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Abstract

Multitasking involving sensorimotor functions has been shown to affect older more
than young adults but little is known about whether related challenges already
emerge in middle adulthood. Here we compare 21 younger (18-30 years of age),

23 middle-aged (45-65 years of age) and 19 older participants (66—81 years of age)
who listened to and memorized spoken words while they tried to maintain a stable
posture on a force platform. The number of words in the listening task was adjusted
to individual single-task levels and cognitive control demands were manipulated by
presenting words from either the same or switching target speakers. Postural con-
trol demands were varied by manipulating proprioceptive reliability (stable stance or
sway-referencing). Young adults’ listening and postural control remained unaffected
by concurrent performances. During multitasking middle-aged and older adults main-
tained single-task levels in listening, however, their postural stability declined sig-
nificantly. Stabilogram diffusion analysis identified efficiency and timing of long-term
corrective mechanisms as the key processes affected by multitasking. We argue that
middle-aged adults can maintain young-adult levels of postural stability under ideal
conditions by cognitive compensation for sensorimotor decline, a process breaking
down during multitasking. Our findings illustrate that multitasking in ecologically rel-
evant listening and postural control settings presents a significant challenge as early
as middle adulthood.

Introduction

Young adults and normal-hearing older adults typically experience listening as
effortless as long as they can focus on the activity and only one speaker is involved.
However, even in everyday settings, adverse conditions like background noise

or multiple speakers challenge the perceptual, cognitive, and neurophysiological
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mechanisms underlying listening and speech recognition [1]. Extant models concep-
tualize listening as ‘hearing with attention and intention’ highlighting its multifaceted
nature and the intricate interplay between cognitive and auditory processing [2,3].

In real-life settings like mingling at a reception, communication draws on cognitive
control processes to switch attention between speakers, inhibit irrelevant information
(e.g., background noise), and update working memory contents to listening goals
[4]. Simultaneously we must control our posture to maintain upright stability, orient
towards conversation partners and to facilitate non-verbal expression. Although

it is widely acknowledged that multitasking involving sensorimotor and cognitive
functions poses more challenges for older compared with young adults [5], there is
limited consensus on the underlying processes responsible for task interference as
well as the specific ages at which performance decrements become evident. Some
studies suggested that cognitive-sensorimotor multitasking declines as early as mid-
dle adulthood [6—8]. However, the available evidence remains scarce and inconclu-
sive [9].

In the present study, we focus on postural control and listening, two real-life
capabilities where middle-aged adults perform at young-adult levels under favorable
conditions [10,11], but start to experience age-related declines when challenged
[6]. Young, middle-aged and older adults listened to words from male and female
speakers with the goal of memorizing its contents while concurrently maintaining
a stable stance on a force platform. We manipulated cognitive control demands by
having participants either focus on the same target speaker or switch target speak-
ers. Postural control demands were varied by comparing side-by-side stable stance
with sway-referencing, a condition affecting proprioceptive reliability where stabil-
ity must be dynamically adjusted. We used stabilogram-diffusion analysis (SDA)
to assess individual differences in the contribution of short- and long-term control
mechanisms in postural control. Our goal was to understand how these mechanisms
and their interaction are affected by multitasking and at which phase of adulthood
these effects become critical. By manipulating the cognitive control demands of the
listening task we aimed to disambiguate between cognitive control accounts of mul-
titasking and models postulating the compensatory usage of cognitive processing in
adapting to age-related declines in sensorimotor functioning.

Behavioral research on adult aging has traditionally concentrated on later-life
declines, emphasizing how alterations in physical, sensory and cognitive domains
can lead the way to fall incidents, social isolation, and cognitive impairment. How-
ever, these declines are not abrupt, but they develop gradually during middle (or in
case of processing speed, young) adulthood. Schaie [12] reported on the lifespan
trajectory of intellectual abilities during adulthood using longitudinal data of thou-
sands of individuals followed over several decades. Apart from declines in percep-
tual processing speed, there was little longitudinal evidence for age decrements
in primary cognitive abilities prior to age 60. Various cognitive abilities (i.e., verbal
meaning, spatial orientation, inductive reasoning) even showed modest gains when
transitioning from young adulthood to early middle age, with peak ages and degrees
of age-related changes depending on the ability under consideration. Whereas
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cognitive abilities remained relatively robust throughout middle adulthood, research uncovered different trajectories for
physical and sensory abilities. Longitudinal research indicated a steady decline for muscle strength from age 40 onwards
[13]. A similar trend was observed for persons with symmetrical high frequency hearing loss beginning to emerge as early
as the fourth decade of life [14]. In studies comparing young and middle-aged individuals under favorable test conditions
(i.e., speech in silence, side-by-side stable upright stance) age-differences where small or absent [10,11]. However,
studies employing demanding contexts like speech-in-noise perception or postural control during sway-referencing pro-
vided clear evidence for the declining motor and sensory abilities during middle adulthood reported in longitudinal studies
[15,16].

Dual-task paradigms have been used to determine whether sensorimotor functions compete with cognitive functions
for processing resources. The original general resource account departed from the notion that task performance is inher-
ently dependent on a finite pool of domain-general resources [17]. Once task demands exceed the individual’s capacity,
performance decrements will arise. In its generic form, the general resource account is as intuitively appealing as it is
circular as it does not specify the neurocognitive processes underlying the resource concept [18]. Likewise, the question
remained whether resources are just “drained” by competing tasks or whether resource allocation processes must be
considered. Several authors indeed argued that domain-general cognitive control processes like task-switching or inhi-
bition play a central role in multitasking and this assumption was supported in imaging studies [19,20]. Cognitive control
accounts of multitasking predict that costs of concurrent performance should reflect the degree to which component tasks
by themselves draw on cognitive control processes. This was indeed confirmed in several studies. Meijer & Krampe [21]
had young and older adults perform simple mental arithmetic tasks along with movement timing tasks. When the cognitive
task required switching of mental sets (i.e., meaning of numbers to be added) dual-task costs increased, particularly in the
elderly.

Age-related declines in domain-general functions like processing speed or working memory capacity have been con-
sidered as markers for reduced resources and critical factors in limiting multitasking abilities in the elderly [22,23]. Based
on age-related changes in cognitive control functions like task-switching and inhibition [24,25] cognitive control theories of
multitasking arrive at similar predictions. Studies on multitasking comparing young and older participants generally sup-
port the assumption of larger multitasking costs for older compared with young adults. This is even true when seemingly
automatic sensorimotor functions like walking or postural control are performed concurrently with cognitive tasks [5,26].
Several authors have argued for a heightened coupling of cognitive and sensorimotor abilities with increasing age [27-30].
Age-related alterations in balance [31,32], hearing [33,34] and multisensory processing [35] have been repeatedly linked
to cognitive decline [36]. Age-related hearing loss was found to be the largest potentially modifiable risk factor for develop-
ment of dementia [37], and a combination of slow gait and subjective cognitive complaints can be indicative of a prede-
mentia syndrome (i.e., motoric cognitive risk syndrome [38]). An account specifically targeting adult-age differences in
cognitive-sensorimotor multitasking is the cognitive compensation hypothesis proposed by Li and Lindenberger [30]. The
authors argue that older adults utilize cognitive functions to partially compensate for changes in sensory processing. As a
result, processing resources dedicated to cognitive processes in young adults are permanently reserved to support sen-
sorimotor functions in older adults thereby limiting cognitive efficiency. At the same time, adaptive compensation enables
aging individuals to maintain near young-adult levels of sensorimotor functioning. A related account emphasizing the spe-
cific role of sensorimotor functions in later adulthood was proposed by Heuninckx et al. [39]. These authors argued that in
older adults sensorimotor processing is less automatized compared to young adults. Similar to the cognitive compensation
account, lack of automaticity increases demands for cognitive processing in sensorimotor-cognitive multitasking resulting
in higher costs for older adults.

General resource, cognitive control and cognitive compensation accounts arrive at similar predictions when it comes to
increased multitasking costs in later adulthood. This is partly due to the fact that the accounts are not mutually exclusive,
but it also reflects our limited insights into underlying neurocognitive mechanisms. Neuroimaging studies of sensorimotor
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tasks (e.g., postural control, walking) have been constrained by the limitations imposed by certain techniques, such as
MRI, which often require participants to remain motionless. While research on upper and lower limb motor control has
shown increased neural recruitment with age [39—42], recent advancements in functional near-infrared spectroscopy
(fNIRS) offer a promising alternative for studying sensorimotor functions during movement. St. George et al. successfully
employed fNIRS to investigate prefrontal cortex (PFC; associated with cognitive control) activity during single and dual-
task walking [43]. Results indicated increased PFC activation during walking in older when compared with younger adults.
Moreover, interference between walking and the concurrent task was increased when concurrent cognitive tasks them-
selves involved cognitive control processes. While these studies offer exciting new insights, they cannot fully disambigu-
ate the different accounts of multitasking. Increased involvement of cognitive control processes, cognitive compensation
or lack of automatization likewise imply increased prefrontal activity.

A key methodological problem in investigating age-related differences in multitasking is that large performance differ-
ences often already exist at single-task levels [44,45]. For example, presenting identical cognitive tasks to young and
older adults often overchallenges older and underchallenges young adults. Related floor-or ceiling effects in single-task
conditions render the detection of dual-task costs a mission impossible. Along the same lines, underchallenging in single-
task conditions leaves considerable reserve capacity for a secondary task, while exploiting all resources at single-task
levels results in an overestimation of dual-task costs. Both scenarios also rule out determining the role of resource allo-
cation problems. Several authors have recommended to individually adjust the difficulty levels of the cognitive task in the
single-task condition to allow for comparable resource demands at that level [8,46]. This is a crucial prerequisite for a
delineation of differential cognitive costs for the concurrent sensorimotor tasks and the role of resource allocation mecha-
nisms (cognitive control).

While resource shortages, cognitive control deficits, and need for compensation seem plausible for elderly individu-
als, this seems less apparent for healthy middle-aged individuals. In contrast to the large body of literature describing
age-related differences in multitasking in older age, few studies have explored cognitive-motor multitasking in middle-aged
adults. The available evidence is scarce and ambiguous. Lindenberger et al. [8] found higher dual-task costs with age
from middle-adulthood onwards when combining walking and memory encoding. Helfer et al. [6] found higher dual-task
costs in middle-aged compared with young adults who concurrently performed postural control and sentence repetition
tasks in the presence of steady state noise or speech maskers. In contrast, Naaman et al. [9] showed that while middle-
aged adults performed poorer than young adults when walking in unfavorable conditions, the addition of a cognitive sub-
traction task did not yield age-differential dual-task decrements.

In the present study we combine tasks from domains (listening and postural control) which pose heightened challenges
long before late adulthood to determine whether multitasking already declines during middle adulthood. Postural control
has enjoyed considerable attention in age-comparative multitasking research. However, most studies used gross sum-
mary measures like path length or center-of-pressure (CoP) area. Recently, researchers have criticized these measures
for their mathematical limitations and insufficient sensitivity to age-related differences or effects of contextual factors like
concurrent task demands [47-51]. While various nonlinear analyses have been proposed to address these limitations
(e.g., wavelet transform, multiscale fuzzy entropy analysis, recurrence quantification analysis), one method that has
gained considerable attention due to its presumed link to underlying neurophysiological mechanisms is stabilogram-
diffusion analysis (SDA) [52-54].

SDA is based on CoP trajectories assessed through a force platform. By averaging squared CoP displacement for
multiple time intervals (typically from 1 to 10000 ms) a function described by four parameters can be estimated that depict
the efficiency of postural control on short and long timescales. The parameters comprise the transition point separating
short and long timescale regions (i.e., critical time & displacement), and the slopes characterizing short- and long-term
displacements (diffusion). While short-term diffusion is assumed to mostly reflect biomechanical factors, long-term dif-
fusion is associated with postural corrections based on sensory feedback. The transition between short- and long-term
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postural-control processes is related to the point in time as well as the displacement when feedback-based corrections
start dominating over unsupervised short-term diffusion. Van Humbeeck et al. showed that this critical timepoint and the
related displacement can be flexibly adjusted to the individual's capacity as well as the specific task demands [48]. These
adjustments as well as optimized long-term corrective processes allowed middle-aged and older adults to partly compen-
sate for increased short-term diffusion.

SDA parameters can be computed separately for anterior-posterior (AP) and medio-lateral (ML) directions, a separa-
tion which appears to be critical when considering age differences [45,55-58]. In a more recent study, Van Humbeeck et
al. [45] used SDA to investigate age-related differences in concurrent visuospatial working memory and postural control
performances in a lifespan sample. Their results pointed to the critical time interval and long-term diffusion as the pro-
cesses sensitive to multitasking in all groups. The increase in ML long-term diffusion was pronounced in older compared
with young adults, pointing to age-differential interference of cognitive processing (working memory) and feedback-based
postural corrections. While middle-aged adults showed higher multitasking costs in postural control than young adults
did, this may have been the result of their prioritization of working memory performance: middle-aged adults showed the
smallest, non-significant reductions in WM performance of all groups. As a result, overall multitasking costs in middle-aged
adults were similar to young adults, who had the smallest costs in postural control. The design of the study did not allow
to address the question whether age-differential multitasking costs were related to domain-general cognitive control
processes.

In the present study, we used a dual-task paradigm that mimicked real-life multitasking challenges for postural control
and listening. Our choice of tasks was motivated by our primary goal to determine the onset ages of multitasking lim-
itations when sensorimotor components vulnerable to changes in middle adulthood are involved. By applying SDA we
investigated whether the compensatory mechanisms we observed in the earlier study remained effective under dual-task
conditions. Following a cognitive compensation account, we hypothesized that challenging postural control demands with
a concurrent task relying on functions displaying early age-related deterioration should lead to pronounced multitasking
costs from middle adulthood onwards.

Our second goal was to evaluate the explanatory potential of the cognitive control account of multitasking. To this
end we used a switching manipulation in the listening task to manipulate cognitive control demands. We expected this
manipulation to reduce listening performance and more so for middle-aged and older adults given age-related increases
in (global) switching costs [59,60]. From the cognitive control account of multitasking we expected pronounced dual-task
costs in the switching speaker condition particularly for the two older groups.

Finally, we manipulated postural control demands through contrasting quiet stance with sway-referencing conditions
which was previously shown to provoke age-differential prioritization patterns [61-63], that is, a protective “posture first”
strategy in older individuals. Our goal was to determine whether our task combination would elicit such protective behav-
iors already in middle-aged individuals despite their comparatively small risk of falling.

Materials and methods
Participants

A total of 22 younger (18-30 years of age), 24 middle-aged (45—65 years of age) and 23 older adults (66—81 years of age)
were recruited through word of mouth, advertisements in local stores, and the KU Leuven’s recruitment software SONA.
We did not include participants if they had (1) an acute musculoskeletal disorder affecting balance, (2) a neurological
disorder affecting balance (e.g., stroke), (3) a recent history of falls (6 months), (4) self-reported signs of depression (5)
consumed alcohol 24h before testing. Participants were screened for cognitive impairment using a modified version of the
Cognitive Disorders Examination [64]. One middle-aged and four older participants were excluded based on having a high
risk for dementia (score D on the CODEX). Data from one young adult was not included due to technical malfunctioning
related to the postural control recordings. Descriptive characteristics of the final sample are presented in Table 1. Written
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Table 1. Descriptive characteristics of each age group. Norm-referenced percentiles are based on Hemmelmann et al. (2010) [65].

Age group Age Sex Body mass index
Mean SD N Male Female Height Mass Mean Norm-referenced percentile
Young adults (18-25 yo) 21.81 1.72 21 8 13 172.76 64.50 21.45 30.15
Middle-aged adults (47-65 yo) 56.74 5.15 23 9 14 171.43 75.28 25.64 32.60
Older adults (66-81 yo) 72.58 5.07 19 7 12 166.89 79.75 28.61 54.39

SD, standard deviation; N, sample size; yo, years old

https://doi.org/10.1371/journal.pone.0321828.t001

informed consent was obtained from all participants. Participants received a compensation of 8 euros per hour for par-
ticipation. Participant recruitment and data collection were conducted between July 2021 and May 2024. The study was
approved by the medical ethical committee of the KU Leuven (S63310).

Procedure

Testing was conducted in two sessions, each lasting approximately 90 minutes. Participants performed listening tasks and
postural control tasks, assessed in isolation (single-task context) and concurrently (dual-task context). The first session
focused on individually calibrating the listening task difficulty and familiarizing participants with the tasks by performing all
experimental combinations twice. During the second session, all experimental combinations were assessed four times.
Both sessions were conducted with at least 24 hours and a maximum of 7 days between sessions.

Listening task

The listening task included an encoding and a recognition phase. The encoding phase required participants to listen to a
sequence of words presented binaurally via Peltor H7A headphones while looking at a display. Half of the words were tar-
gets which had to be memorized, while the remaining half served as non-targets which had to be inhibited/ignored. Each
word was presented by either a male or female speaker, spatially separated by +/- 25°, with the speaker location remain-
ing constant within each trial. At the beginning of each trial, an image (depicting a male or female face) was presented
on the screen. This image indicated the target speaker, signaling participants to memorize only the words spoken by that
speaker.

The task included two conditions (for an illustration, see Fig 1). In the same speaker condition, the target
speaker remained the same throughout the trial, with the starting image occasionally reappearing for a brief dura-
tion (300ms) inbetween consecutive words. In the switching target condition, the image that occasionally appeared
in between words alternated between the male and female image, requiring participants to switch task sets and
update the target speaker based on the most recently presented image. The total duration of the encoding phase
was 34 seconds.

Same Target Speaker Switching Target Speaker

Fig 1. Schematic representation of the listening task in same target speaker and switching target speaker conditions.

https://doi.org/10.1371/journal.pone.0321828.9001
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During the recognition phase, a new sequence of words was presented visually on the screen. This sequence con-
tained all target words as well as half of the non-target words and a same number of non-presented words. Participants
were instructed to press buttons (green or red) based on whether or not the visually presented word matched one of the
memorized target words. The goal of the task was to respond as accurate and as fast as possible.

The software APEX [66] was used for auditory presentation, with words being presented at an intensity of 65 dBSPL.
If pure tone audiometry indicated abnormal hearing, an individualized filter was used to mitigate differences in audibility
by increasing the loudness of the auditory stimuli according to the method used in Van Wilderode et al. [16]. Participants
with a hearing threshold exceeding 20 dB HL (decibel hearing level) in at least one frequency (250, 500, 1000, 2000,
4000kHz) received linear frequency-specific amplification during the listening task. Amplification was applied in 3 young,
11 middle-aged and 15 older adults.

All words presented throughout the experiment are common nouns, with an age of acquisition under 15 (meaning that
all selected words are familiar to a typical 15-year-old adolescent) and a concreteness index above 2.5 (indicating that the
included words refer to tangible things such as objects and animals rather than abstract concepts) [67].

Each sequence of words presented to the participant was constructed to control for dissimilarities in word prevalence,
word length and reaction times based on a lexical decision task [67]. The interstimulus interval between words varied
randomly between 1000 ms and 4000 ms. The number of words presented during testing varied based on the preceding
individual calibration procedure. Only trials from the second session were included in the data analysis. The percentage
correct scores and mean reaction times were provided as feedback after each trial.

When the listening task was performed in isolation (single-task context), the task was performed seated using a 15.6”" Dell
laptop screen for visual presentation. When the listening task was combined with the postural control task (dual-task context),
participants were standing upright using a 15” Planar PL1500M display for visual presentation. The laptop screen was config-
ured to align with the resolution and aspect ratios of the Planar PL1500M screen in an effort to minimize potential discrepancies.

Postural control task

For the postural control task, the NeuroCom Balance Master® system was utilized. Participants were instructed to stand
as still as possible while maintaining their gaze on a fixation cross, which was displayed at eye level on a screen. Center-
of-pressure (CoP) movements were recorded at a sampling frequency of 100 Hz using the integrated 46 cm x 46 cm force
plate. Participants stood with their feet positioned approximately shoulder-width apart, oriented forward in a comfortable
posture. Participants were required to minimize their bodily movements for 34 seconds.

The task included two conditions. In the stable stance condition, the platform stayed static throughout the trial duration.
however, in the sway-referenced condition, the platform rotated around its mediolateral axis based on the real-time posi-
tion of the participants’ CoP. This means that if the participant is leaning forward, the platform will pitch down, stabilizing
movement at the level of the ankle joint. This near-constant angle at the ankle joint will reduce the reliability of the proprio-
ceptive system and presumably increase visual and vestibular contributions. Quantification of the postural control perfor-
mance was based on the ellipse area as well as stabilogram diffusion analysis (see preprocessing section).

The postural control single-task context comprised a secondary task aimed to make single- and dual-task context
equivalent with regard to auditory stimulation. This control task required the participants to listen to a sequence of num-
bers presented at interstimulus intervals similar to the listening task. Within each trial, all but one (or two) numbers pre-
sented were the same (e.g., 7,7,7,7,7,5,7, 7). Participants were asked to remember the last number that was the odd
one out. All participants successfully completed the control task without mistakes.

Individual difficulty calibration

An individual difficulty calibration was performed to ensure that the number of words presented during the listening task
posed a sufficient challenge to all participants. The calibration utilized the “same target speaker” condition of the listening
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task, adaptively adjusting the number of words during two blocks of two trials. During the first block, 12 words were
presented in each trial. If the averaged percentage correct score of this block was higher than 85% or lower than 67%,
the word length was adjusted by two in order to increase or decrease the difficulty respectively. A similar procedure was
applied to the second block. This calibration individualized the task demands (ranging from 10 to 16 words) in an effort to
provide a more comparable single-task challenge in the listening task. After this adjustment, the task demands remained
fixed within each participant.

Pure tone audiometry

Pure tone audiometry assessed individual hearing thresholds across different frequencies (250, 500, 1000, 2000, 4000
and 8000kHz). An overview of mean hearing thresholds is depicted in Fig 2.

Counterbalancing

Experimental conditions included all single-task conditions (postural control stable stance, postural control sway-
referenced, listening same target speaker, listening switching target speaker) as well as all combinations of listening and
postural control conditions performed concurrently (i.e., stable stance x same target speaker, stable stance x switching
target speaker, sway-referenced x same target speaker, sway-referenced x switching target speaker).

Experimental conditions were counterbalanced across participants with two restrictions. The task context manipula-
tion was implemented as an ABBA sequence in which all participants first performed half of the single-task blocks (A)
followed by the dual-task blocks with a break in between half of the trials (B-break-B) and the second half of single-task

Pure Tone Audiometry
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Fig 2. Mean hearing thresholds of the left (blue) and right (red) ear for each age group. Error bars represent standard deviations across
participants.

https://doi.org/10.1371/journal.pone.0321828.9002
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blocks (A). This approach optimally balances training, transfer and fatigue effects for the task-context manipulation.
The second restriction was that the order of tasks and task difficulty remained the same across single- and dual-task
conditions.

Preprocessing

This study utilized R version 4.1.2 (R Core Team, 2021) for all preprocessing and statistical analyses. To remove high-
frequency noise from the CoP data, a fourth-order Butterworth low-pass filter with a cutoff frequency of 13 Hz was applied
[68]. To quantify postural control according to traditional summary statistics, the ellipse area including 95% of the CoP
datapoints was included [69]. Additionally, component processes of postural control were assessed using stabilogram
diffusion analysis (SDA) [52]. The methodology for calculating SDA parameters aligned with the approach described in
Van Humbeeck et al. [48] and involved calculating the mean squared displacement of all data point pairs separated by up
to a 10-second window (stabilogram diffusion function). Based on these stabilogram diffusion functions and utilizing the
segmented function from the segmented package in R, short and long-term control processes as well as their transition
were estimated for each postural control trial.

Statistical analysis

Data normality checks and transformations were performed prior to statistical analyses. The distributions of the dependent
variables were assessed using the Box-Cox method and the check_model function from the car and performance pack-
ages in R. These analyses indicated that logarithmic transformations were necessary to achieve normality for all variables
except the long-term diffusion coefficient. Since Box-Cox transformations require strictly positive data, they could not be
applied to the long-term diffusion coefficient, which included approximately £7% of values below zero. To accommodate
negative values, a modified Box-Cox method (BcnPower) was used. This approach recommended and applied a negative
power transformation with lambda ()) set to 0 and gamma (y) set to 0.2.

We first evaluated the effectiveness of our individualized auditory working memory demands in the listening task.

This involved comparing same speaker condition percentage correct scores and number of words presented across age
groups. Next, linear mixed-effects models [70] were used to assess the impact of multitasking on both listening and pos-
tural control performance. For the listening task, percentage correct scores were analyzed to assess single- and dual-task
performances under all conditions. For the postural control task, ellipse area as well as SDA parameters separated by
anteroposterior and mediolateral directions served as dependent variables. Finally, z-transformed performance measures
were employed to analyze performance across both tasks in a single analysis.

Base models included factors for context (single, dual-easy, dual-difficult), age group (young adults, middle-aged
adults, older adults), task condition (easy, difficult), Sex (male, female) and subject as a random factor. Context compar-
isons were evaluated with 2 prespecified contrasts: one comparing single- with the average of the dual-task conditions,
and the other comparing the first with the second dual-task condition. Age group contrasts included a repeated contrast
[71], comparing young to middle-aged and middle-aged to older adults. To explore potential developmental trends within
age groups, we incorporated exact age (centered) as a nested factor within each age group. When analyzing differences
between multitasking costs in different modalities, we z-transformed the performance measures in each of the task modal-
ities and calculated the multitasking costs by subtracting the mean dual-task performance from the mean single-task per-
formance in each experimental condition for each subject. In these models we also included factors for modality (postural
control, listening task), primary task (easy, difficult) and secondary task (easy, difficult).

We used backwards exclusion to obtain an optimal parsimonious model fit (i.e., fewest necessary degrees of free-
dom). First, we assessed whether removing interactions between factors and/or nested effects contributed to the model
fit, removing all interactions at p > 0.05. We then evaluated whether expanding the random effect structure by including
interactions between subject, context, and/or modality could further improve the model fit.
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Results
Effectiveness of individual adjustment working memory demands

Fig 3 (left panel) shows the individually adjusted number of words presented during the listening task. A one-way ANOVA
using our prespecified age-group contrasts revealed that middle-aged adults performed the task with significantly more
words compared with older adults (F(1)=21.821, p<.001). While older adults worked with fewer stimuli in the listening

task compared with the other age groups, they nonetheless showed lower percentage correct scores in single-task same
target speaker conditions (Fig 3, right panel), as substantiated by a one-way ANOVA indicating robust differences between
middle-aged and older adults (F(1)=10.434, p=.002).

Listening

Fig 4 illustrates that our switching target speaker manipulation was successful in providing increased challenges
(z=10.009, p<.001), and this was the case for all age groups ('s>4.754, p’s<.001). Different from our expectations,
switching effects were similar across age groups. Overall, middle-aged adults performed at similar levels as young adults
did, but reliably better than older adults (z=3.421, p=.001). Lastly, nested effects of age revealed that percentage correct
scores in middle-aged (z=2.901 p=.005) and older adults (z=3.863, p<.001) decreased with increasing age. For more
details on the effects of word category, response times, and task strategies, see S1 Appendix.

Postural control (summary statistics)

We first analyzed postural control using a common summary statistic, ellipse area (Fig 5). As expected, all groups were
less stable (swayed more) in the sway-referenced compared with the quiet stance condition (z=19.504, p<.001). Dif-
ferent from our expectations, we found no indication for effects of listening-task difficulty (same vs. switching speakers;

Individually Adjusted Difficulty Single Task Performance - Same Target Speaker

16

©
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Number of Words
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o
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~
o
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Young Adults Middle-Aged Adults Older Adults Young Adults Middle-Aged Adults Older Adults

Fig 3. Number of words presented in the listening task (left panel) and associated single-task performance in the same target speaker condi-
tion (right panel) between age groups. Error bars represent 2 standard errors.

https://doi.org/10.1371/journal.pone.0321828.9003
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Fig 4. Listening task performance under same and switching target speaker conditions in single- and dual-task contexts (DT — Quiet, DT —
Sway). Error bars represent 95% between-group confidence intervals.

https://doi.org/10.1371/journal.pone.0321828.9004
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Fig 5. Postural control performance according to the CoP ellipse area under side-by-side quiet and sway-referenced conditions in single and
dual task contexts. Error bars represent 95% between-group confidence intervals.

https://doi.org/10.1371/journal.pone.0321828.9005
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z=0.108 p=.914) and this was the same across age groups and posture-task conditions. We found a main effect of context
(z=3.063, p=.003) that was qualified by an interaction with the young vs middle-aged contrast. While middle-aged adults
achieved the same stability as young adults in single-task conditions, they showed significantly higher multitasking-related
increases in sway compared with younger adults (z=3.449, p=.001).

Post-hoc t-tests averaged across quiet and sway-referenced conditions revealed reliable differences between single-
and dual-task contexts in middle-aged adults (1(22)=4.178, p<.001). The difference in older adults was not reliable
(t(18)=1.830, p=.084). When only quiet side-by-side stance was considered, both middle-aged ((22)=3.377, p=.003)
and older adults (1(18)=2.134, p=.047) showed reliable dual-task performance decrements. Overall, older adults showed
more sway than middle-aged adults (z=2.080, p=.042), while context effects did not differ between the two groups (i.e.,
no group by context interaction, z=-1.024, p=.310). Male participants showed higher ellipse areas when compared with
female participants (z=2.992, p=.004), but this effect was similar across age groups and conditions.

Postural control (SDA)

We used the parameters derived from our SDA approach to analyze the efficiency of postural control component pro-
cesses and how they were affected by multitasking and cognitive control manipulations. Stabilogram diffusion functions
for AP and ML displacement are shown in Fig 6. Slopes of displacements in approximately 0—1sec ranges correspond

to short-term diffusion. Slopes at larger delays correspond to long-term diffusion with shallower slopes indicating more
efficient error corrections for displacements. Dots in each function indicate critical delays (y-axis) ad critical displacement
(x-axis) corresponding to SDA estimates when error correction processes start dominating unsupervised short-term dif-
fusion. Means and SD’s for SDA parameters are provided in Table 2. We analyzed AP and ML-sway separately because
in our earlier study [45] ML-sway turned out to be more sensitive to age- and multitasking-related effects. As we detail
below, this expectation was clearly supported in the data. Different from the predictions of the cognitive control account of
multitasking, but in line with our findings for ellipse area, there was no evidence that the manipulation of cognitive control
demands in the listening task (same vs. switching speakers) affected multitasking costs in postural control. For this rea-
son, we maintained the factor in LMM’s but averaged the two dual-task conditions in Fig 6 and Table 2.

Short-term diffusion in AP-sway showed the expected age effects with young adults showing less diffusion (z=3.664,
p<.001) and critical displacement than middle-aged adults (z=3.507, p<.001). Likewise, older adults showed higher
critical displacements than middle-aged adults (z=2.232, p=.029). In line with our earlier findings, older adults showed
higher short-term diffusion compared with middle-aged adults, however, these effects did not reach significance (z=1.695,
p=.095).

Nested effects of age indicated increased short-term diffusion and critical displacement with increasing age in middle-
aged (z=2.562, p=.0128; z=3.225, p=.002) and older adults (z=2.844, p=.006; z=2.444, p=.017). A nested age by con-
text effect revealed that in young adults, increasing age increased critical displacement in dual-task contexts (z=2.509,
p= 0.015). Multitasking caused increased AP critical time intervals (z=2.377, p=.021) an effect that was higher in older
compared with middle-aged participants (z=2.786, p=.007). Post-hoc tests showed that older adults were the only group
reliably increasing critical AP delays under concurrent task demands (t(18)= 3.581, p=.002). A context by young vs
middle-aged contrast pointed to increased long-term diffusion and decreased mean squared displacement under dual-task
contexts in middle-aged adults (z=2.661, p=.008; z=2.063 p=.043). However, post-hoc tests did not corroborate this effect
(t's< 1.924, p’s>0.069). In sum, our SDA analysis of AP-sway replicated age effects found in earlier studies. Multitasking
effects were limited to an increase in the critical time intervals in older adults.

A different picture emerged from the analysis of ML-sway. In line with our predictions, older adults showed more
short-term diffusion (z=2.160, p=.035) and higher critical displacement (z=2.370, p=.021) than middle-aged adults. While
middle-aged adults showed higher, though insignificant (z=1.602, p=0.114) short-term diffusion than young adults, other
SDA parameters showed comparable levels between these age groups (z<0.772, p>.443).
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Fig 6. Stabilogram diffusion plots averaged across subjects within age groups for AP (left) and ML (right) COP sway. Fit lines represent esti-
mates for short- and long-term diffusion coefficients in side-by-side quiet stance. Symbols denote the critical point. Error envelope = + 1SE. Note that
y-axes scales differ between AP and ML panels.
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Table 2. Means and standard deviations of all postural control parameters for single and dual task conditions in all age groups. Note that
these values do not depict the transformed measures used for statistical analysis.

Young Adults Middle-aged Adults Older Adults
Measure Condition Mean SD Mean SD Mean SD
Ellipse area (mm?) Single Task 30.74 21.62 27.08 24.89 38.22 26.23
Dual Task 29.86 25.22 34.67 27.25 46.63 28.40
AP short-term diffusion coefficient (mm? s) Single Task 3.23 1.51 5.25 3.01 7.12 3.13
Dual Task 3.37 1.44 5.17 3.12 6.18 4.45
AP long-term diffusion coefficient (mm? s) Single Task 0.49 0.22 0.29 0.16 0.42 0.37
Dual Task 0.33 0.40 0.32 0.27 0.41 0.30
AP critical time interval (s) Single Task 0.84 0.23 0.94 0.25 0.81 0.30
Dual Task 0.90 0.31 0.89 0.29 0.96 0.23
AP critical mean squared displacement (mm?) Single Task 5.07 2.04 9.17 6.42 10.10 5.86
Dual Task 5.65 2.85 9.07 5.90 11.38 4.39
ML short-term diffusion coefficient (mm? s) Single Task 1.33 0.79 0.89 0.79 1.25 0.95
Dual Task 1.24 0.98 1.08 0.68 1.48 0.81
ML long-term diffusion coefficient (mm? s™') Single Task 0.12 0.10 0.08 0.08 0.12 0.11
Dual Task 0.12 0.14 0.13 0.12 0.16 0.12
ML critical time interval (s) Single Task 0.80 0.27 0.82 0.33 0.91 0.34
Dual Task 0.77 0.26 0.86 0.30 0.97 0.31
ML critical mean squared displacement (mm?) Single Task 2.07 1.75 1.51 2.48 217 1.65
Dual Task 1.92 2.09 2.03 1.72 2.51 1.61

SD, standard deviation; AP, anteroposterior; ML, mediolateral.

https://doi.org/10.1371/journal.pone.0321828.t002

We obtained a significant context effect for ML long-term diffusion (z=2.628, p=.011) which was qualified by a crossover
interaction revealing that middle-aged adults showed pronounced multitasking-related increases in long-term slopes com-
pared with young adults (z=2.296, p= 0.0253). Post-hoc tests revealed context-related increases in ML long-term diffusion
for middle-aged (t(22)= 3.108, p=.005) but not young adults (1(20)=0.375, p=.712). Another interaction between context
and age group (young vs. middle-aged) pointed to increased critical ML displacement during multitasking in middle-aged
compared with younger adults (z=2.149, p=.036). Post-hoc tests established similar single- and dual-task performances
in young adults (1(20)=0.926, p=.365) but failed to corroborate the interaction for middle-aged adults by a slight margin
(t(22)=2.034, p=.054). No reliable interaction effects emerged when comparing critical ML displacement in older with
middle-aged adults (z=0.467, p=.641), suggesting comparable multitasking-related performance decrements in both age
groups. This was further corroborated by a robust single-dual task difference in older adults (1(18)=2.221, p=.039).

As mentioned above, control demands in the listening task did not affect context-related effects or related age-group
differences. The only effect supporting our predictions was a nested age by cognitive control manipulation indicating
higher critical ML displacement with increasing age in older adults (z=2.051, p=.041), which, however, was without conse-
quence for multitasking. Somewhat unexpectedly we found lower AP short-term diffusion (z=2.924, p=.004) and AP critical
displacement (z=3.034 p=.003) in the switching compared with the quiet stance condition. We obtained an interaction
between the young vs middle-aged contrast and the cognitive control manipulation in AP critical time interval reflecting
opposing trends in the two groups (z=2.028, p=.043). However, these differences could not be substantiated in post-hoc
tests (t's<1.905, p’s>0.070) suggesting the interaction was spurious.

Corroborating the results of smaller ellipse areas for female compared with male participants, we obtained several
significant sex differences in SDA parameters, none of which affected the results reported above. Women had lower AP
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short-term diffusion than men (z=3.950, p<.001), a difference which was larger in middle-aged compared with young
(z=2.176, p=.033) and older adults (z=2.179, p=.033). As a result, critical displacement was also lower in female com-
pared with male participants (z=3.111, p=.003). Female participants had better error correction for AP sway as indicated
by lower AP long-term diffusion (z=2.740, p=.008) and this difference was larger in single- than in dual-task contexts
(z=2.515, p=.0121). ML-sway showed the same female advantage in short-term diffusion (z=2.368, p=.021) that we saw
in AP-sway, however they did not differ between age groups. Critical time intervals and critical displacement for ML-sway
were also higher in male participants (z=2.215, p=.030; z=3.138, p=.003). For ML-error correction (long-term diffusion) a
sex by context interaction (z=2.685, p=.009) revealed a slight female advantage in single- but also larger costs for women
in dual-task conditions. Lastly, we found sex differences for critical displacements to be larger in the same compared with
switching speaker conditions (z=2.147, p=.032).

Combined costs of multitasking

To evaluate differences between age groups regarding overall multitasking costs and differences between task modal-
ities, we used z-transformed performance measures. To this end we determined z-scores for each task and calculated
z-score differences per subject by subtracting the mean dual-task performance in each task combination from the mean
single-task performance. For postural control, we focus on the CoP ellipse area as this parameter showed sensitivity to
concurrent task interference and applied to stable stance and sway-referenced conditions (Fig 7). In line with the find-
ings reported before, we found higher multitasking costs for postural control compared with the listening task (z=4.452,
p<.001). The young vs middle-aged contrast showed a main effect (z=2.208, p=.031) that was qualified by an interaction
with modality (z=2.444, p=.017) reflecting the fact that middle-adults higher multitasking costs originated solely in the pos-
tural control task. Costs at this level were similar for middle-aged and older adults. Difficulty of concurrent tasks (stable vs
sway-referencing; same vs switching target speakers) did not contribute to the model fit (S1 Appendix). We maintained the
posture-task difficulty distinction in Fig 7 to illustrate that we found no evidence for prioritization in any of the age groups.
Overall, female participants showed higher multitasking costs compared with male participants (z=2.332, p=.023). This

Listening Task (Percentage Correct) Postural Control Task (Ellipse Area)
. Same Target Speaker . Stable Stance
- || Switching Target Speaker - || Sway-Referenced
o o
2 04- Q 04 =
o o
2 £
- -
o o
o = - T o .
O O
i 9
N o0- — N oo =
= —] ﬂ —
[ [
o o
(6] -4 o L
o =[5 o
£ £
- E 4
» »
© ©
E-04- E-04-
=3 == =3
= =
Young IAdults I.‘InddIe-AgIed Adults Older Adults YounglAdults L‘Irddle-Agled Adults Older 'Adults

Fig 7. Multitasking costs based on z-transformed performance measures for each experimental condition.

https://doi.org/10.1371/journal.pone.0321828.9007
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finding corresponds to our results from SDA parameters which indicated female performance advantages, but also pointed
to higher sensitivities for multitasking interference in women’s postural control.

Discussion

We investigated adult-age changes in multitasking using a combination of listening and postural control tasks. Our para-
digm simulated ecologically valid contexts like cocktail-party conversations and taxed abilities known to be susceptible to
early age-related declines. Our main research questions targeted possible age-related declines in multitasking as early as
middle-adulthood and the explanatory scope of cognitive compensation and cognitive control accounts of multitasking. To
this end we manipulated cognitive control demands of the listening task and the difficulty of the postural control task. The
latter manipulation was designed to elicit age-differential prioritization strategies.

We controlled for baseline differences in peripheral hearing abilities and we adjusted the working memory load to the
individual’s single-task capacities. As a result of the latter adjustment older adults worked with shorter word lists than
middle-aged adults. The adjustment was successful in avoiding floor and ceiling effects in all groups. However, while
young and middle-aged adults showed similar levels of percentage correct recognition in single-task (same target speaker
condition), older adults performed weaker than the other groups despite their lower task difficulty levels.

Manipulations of task difficulty in both postural control and listening tasks proved effective. As expected, listening task
performance declined in all groups when participants needed to switch target speakers. In the postural control task, ellipse
areas increased when the reliability of proprioceptive information was reduced (sway-referencing condition). Both difficulty
manipulations had similar effects across age groups.

Performance on the listening task was unaffected by concurrent postural control demands. All three age groups main-
tained single-task levels of listening performances even when the postural control task was made more difficult. In con-
trast, concurrent listening caused substantial decrements in postural control in middle-aged and older but not in young
adults. Summary statistics (ellipse area) indicated that middle-aged participants showed similar levels of postural control
in single-task conditions as young adults did, however, concurrent listening reduced middle-aged adults’ stability whereas
young adults remained basically unaffected. Older adults showed the poorest overall balance performance of all groups
and their dual-task decrements were of similar magnitude as in middle-aged adults. Stabilogram diffusion analysis repli-
cated our findings from earlier work [45] demonstrating that multitasking affects parameters reflecting timing and quality
of postural adjustments (critical time interval and long-term diffusion). Like in the earlier study, ML long-term diffusion
revealed an age-differential pattern sensitive to multitasking interference thereby substantiating the findings from the
ellipse area.

Different from our expectations, increasing the cognitive control demands in the listening task (i.e., switching speaker
condition) did not increase multitasking decrements. In contrast, the only significant effect of the cognitive control manip-
ulation on concurrent task performance was a decrease in AP short-term diffusion and critical displacement. Related find-
ings have sometimes been interpreted according to the action constraint hypothesis [72], which suggests that demanding
dual-task conditions divert focus away from postural control, thereby facilitating more effective automatic regulation of
our upright stability. However, this explanation does not align with our observation of poorer postural control performance
under dual-task conditions. The postural control difficulty manipulation did not produce the anticipated results concern-
ing multitasking either, as it failed to trigger a shift in task prioritization. All groups, including older adults, showed perfect
preservation of listening performance under multitasking conditions. A possible explanation is that the sway-referenced
condition was not jeopardizing stability to the point where protective postural control strategies were elicited. Previous
studies using similar manipulations differed regarding observing prioritization [61,62] or not [73,74].

Taken together our results provide no evidence in support of the cognitive control account of multitasking. Obviously,
such a null finding does not rule out cognitive control accounts altogether. After all, our listening task had a cognitive con-
trol component (inhibition) even in its simplest version. The absence of the predicted age group by switching interaction
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already in the single-task condition suggests that the relative increase in cognitive control demands could be compen-
sated by older adults who might have benefitted from the combination of shorter stimulus lists and longer reaction times.

Instead of a cognitive control account, we argue that our results are best explained by a version of the cognitive com-
pensation account. Specifically, we consider compensatory mechanisms as underlying middle-aged adults’ maintenance
of near-young adult levels of stability in single-task contexts. The breakdown of these very same mechanisms under dual-
task conditions subsequently leads to pronounced costs in this group.

Naturally, the question arises why compensation was more prominent in middle-aged than the other age groups?
Compensation accounts have a long tradition in aging research and neuropsychology [75-77]. According to related mod-
els (e.g., CRUNCH, scaffolding) compensation mechanisms are at the disposal of all age groups; however, utilization of
related mechanisms and strategies does not come for free but at a (processing) cost [76,78]. Whether a certain individual
can utilize compensatory mechanisms thus depends on task challenges and individual differences in available processing
resources. As a result, compensation can be effective only up to a certain threshold of task demands beyond which perfor-
mance inevitably deteriorates.

Dual-task decrements in middle-aged adults were at least as pronounced as those observed in older adults, if not
greater. In our view this indicates that while middle-aged adults were more proficient in employing compensation strat-
egies, they were also more vulnerable to their disruption. We argue that under multitasking conditions concurrent task
demands surpass this threshold even for middle-aged adults leading to significantly greater dual-task decrements than in
younger counterparts.

The accumulating evidence for developmental changes in postural control and related changes in multitasking empha-
sizes the value of using non-linear methods like SDA over traditional summary statistics like path length or sway area. A
limitation of our study in this respect is that SDA is not suitable for analyzing center-of-pressure trajectories obtained from
a sway-referenced platform. Future studies should incorporate difficulty manipulations that allow for a distinction between
the various control processes involved in postural control. Additionally, despite our efforts to equate the difficulty of the
listening task under single-task conditions, older adults still performed worse, which may have influenced the magnitude of
dual-task-related decrements in this age group.

In conclusion, our study demonstrated that real-life multitasking settings involving sensorimotor processing with an
early onset of age-related decline induce elevated costs in middle-aged adults already. This decline in multitasking arises
from a breakdown of compensatory processes rather than a direct change in multitasking abilities. Our findings offer
insights into how middle-aged adults maintain high functioning despite age-related changes, highlighting the potential as
well as the limitations of their compensatory strategies.
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