, dorsal premotor area; FEF, frontal eye field; FFA, fusiform face area; IPS, intraparietal sulcus; ITS, inferior temporal sulcus; LG, ngual gyrus;
LO, lateral ocaipital region; M1, the primary motor cortex; mPFC, medial prefiontal cortex; PCC, posterior cingulate cortex; PFC, prefontal cortex; preCun, precuneus; praSMA,
pre-supplementary motor area; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginl gyrus; SPL, superior parietal lobe; TPJ, temporoparietal junction;
VEIMTS iesual res Blrkcoie tarporal corpiec VA, wetinl are 3 VPG, Varitral Srervital cortar: WOMA, venitial prarmior arsd.
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Investigators Drawing tests  Diseases Imaging method Related brain areas
Matsuoka (Matstioka et al., 2011) coT AD, MCI MRI Right parietal lobe (general) right posterior TG, preCun,
PTL, left MTG and STG (Shulman criteria); right preCun,
posterior TG (Rouleau criteria); fight posterior STG
(CLOXA criteria).
Possin (Possin et al., 2011) Benson figure AD, bUFTD MRI PPC (AD); dIPFC (bVFTD).
copying
Serra (Serra et al., 2014) Figure drawing, ~ AD MRI BA7, BAG7, BA21, BA39, BA23/31, BA1B.
copying
Barrows (Barrows et al., 2015) coT AD, BVFTD MRI Dorsolateral frontal-parletal network (executive hand
placement).
Hirjak (Hijak et al., 2017) coT AD MRI Bilateral temporal lobe, IPL, and right SMG.
Van der Stigehel (van der Stigchel PCT AD MRI Right parietal lobe but not frontal lobe (spatial remapping).
etal, 2018)
Zink (Zink et al., 2018) BVMT, JoLO, Dementia, MRI Right parietal lobe (BDT); left parietal lobe (BVMT-R);
BOT dyskinesia Temporal lobe (JoLO).
Lee (Lee et al., 2008) cot AD PET IPL and PCC
Takahashi (Takahashi et al., 2008) coT AD PET Left parietal lobe, AG, bllateral hippopotamus.
Shon (Shon et al., 2018) coT AD PET Bilateral temporoparietal lobe and left MTG (drawing from
memoty), bilateral temporoparietal lobe (copying).
Matsuoka (Matstioka et al., 2013) cot AD PET Bllateral parietal lobe, posterior temporal lobe, and right
MTG (total score); bilateral parietal lobe, right posterior
temporal lobe, occipital lobe, and MFG (clock hands
orientation).
Metose (Velrose et al., 2013) ROCFC AD PET Bllateral temporal-parietal cortex and occipital lobe, and
tight frontal lobe.
Nakashima (Nakashima et al., 2016) ~ CDT AD SPECT BA40 (number loss), BA40, and BAY (uneven spacing
among the numbers).
Yoshil (Yoshil et al., 2018) ADAS-Jcog AD SPECT Right parietal lobe, STG, MTG, AG, and PCC.

Abbreviations: ACE, Addenbrooke's Cognitive Examination; AD, Alzheimer's disease; ADAS~Jcog, Alzheimer’s Disease Assessment Scale, Cognitive Subscale (Japanese version); AG,
angular gyrus; BDT, block design test; BVMT, Brief Visuospatial Memory Test-Revised Copying Trial: bvFTD, behavioral variant of frontotemporal dementia; CDT, Clock Drawing Test;
CLOX1, Clock Drawing Task 1; dIPFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobe; ITG, inferior temporal gyrus; JoL.O, Judgment of Line Orientation test; MCI, mild cognitive
impaiment; MFG, midcle frontal gyrus; MR, magnet renounce imagination; MTG, midclle temporal gyrus; PET, positron emission tomography; PCC, posterior cingulate cortex; PTL,
posterior temporal lobe; preCun, precuneus; ROCFC, Rey-Osterrieth complex figure copying; SPECT, single-photon emission computed tomography; STG, superior temporal gyrus;

VOSP Visual Object and Space Parastion.
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