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Abstract

Objectives: The motivation for this research is to determine whether a listening-while-balancing 

task would be sensitive to quantifying listening effort in middle age. The premise behind this 

exploratory work is that a decrease in postural control would be demonstrated in challenging 

acoustic conditions, more so in middle-aged than in younger adults.

Design: A dual-task paradigm was employed with speech understanding as one task and postural 

control as the other. For the speech perception task, participants listened to and repeated back 

sentences in the presence of other sentences or steady-state noise. Targets and maskers were 

presented in both spatially-coincident and spatially-separated conditions. The postural control task 

required participants to stand on a force platform either in normal stance (with feet approximately 

shoulder-width apart) or in tandem stance (with one foot behind the other). Participants also rated 

their subjective listening effort at the end of each block of trials.

Results: Postural control was poorer for both groups of participants when the listening task was 

completed at a more adverse (vs. less adverse) signal-to-noise ratio. When participants were 

standing normally, postural control in dual-task conditions was negatively associated with degree 

of high-frequency hearing loss, with individuals who had higher pure-tone thresholds exhibiting 

poorer balance. Correlation analyses also indicated that reduced speech recognition ability was 

associated with poorer postural control in both single- and dual-task conditions. Middle-aged 

participants exhibited larger dual-task costs when the masker was speech, as compared to when it 

was noise. Individuals who reported expending greater effort on the listening task exhibited larger 

dual-task costs when in normal stance.

Conclusions: Listening under challenging acoustic conditions can have a negative impact on 

postural control, more so in middle-aged than in younger adults. One explanation for this finding 

is that the increased effort required to successfully listen in adverse environments leaves fewer 

resources for maintaining balance, particularly as people age. These results provide preliminary 

support for using this type of ecologically-valid dual-task paradigm to quantify the costs 

associated with understanding speech in adverse acoustic environments.
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INTRODUCTION

Speech perception is typically quantified by how accurately participants can understand a 

target message. Although this yields valuable information about objective performance, 

there are other dimensions of speech understanding that also are important to quantify. There 

is increasing interest in studying listening effort as a complement to measuring how well 

individuals can understand a message (the reader is referred to the comprehensive edition of 

Ear and Hearing (Volume 37, 2016) that summarizes information from the Eriksholm 

Workshop on this topic). One salient reason to measure listening effort is that some people 

who can accurately perceive a message may need to expend additional effort to do so. That 

increase in listening effort may have a cascading effect on individuals’ ability to perform 

other tasks while they are communicating.

There is a long history of using dual-task methods to quantify listening effort. The 

theoretical framework behind such studies is that dual-task costs (the extent to which 

performance on a task completed in isolation is negatively affected when individuals execute 

another task simultaneously) are caused by competition for resources; when one of the tasks 

is effortful, requiring a higher cognitive load, fewer resources remain for performing the 

other task (e.g., Broadbent 1958; Kahneman 1973).

Many of the paradigms used in dual-task studies of listening effort incorporate somewhat 

artificial secondary tasks. For example, participants may be asked to complete a speech 

understanding test (the primary task) while also pressing a button in response to a visual 

stimulus (the secondary task). Listening effort is quantified by the difference in performance 

on the secondary task (e.g., increased button-press reaction time) when performing both 

tasks together as compared to when just completing the button-press task in isolation.

This article describes the results of a study that explored the feasibility and outcomes of 

using a dual-task paradigm that is more likely to be encountered in everyday realistic 

situations. Support for quantifying listening effort using ecologically-valid dual-task and 

multi-task paradigms can be found in a recent study by Devesse et al. (2020). In the present 

article, participants (groups of younger and middle-aged adults) listened to and repeated 

sentences in the presence of masking speech or noise while postural control (defined here as 

the ability to stand still) was measured. Two levels of difficulty were tested: (1) an easy 

postural condition where participants stood normally, with feet about shoulder-width apart; 

and (2) a more difficult postural condition where participants stood with one foot behind the 

other (tandem stance).

We chose this particular paradigm because, given the potential dire consequences that can 

occur when older adults fall (e.g., Burns et al. 2016), it is important to document how early 

aging (i.e., when individuals are in middle age) influences this combination of tasks. 

Postural control is generally thought of as automatic but can require some level of cognitive 
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resources, especially under challenging conditions (see Boisgontier et al. 2013 for a review). 

There is strong evidence that postural control is negatively affected by both aging and age-

related hearing loss (e.g., Crews & Campbell 2004; Viljanen et al. 2009; Lin & Ferrucci 

2012; Li et al. 2013; Bruce et al. 2017; Thomas et al. 2018), with subtle changes in postural 

control arising by middle age (Ku et al. 2016; Park et al. 2016). A thorough review of this 

topic can be found in the recent publication by Agmon et al. (2017). Older adults appear to 

need to recruit additional cognitive and neural resources to maintain balance, as compared to 

younger adults (Brown et al. 1999; Li & Lindenberger 2002; Deviterne et al. 2005; 

Boisgontier et al. 2013; Bruce et al. 2017). Critically, both postural sway (Maki et al. 1990) 

and hearing loss (Crews & Campbell 2004; Viljanen et al. 2009; Lin & Ferrucci 2012; Li et 

al. 2013) are associated with an increased risk of falls in older adults.

A modest amount of recent work has used dual-task listening paradigms that incorporate 

ecologically-valid motor control tasks. Most relevant to the current study are listening-while-

walking (Lau et al. 2017; Nieborowska et al. 2019) and listening-while-balancing (Bruce et 

al 2017; Carr et al. 2019) experiments. These studies generally found differences between 

older and younger adults on dual-task performance. Older adults with mild hearing loss 

exhibited greater dual-task costs, as compared to younger adults, when pairing an auditory 

working memory task with a postural control task (Bruce et al. 2017). In a study that used a 

virtual-reality street crossing task along with quantifying speech understanding in noise 

(Nieborowska et al. 2019), older and younger adults differed in how they allocated resources 

for the two tasks. In a balancing-while-listening task, older adults with and without 

subjective cognitive decline showed dual-task costs in both postural control and speech 

understanding (Carr et al. 2019). Conversely, in another study using a paradigm similar to 

that of Nieborowska et al. (2019) (Lau et al. 2017), only minimal dual-task costs were found 

in their two groups of participants (older adults with and without hearing loss).

Unlike conventional dual-task measures of listening effort where participants are instructed 

to prioritize the listening task, when these more ecologically-valid dual tasks are used it is 

typical not to instruct participants to put more emphasis on one of the tasks. A justification 

for this decision is that in real-life multitasking situations individuals must determine for 

themselves how to coordinate various tasks (see Fraser and Bherer, 2013 for a discussion of 

this issue). Not instructing participants to emphasize one task over the other allows 

researchers to examine how individuals prioritize the two tasks. This has led to the 

consistent finding that older adults appear to prioritize safety (i.e., maintaining balance) over 

other tasks (e.g., Li et al, 2005; Bruce et al., 2017; Nieborowska et al., 2019), as 

demonstrated by smaller dual-task costs for the postural control task than for the other task. 

Regardless of the difference in instructions, interpretation still centers around the concept 

that the two tasks compete for resources, and the more effortful one task is, the fewer 

resources remain to devote to the other task.

As stated above, we chose to study middle-aged adults in the present work. It is not 

uncommon for middle-aged people to report problems understanding speech in adverse 

listening situations. These individuals often are found to have normal or near-normal 

audiometric results. Research confirms this observation, with middle-aged adults rating their 
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self-perceived listening ability as being poorer on average than what would be anticipated by 

their audiograms (Bainbridge & Wallhagen 2014; Helfer et al. 2017).

Why might this be so? Modest (i.e., clinically non-significant) increases in auditory 

thresholds often occur during middle age (e.g., Agrawal et al. 2008; Nash et al. 2011). Small 

elevations of high-frequency thresholds are associated with increased self-reported 

psychosocial problems (Bess et al. 1991). Changes in peripheral and central auditory 

function that do not affect pure-tone thresholds likely contribute to problems in complex 

listening environments. For example, temporal processing may be reduced in middle-aged 

(relative to younger) individuals (Muchnik et al. 1985; Snell & Frisina 2000; Babkoff et al. 

2002; Lister et al. 2002; Grose et al. 2006; Humes et al. 2010; Leigh-Paffenroth & 

Elangovan 2011; Ozmeral et al. 2016). The effective utilization of temporal fine structure 

cues decreases by middle age (Grose & Mamo 2010; Füllgrabe 2013), which may lead to 

difficulty segregating sounds. Changes in how the middle-aged brain processes sounds have 

been noted in several studies using event-related potentials (Mager et al. 2005; Alain & 

McDonald 2007; Wambacq et al. 2009; Ruggles et al. 2012; Davis et al. 2013; Davis & 

Jerger 2014). There also is the possibility that a reduction in the number of auditory nerve 

fibers (e.g., Bharadwaj et al. 2015; Viana et al. 2015) in middle-aged adults leads to 

problems understanding speech in noisy situations.

Another likely reason for the discrepancy between middle-aged adults’ subjective listening 

experience and their performance on audiologic tests is that current clinical tests do not 

extend to measuring speech understanding in the conditions in which these individuals are 

reporting problems. Even clinical tests of speech understanding in noise do not tap into the 

types of situations that are most difficult for middle-aged adults: understanding one message 

in the presence of a small number of competing talkers. Research has confirmed that these 

kinds of environments are particularly challenging for middle-aged listeners (e.g., Wiley et 

al. 1998; Helfer & Vargo 2009; Cameron et al. 2011; Hannula et al. 2011; Glyde et al. 2013; 

Shinn-Cunningham et al. 2013; Başkent et al. 2014; Füllgrabe et al. 2015; Tremblay et al. 

2015). In fact, several studies from our lab have found that middle-aged adults perform 

similarly to younger adults in the presence of noise maskers but behave more like older 

adults when the masker is understandable competing speech (Helfer & Freyman 2014; 

Helfer & Jesse 2015; Helfer et al. 2018). Finally, an additional potential reason for self-

reported hearing problems in this population (and one that motivates the present study) is 

that even if middle-aged adults can understand speech adequately in challenging listening 

situations, they may need to expend more effort in doing so. Hence, increased effort or 

cognitive load may be a key reason why middle-aged adults who perform normally on 

clinical tests often report difficulty in day-to-day communication situations, and this increase 

in effort may be more apparent when they are listening in the presence of competing 

understandable speech messages vs. when the background consists of steady-state noise.

The present project was designed to explore the extent to which an ecologically-valid 

paradigm (listening while maintaining postural control) is sensitive to changes in the 

difficulty of the listening task, as well as how adequately this paradigm can index differences 

in listening effort between younger and middle-aged adults. We also were interested in 

determining the associations among age, high-frequency hearing loss, self-rated listening 
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effort, and performance on the two tasks (speech perception and postural control) under both 

single- and dual-task conditions. Participants heard sentences in the presence of competing 

speech or noise while standing on a force platform in either normal stance (with feet 

approximately shoulder-width apart) or the more challenging tandem stance (with one foot 

behind the other). We proposed that postural control would be adversely affected as the 

listening situation became more difficult [i.e., when the signal-to-noise ratio (SNR) was 

poorer, or when there was no spatial separation between target and maskers], reflecting 

increasing cognitive load or effort. We further hypothesized that these postural control 

changes would be larger for middle-aged adults than for younger adults. This hypothesis is 

consistent with the idea that listening in challenging environments leads to a greater drain on 

cognitive resources for these individuals than for younger adults. We theorized that this 

increase in the influence of the listening task on postural control would be accompanied by 

an increase in self-rated listening effort. Finally, since prior research has indicated that 

middle-aged adults have particular difficulty in situations with competing talkers, we 

proposed that the differences in postural control and self-rated effort between age groups 

would be larger when the masker was competing speech than when it was steady-state noise.

MATERIALS AND METHODS

Participants

Two groups of listeners participated in this study (n = 16/group). Data from one participant 

in each group were eliminated due to experimental error; hence, results presented in this 

article are based on n = 15/group. One group consisted of younger adults (18 to 28 years, 

mean 22 years) with normal hearing (pure-tone thresholds <20 dB HL from 250 to 8000 Hz 

bilaterally). The other group consisted of middle-aged adults (48 to 64 years, mean = 58 

years). All but two of these participants had clinically normal hearing (pure tone thresholds 

<30 dB HL) up to and including 4000 Hz; one participant had 30 to 45 dB HL thresholds 

from 2000 to 4000 Hz, and the other had thresholds from 30 to 45 dB HL between 1000 and 

4000 Hz. The mean high-frequency pure-tone average (HFPTA) (the average threshold for 

2000 to 6000 Hz pure tones) for the middle-aged group was 22 dB HL for the right ear and 

19 dB HL for the left ear (range = 8 to 45 dB HL). Figure 1 shows audiometric data for both 

groups of participants. All listeners were native speakers of English with a negative history 

of otologic or neurologic disorder. In addition, all middle-aged participants scored >26 (out 

of 30) on the Montreal Cognitive Assessment (Nasreddine et al. 2005). Participants all had 

normal tympanograms bilaterally on the test day. Although vestibular function was not 

explicitly assessed, each potential participant was thoroughly screened via an informal 

questionnaire and follow-up interview to eliminate individuals who reported any vestibular, 

neurological, or motor condition that might affect balance or hearing. All participants also 

had normal or corrected-to-normal vision.

Procedures

The listening task for this experiment required participants to repeat sentences from the 

TVM-Colors corpus (Helfer et al. 2016). These sentences consist of a name (Theo, Victor, or 

Michael; hence TVM) followed by a color-noun combination and an adjective (other than a 

color)-noun combination. The sentences are grammatically feasible but have low 
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predictability. An example of a sentence is Theo found the pink menu and the true item here, 
with underlined words used for scoring. As described in Helfer et al. (2016), sentences were 

recorded from three male and three female talkers. For the present study, the target talker 

was randomly selected from trial to trial, and the maskers (in competing speech conditions) 

were utterances from the two other same-sex talkers. The target sentence was cued at the 

beginning of a trial by displaying the name corresponding to the initial word of that sentence 

(Theo, Victor, or Michael) on a video monitor located in front of the participant. Participants 

were instructed to look at that monitor for the duration of each block of trials. Target 

sentences were presented at 67 dBA as measured with a speech-shaped noise played at the 

equivalent root mean square level. Two spatial conditions were used: front-front-front (FFF), 

where all signals were played from a loudspeaker located at 0° azimuth and 1.3 m from the 

participant; and right-front-left (RFL), where the target was played from the front and the 

maskers were played from speakers located 60° to the right and left, also at a distance of 1.3 

m. The height of each of the three loudspeakers was adjusted to align with the ear height of 

each participant.

For competing speech conditions, maskers consisted of two TVM-Colors sentences (that 

were different from the target sentences) with utterances from one masking talker presented 

from the left loudspeaker and sentences from other masking talker emanating from the right 

loudspeaker. Each masker sentence began at a random starting point within the sentence and 

continued to the end of that utterance. The beginning of the sentence was then appended and 

the maskers continued until the target ended (Helfer et al. 2016). This looping of maskers 

was used because competing messages typically are not grammatically aligned with the 

message of interest. In noise-masking conditions, independent samples of steady-state 

speech shaped noise were presented from each of these two loudspeakers. SNRs for this 

study were −6 dB and 0 dB, measured in root mean square and computed in reference to the 

total masker energy (so at 0 dB SNR, the combined level of the two maskers was equal to 

the level of the target). Trials were blocked by condition (2 SNRs × 2 masker types × 2 

spatial conditions × 2 stance conditions, as described below), with each block presented 

twice. The order of the 32 blocks was randomized. There were eight sentences per block, 

allowing for 64 scorable words per condition (4 score-able words/sentence × 8 sentences/

block × 2 blocks), with an average block duration of roughly 80 seconds. Participants were 

instructed to repeat back the target sentence at the end of each trial; their responses were 

audio-recorded and scored later offline. At the end of each block of trials, participants rated 

their perceived listening effort on a scale of 1 (very little effort) to 10 (very high effort). This 

scale was displayed on the video monitor and participants reported their self-rated effort 

verbally.

For all conditions, participants stood on a 40 × 60 cm piezoelectric force platform (Kistler 

Instruments Corporation, Amherst, NY). Data were collected in two stance conditions: 

normal, with feet approximately shoulder-width apart; and tandem, with one foot in front of 

the other. Participants removed their shoes before testing commenced. For consistency 

between blocks, participants were required to select and maintain a preferred tandem foot 

orientation (right foot in front or left foot in front) and both stances were outlined on the 

force platform. Participants were instructed to listen and then repeat back the target sentence 

while attempting to stand as still as possible. Baseline measures of 80 seconds of standing in 
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quiet (i.e., single-task postural control conditions) were conducted for both normal and 

tandem stance conditions at the start and end of the session. A custom LabView program 

(National Instruments, Austin, TX) was time synced with the audio tasks as it recorded, at a 

100 Hz A/D conversion rate, the ground reaction forces from the force platform.

Data Analysis

Postural control was defined as the center of pressure (CoP) excursion area measured from 

the force platform (Swanenburg et al., 2008; Duarte & Freitas, 2010). A 95% confidence 

ellipse based on the anterior-posterior and medial-lateral displacements of the CoP was 

calculated in a custom Matlab script (Mathworks, Natick, MA) from the ground reaction 

forces. Before all calculations, the CoP data were low-pass filtered with a 10 Hz zero-lag 

Butterworth filter. Ground reaction forces were collected continuously across an entire block 

of eight trials. Since prior evidence suggests that oral responses made during postural control 

tasks can negatively influence postural control (e.g., Huxhold et al. 2006, Fraizer & Mitra 

2008), and because the question of interest in this study was how listening and postural 

control interacted, we chose to analyze data only for time intervals corresponding to when 

participants were listening but not while they were responding. This was achieved by 

partitioning each block’s eight listening trials and corresponding responses from time-

stamps. The CoP ellipses from the eight listening intervals from each block were averaged to 

produce a mean CoP ellipse area-per-block metric. In order to employ a similar trial length 

during single-task postural control trials (i.e., when participants were required to stand but 

not listen to stimuli), CoP values were excised from eight equally spaced 3.26-second 

intervals (the average length of time participants listened during each trial) distributed within 

the 80-second trial.

Main and interaction effects were identified using multivariate analyses of variance 

(ANOVAs) for the speech recognition data (Table 1), the self-report ratings of effort (Table 

3), the postural control data (Table 4), and for dual-task costs (Table 5). We conducted 

separate analyses for each SNR for the speech perception and self-rated effort data since 

there was little uncertainty regarding how a 6 dB change in SNR would affect both of these 

metrics. However, we did not know how SNR would influence postural control, so we opted 

not to separate the postural control data by SNR before analysis. Significant interactions (α 
< 0.05) that addressed our research questions were further analyzed with posthoc one-way 

ANOVAs or t-tests. We also examined effect size for participant group differences in speech 

recognition, postural control, and dual-task costs using Cohen’s d or Hedge’s g (Table 2). 

Finally, we conducted correlation analyses to illuminate the associations among age, high-

frequency hearing loss, speech recognition, self-rated effort, and postural control (Table 6).

RESULTS

Speech Recognition

Percent-correct recognition of keywords was analyzed separately for data collected at the 

two SNRs. These data are shown in Figure 2 (0 dB SNR: upper panel; −6 dB SNR: lower 

panel). Across both groups, performance in the presence of speech maskers improved 

greatly with target-masker spatial separation (RFL versus FFF), a pattern that did not occur 
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when the masker was steady-state noise. This result was expected, as spatial release from 

masking observed when using speech maskers was presumed to be partially based on 

momentary SNR advantages from head shadow at either ear due to masker fluctuations 

(Brungart and Iyer 2012). Listeners may have also benefited from a release from 

informational masking in this scenario. Neither of these advantages was expected with a 

continuous noise masker presented from both sides of the listener. Also apparent in Figure 2 

is that the younger participants outperformed the middle-aged participants in 14 out of 16 

conditions.

In order to analyze these observations, repeated measures ANOVA were conducted with 

stance (normal or tandem), masker (speech or noise), and spatial condition (FFF or RFL) as 

within-subjects factors and group as a between-subjects factor (Table 1). For 0 dB SNR, 

results indicated significant main effects of masker, spatial condition, and group, as well as a 

significant masker × spatial condition interaction. More robust differences between 

conditions were found at −6 dB SNR, with significant main effects of masker and spatial 

condition along with significant interactions of spatial × group, spatial × masker, and stance 

× masker × group. Observation of Figure 2 for the −6 dB SNR condition suggests that the 

significant spatial × group interaction was due to the finding that younger participants 

outperformed older participants in the RFL condition, with percent-correct scores similar 

between groups for the FFF condition. The three-way interaction of stance × masker × group 

was explored with posthoc one-way ANOVAs. Results indicated that the younger 

participants obtained higher scores than the middle-aged participants in two conditions: 

normal stance with speech as the masker (younger: mean = 61.66%; middle-age: mean = 

53.61%; p = 0.024) and tandem stance with noise as the masker (younger: mean = 69.59%; 

middle-age: 64.20%; p = 0.028).

In order to further explore how the two groups’ performance differed, effect size (Cohen’s d) 

was calculated for each condition, as shown in Table 2. Large effect size differences 

(Cohen’s d > 0.8) between young and middle-age groups were found in three conditions, all 

entailing the spatially-separated RFL condition: at −6 dB SNR for both noise and speech 

maskers in the tandem stance, and at 0 dB SNR for speech maskers in the normal stance. 

Moderate effect sizes (Cohen’s d = 0.4 to 0.6) were found for several other conditions, 

primarily those involving spatially-separated signals. It should be noted, however, that in 

many conditions the numerical differences in percent-correct performance between groups 

were modest.

Self-Rated Listening Effort

Recall that participants were asked to rate the amount of effort expended on the listening 

task using a 10-point scale, with greater effort indicated by higher numbers. These effort 

ratings are shown in Figure 3, with 0 dB SNR in the top panel and −6 dB SNR in the bottom 

panel. Although effort ratings were higher at −6 dB SNR, a similar pattern was found across 

the two SNRs.

As with the accuracy data, the effort ratings were analyzed separately at the two SNRs using 

repeated measures ANOVA (Table 3) with stance, masker, and spatial condition as within-

subjects factors and group as a between-subjects factor [see Sullivan & Artino (2013) for 
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justification for using parametric statistics to analyze Likert-scale data]. Analysis of the 0 dB 

SNR data indicated significant main effects for stance, masker, and spatial condition as well 

as a significant masker × spatial interaction. Similar results were found in the −6 dB SNR 

data, with significant main effects for masker and spatial condition, and a significant 

interaction between these two variables. Overall, the effort scores suggest that participants 

perceived the listening task to be more difficult when they were standing in the tandem 

stance versus normal stance at the easier 0 dB SNR (this was not observed at −6 dB SNR); 

when the masker was competing speech (versus steady-state noise); and when the speech 

masker was co-located (FFF) with the target (versus the spatially-separated RFL condition). 

Of note was the lack of significant differences between groups on self-rated listening effort.

Postural Control

Baseline (Single-Task) Balance CoP •—Baseline balance-only trials (i.e., standing in 

quiet) were conducted both before and after dual-task trials. Results of the single-task 

balance-only trials, averaged between pre- and post-experiment data collection periods, are 

shown in Figure 4. Expectedly, CoP values were higher for the more difficult tandem stance 

(versus normal stance). Repeated measures ANOVA conducted with stance as a within-

subjects variable and group as the between-subjects variable confirmed this observation 

(Table 4). The main effect of stance was significant, with a non-significant effect of group 

and a non-significant stance × group interaction.

Listening-While-Balancing (Dual-Task) CoP •—CoP data collected in each listening 

condition are shown separately for normal versus tandem stance conditions (Fig. 5). For both 

these conditions, the small differences between groups shown in the balance-only trials were 

amplified when participants were balancing while listening. In general, CoP was modulated 

by listening task difficulty, with more CoP excursion noted in more difficult acoustic 

conditions, especially in the normal stance condition.

These observations were tested with repeated measures ANOVA with stance, masker type, 

spatial condition, and SNR as within-subjects factors and group as a between-subjects factor 

(Table 4). The main effects of SNR (0 dB SNR: mean CoP = 217.45 mm2; −6 dB SNR: 

mean = 248.83 mm2) and stance (normal: mean CoP = 144.29 mm2; tandem: mean CoP = 

317.02 mm2) were statistically significant. The main effect of group just missed statistical 

significance (p = 0.057; younger: mean = 176.90 mm2; middle-age: mean = 285.03 mm2), as 

did the masker × group interaction (p = 0.065; mean CoP values: younger/speech masker 

189.06 mm2, younger/noise masker 174.10 mm2; middle-age/speech masker 301.40 mm2, 

middle-age/noise masker 268.66 mm2).

In order to further explore the group variation shown in Figure 5, effect sizes were calculated 

to examine group differences by masker and spatial conditions (Table 2). Because standard 

deviations were substantially larger for the middle-aged group, Hedge’s g was used to 

calculate effect size. This analysis demonstrated large group effect sizes for three conditions 

(speech masker: FFF at 0 dB SNR in normal stance and FFF at −6 dB SNR in tandem 

stance; noise masker: RFL at −6 dB SNR in tandem stance) and moderate effect sizes for 
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many others. In all of these conditions, postural control was poorer in middle-aged adults 

than in younger adults.

Dual-Task Costs

Dual-task costs in postural control (i.e., the difference in postural control when participants 

were standing in quiet versus when they were standing while completing the speech 

perception task) were calculated for each condition using the following formula:

Dual task cost =
dual taskCoP − single taskCoP

single taskCop
×100

These dual-task cost values can be seen in Figure 6. The dual-task cost data were analyzed 

using repeated-measures ANOVA with stance, SNR, spatial condition, and masker as within-

subjects variables and group as the between-subjects variable (Table 5). This analysis found 

significant main effects for stance and SNR as well as a significant masker × group 

interaction and a significant four-way interaction of stance × SNR × spatial × masker. 

Observation of Figure 6 suggests that dual-task costs were, in general, larger for the normal 

stance condition than for the tandem stance condition, and were mostly larger at the more 

adverse −6 dB SNR versus 0 dB SNR. The influence of these factors on each other is clearly 

complex, making it challenging to interpret this interaction.

The masker × group interaction was explored further via posthoc t-tests. Results indicated 

that dual-task costs were significantly larger for the speech masker than for the noise masker 

for the middle-aged group (speech masker: mean = 38.88; noise masker: mean = 20.15; p = 

0.02); the same was not true for younger participants (speech masker: mean = 29.27; noise 

masker: mean = 26.66; p = 0.40).

Correlation Analyses

We conducted a series of correlation analyses for several purposes. First, we wanted to 

attempt to account for the rather large amount of inter-subject variability in our data 

(especially our postural control data). We also were interested in examining how postural 

control was related to speech recognition on an individual participant level. Finally, we 

sought to determine if our two working metrics of listening effort (self-rated effort and 

postural control dual-task costs) were related. To this end, correlation analyses were 

completed on data for both participant groups in each stance, using Pearson r analysis 

followed by partial correlation analyses controlling separately for age and better ear HFPTA 

(which was average thresholds from 2 to 6 kHz). Variables in these analyses were percent-

correct speech recognition, single- and dual-task CoP values, and dual-task costs, each 

averaged across all acoustic conditions (SNR, masker type, and spatial configuration). The 

results of these analyses are presented in Table 6.

For normal stance, percent-correct scores were significantly and negatively related to 

postural control in both single- and dual-task conditions. Individuals with better speech 

recognition performance had smaller postural excursions. Self-rated effort was significantly 

associated with dual-task costs, with individuals who gave higher effort ratings also 
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exhibiting greater dual-task costs. When age was controlled, these significant associations 

persisted. Moreover, with age controlled, HFPTA was significantly correlated with postural 

control in the dual-task condition and with dual-task costs: individuals who had poorer 

hearing exhibited poorer postural control and larger dual-task costs. When HFPTA was 

controlled, speech recognition was still significantly associated with postural control in both 

single- and dual-task conditions. Age was correlated with dual-task costs, but in perhaps an 

unexpected direction—once hearing loss was accounted for, the older the participant, the 

smaller the dual-task costs.

When participants were in tandem stance, postural control was significantly related to 

speech understanding in dual-task, but not single-task, conditions, as well as to dual-task 

costs, with better speech recognition related to improved postural control. Here, self-rated 

effort was not significantly associated with dual-task costs. Results of the partial correlation 

analysis with HFPTA controlled showed no significant associations between age and any 

other variable. With age controlled, speech recognition continued to be associated with dual-

task postural control costs. HFPTA was not significantly correlated with any variable when 

age was controlled.

In sum, results of these correlation analyses suggest that degraded speech recognition ability 

in the adverse listening conditions tested in this study was associated with poorer postural 

control. Further, when participants were standing normally, greater high-frequency hearing 

loss was associated with both poorer postural control in dual-task conditions and greater 

dual-task costs.

DISCUSSION

The experiment described in this article was an exploratory study whose primary objective 

was to determine whether a task that combined listening with postural control would be 

sensitive to differences in performance between easy and hard listening conditions, and to 

differences between younger and middle-aged adults. We had proposed that postural control 

would be modulated by the difficulty of the listening task, suggesting that an increase in 

cognitive load or effort required for the listening task would be reflected in fewer cognitive 

resources remaining to devote to the balance task. We further hypothesized that this increase 

would be larger for middle-aged adults, consistent with early age-related changes in postural 

control and/or speech perception.

Our results partially support our hypothesis that the difficulty of the listening task affects 

postural control. During dual-task conditions, postural control was influenced to a greater 

extent when the speech stimuli were presented at the more difficult −6 dB SNR (versus 0 dB 

SNR). The effect of spatial presentation condition on postural control was not as clear-cut. 

Although, when the masker was competing speech, speech understanding was better when 

the masker and target were spatially separated (versus spatially coincident), postural control 

did not differ significantly between the two spatial conditions.

Dual-task costs derived from the data also suggest that postural control was influenced by 

the difficulty of the listening task. In most conditions, dual-task costs were larger at the more 
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adverse SNR, and dual-task costs in most conditions were numerically larger for spatially-

coincident versus spatially-separated speech maskers when participants were standing 

normally. This result is consistent with Gandemer et al. (2017), which found that postural 

control was better when sound was presented from three spatially-separated sources versus 

from a single source. One caveat about the dual-task costs in the present study is that they 

were calculated using a baseline condition in which postural control was assessed while 

standing in quiet. It is known that sound can enhance balance (relative to when it is 

measured in quiet), possibly because sound acts an “anchor” or orienting signal (e.g., Easton 

et al. 1998; Dozza et al. 2011; Zhong & Yost 2013; Ross et al. 2016; Stevens et al. 2016; 

Vitkovic et al. 2016; Gandemer et al. 2017). Hence, the presence of the maskers might have 

provided this type of anchoring effect, serving to partially counteract any detrimental effects 

of increased difficulty of the listening task caused by the maskers. We do see some 

indication of this phenomenon, especially in the data from younger participants in tandem 

stance, where CoP values were in some cases smaller in dual-task trials than in single-task 

trials.

Another issue related to our dual-task costs is that baseline postural control in tandem stance 

was, as expected, much poorer than when participants were standing normally. This 

complicates the comparison of dual-task costs between the two stance conditions since we 

used the conventional way to calculate dual-task costs, which is a percentage change. The 

consequence is that similar absolute degrees of increased sway during dual-task trials 

resulted in a smaller percentage change for the tandem stance than for the normal stance. 

This should be taken into account when interpreting differences between the two stances in 

dual-task costs reported in the present study.

We had hypothesized that listening while maintaining postural control would be more 

detrimental to middle-aged adults than to younger adults. Indeed, the small difference in 

postural control between groups of younger and middle-aged participants while they were 

not performing the speech perception task (Fig. 4) increased dramatically in dual-task 

conditions (Fig. 5). Prior research has established that dual-task costs associated with 

performing cognitive tasks while balancing are larger for older than for younger adults 

(Shumway-Cook & Woollacott 2000; Deviterne et al. 2005; Huxhold et al. 2006; Gosselin & 

Gagne 2011; Granacher et al. 2011; Bruce et al. 2017). There is evidence to suggest that age 

effects in dual-task costs emerge in middle age when speech understanding is coupled with a 

memory task (Degeest et al., 2015; Cramer & Donai 2018). The significant masker × group 

interaction found for dual-task costs in the present study is consistent with this prior work.

Correlation analyses suggest that the differences between groups in postural control were 

influenced by high-frequency hearing loss. The more hearing loss, the greater the CoP 

excursion when participants were in normal stance, even when age was controlled for 

statistically. Moreover, poorer speech understanding was associated with poorer postural 

control in both single- and dual-task conditions when using normal stance. Results from at 

least two previous studies have similarly found a significant association between degree of 

hearing loss in older adults and postural sway measured during dual-task paradigms (Bruce 

et al. 2017; Thomas et al. 2018). Our results also are consistent with previous research 

demonstrating that hearing loss in older adults is associated with poorer postural control in 
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general (e.g., Vilajnen et al. 2009; Chen et al. 2015; Agmon et al. 2017; Thomas et al. 2018). 

The present study extends this finding to middle-aged adults with (for the most part) very 

mild degrees of hearing loss. Early aging (and the hearing loss that accompanies it) seems to 

influence postural control even in the naturalistic condition of individuals standing normally 

on a stable platform. The underpinnings of this effect have yet to be identified, but one 

possibility (given the current findings of reductions in postural control associated with 

degree of hearing loss) is subtle changes in the vestibular system that accompany age-related 

cochlear deterioration (e.g., Campos et al. 2018).

We had proposed that postural control would be more greatly compromised in the presence 

of competing speech maskers as compared to steady-state noise maskers, particularly for 

middle-aged adults. Prior work using a different type of secondary task (visual-motor 

tracking) found little difference in dual-task costs between two-talker maskers and steady-

state noise for either younger or older participants (Desjardins & Dougherty 2013). In the 

present study, examination of the effect sizes for group differences in dual-task postural 

control demonstrated that of the six conditions with the largest effect sizes, five were when 

competing speech was the masker. Moreover, the significant masker × group interaction in 

dual-task costs indicated that the difference in dual-task costs between maskers was 

significantly larger for speech maskers than noise maskers for the middle-aged group but not 

for younger participants. Collectively, these findings support the idea that middle-aged 

adults are more greatly affected by speech maskers than are younger individuals.

Participants rated how much listening effort they believed they expended in each condition. 

The effort ratings were roughly in line with percent-correct speech recognition performance: 

individuals perceived the listening task to be more effortful in conditions where the target 

and speech maskers were co-located versus when they were spatially separated, and when 

the masker was speech versus when it was noise. A spatial release from self-rated listening 

effort has been noted previously for young, normally-hearing participants (Rennies & Kidd 

2018). Participants also perceived the listening task to be more difficult when in tandem 

stance than when in normal stance. It could be that, even though they were instructed 

specifically to rate listening effort, effort involved in standing in tandem stance influenced 

participants’ listening ratings [the reader is referred to Moore and Picou (2018) for data 

supporting the difficulty individuals may have in distinguishing effort from task 

performance].

One idea tested in this study was whether our balancing-while-listening paradigm was able 

to tap into listening effort. Recall that our premise was that when one task (in this case, 

speech understanding) was more difficult or effortful, fewer resources would be available for 

a second task (which in the present study was standing still). Indeed, we found that listening 

effort ratings obtained when participants were standing normally were correlated with both 

postural control in dual-task conditions and with dual-task costs. These results demonstrated 

that individuals who perceived the listening task to be more difficult exhibited poorer 

postural control. This finding supports the idea that the balancing-while-listening paradigm 

may index listening effort.
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It is thought that one potential benefit of measuring listening effort is that it might be 

sensitive to group differences even when speech recognition is close to or at ceiling levels of 

performance, which often can happen when testing at positive SNRs. Indeed, this pattern 

was observed in the present study. As an example, the two groups’ scores on the speech 

perception task were essentially equivalent and above 80% when the steady-state noise 

masker was presented at 0 dB SNR (Fig. 2). Single-task postural control also differed little 

between groups when they were in tandem stance (Fig. 4). Yet postural control in middle-

aged participants was substantially poorer than in younger participants under dual-task 

conditions with steady-state noise as the masker, especially in tandem stance (Fig. 5). This 

result could be due to the speech perception task being more cognitively taxing (i.e., 

effortful) for the middle-aged participants than for the younger participants, even though 

performance in terms of percent-correct was very similar between groups.

As mentioned above, one substantial limitation to the present study is our choice of 

measuring baseline (single-task) postural control in quiet, and how this might have 

influenced the results. In the present study, this single baseline condition was used to 

calculate dual-task costs. Since the presence of sound is known to influence postural control, 

future studies should carefully consider the acoustic conditions in which baseline postural 

control is measured. Another limitation with the current work is the possibility that our study 

was underpowered, especially considering the number of statistical comparisons that 

approached (but did not reach) statistical significance (although our n = 15 per group is in 

the range of what is typical for this type of research: Lau et al. 2017; Carr et al. 2019; 

Niewborowska et al. 2019).

In summary, results of this exploratory study at least partially support the concept of using a 

balancing-while-listening task to measure listening effort. The task used in the present study 

is ecologically valid, as it is not uncommon for people to communicate in difficult acoustic 

environments while standing (like at a cocktail party). Postural sway has been associated 

with increased risk of falls in older adults (Maki et al. 1990; Maylor & Wing 1996; Verghese 

et al. 2002; Bergland & Wyller 2004; Lajoie & Gallagher, 2004) as has age-related hearing 

loss (Lin & Ferrucci 2012; Li et al. 2013; Jiam et al. 2016). Results described in this article 

suggest that even in middle age, individuals experience challenges to postural control and 

stability, and may be at higher risk for falls when they need to communicate in difficult 

environments.
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Fig. 1. 
Average audiograms for younger (left panel) and middle-aged (right panel) participants. 

Hatched marks represent the lowest and highest thresholds at each frequency.
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Fig. 2. 
Percent-correct speech recognition data by participant group, listening condition, and stance. 

Upper panel = data collected at 0 dB SNR; bottom panel = data collected at −6 dB SNR. 

FFF = spatially-coincident target and masker; RFL = spatially separated target and masker. 

Error bars represent the standard error.
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Fig. 3. 
Listening effort ratings by participant group, acoustic condition, and stance. Higher ratings 

indicate greater perceived effort reported for task completion. Upper panel = data collected 

at 0 dB SNR; bottom panel = data collected at −6 dB SNR. FFF = spatially-coincident target 

and masker; RFL = spatially separated target and masker. Error bars represent the standard 

error.
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Fig. 4. 
Postural control (CoP in mm2) in single-task conditions for each listener group. Error bars 

represent the standard error.
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Fig. 5. 
Postural control (CoP in mm2) by participant group and listening condition during dual-task 

trials. Upper panel = participants standing in normal stance; bottom panel = participants 

standing in tandem stance. FFF = spatially-coincident target and masker; RFL = spatially 

separated target and masker. Error bars represent the standard error.
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Fig. 6. 
Dual-task costs in postural control, expressed as a percentage change from single-task 

postural control data [100 × (dual-task CoP-single task CoP/single task CoP)]. FFF = 

spatially-coincident target and masker; RFL = spatially separated target and masker. Upper 

panel = participants standing in normal stance; bottom panel = participants standing in 

tandem stance. Error bars represent the standard error.

Heifer et al. Page 24

Ear Hear. Author manuscript; available in PMC 2021 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Heifer et al. Page 25

TA
B

L
E

 1
.

Su
m

m
ar

y 
of

 a
na

ly
se

s 
of

 v
ar

ia
nc

e 
re

su
lts

 f
or

 th
e 

sp
ee

ch
 p

er
ce

pt
io

n 
da

ta

0 
dB

 S
N

R
−6

 d
B

 S
N

R

Sp
ee

ch
 R

ec
og

ni
ti

on
F

p
F

p

St
an

ce
0.

05
0.

82
2

0.
49

0.
49

2

St
an

ce
 ×

 g
ro

up
0.

72
0.

40
4

0.
24

0.
63

0

M
as

ke
r

84
.9

9
<0

.0
01

15
.3

9
0.

00
1

M
as

ke
r 

×
 g

ro
up

0.
92

0.
34

5
0.

45
0.

50
7

Sp
at

ia
l

24
3.

57
<0

.0
01

21
8.

94
<0

.0
01

Sp
at

ia
l ×

 g
ro

up
0.

54
0.

47
0

7.
14

0.
01

2

St
an

ce
 ×

 m
as

ke
r

0.
28

0.
60

3
0.

28
0.

60
1

St
an

ce
 ×

 m
as

ke
r 

×
 g

ro
up

2.
04

0.
16

4
5.

87
0.

02
2

St
an

ce
 ×

 s
pa

tia
l

0.
60

0.
44

6
0.

10
0.

75
6

St
an

ce
 ×

 s
pa

tia
l ×

 g
ro

up
0.

32
0.

57
5

1.
32

0.
26

1

M
as

ke
r 

×
 s

pa
tia

l
11

5.
25

<0
.0

01
29

2.
74

<0
.0

01

M
as

ke
r 

×
 s

pa
tia

l ×
 g

ro
up

0.
14

0.
70

9
0.

15
0.

70
5

St
an

ce
 ×

 m
as

ke
r 

×
 s

pa
tia

l
3.

20
0.

08
4

0.
19

0.
66

3

St
an

ce
 ×

 m
as

ke
r 

×
 s

pa
tia

l ×
 g

ro
up

0.
12

0.
66

2
0.

76
0.

39
1

G
ro

up
5.

08
0.

03
2

2.
99

0.
09

5

St
at

is
tic

al
ly

 s
ig

ni
fi

ca
nt

 r
es

ul
ts

 (
p 

<
 0

.0
5)

 a
re

 in
 b

ol
d 

ty
pe

fa
ce

.

Ear Hear. Author manuscript; available in PMC 2021 April 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Heifer et al. Page 26

TABLE 2.

Effect size calculations for differences between the two participant groups in each condition for performance 

on the speech recognition task and dual-task postural control (CoP)

Speech Recognition Postural Control

Normal stance

 RFL 0 speech 1.06 0.46

 RFL –6 speech 0.63 0.74

 RFL 0 noise 0.52 0.63

 RFL –6 noise 0.61 0.64

 FFF 0 speech 0.47 0.80

 FFF –6 speech 0.49 0.54

 FFF 0 noise 0.32 0.63

 FFF –6 noise 0.23 0.13

Tandem stance

 RFL 0 speech 0.44 0.74

 RFL –6 speech 0.91 0.45

 RFL 0 noise 0.50 0.66

 RFL –6 noise 1.12 0.94

 FFF 0 speech 0.31 0.54

 FFF –6 speech 0.16 0.95

 FFF 0 noise 0.40 0.52

 FFF –6 noise 0.19 0.39

Cohen’s d was used to calculate effect size for speech recognition scores. Hedge’s g was used to derive effect sizes for CoP data due to the large 
difference in variance between groups when postural control was measured in tandem stance. Condition is specified by spatial configuration (RFL 
= spatially-separated target and masker, FFF = spatially co-located target and masker); SNR (0 = 0 dB, 6 = −6 dB); masker type (speech or noise); 
and stance (normal or tandem). Effect size greater than 0.80 is considered to be large; effect sizes around 0.50 are considered medium; and effect 
sizes less than 0.40 are considered small.
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TABLE 4.

Summary of analyses of variance results for the postural control data

F p

Single-task postural control

 Stance 26.94 <0.001

 Stance × group 0.18 0.679

 Group 0.49 0.488

Dual-task postural control

 Spatial 0.06 0.805

 Spatial × group 0.26 0.616

 Masker 3.03 0.094

 Masker × group 3.73 0.065

 SNR 9.32 0.005

 SNR × group 0.85 0.366

 Stance 35.03 <0.001

 Stance × group 1.33 0.260

 Spatial × masker 2.21 0.150

 Spatial × masker × group 3.24 0.084

 Spatial × SNR 5.71 0.025

 Spatial × SNR × group 1.46 0.238

 Masker × SNR 0.01 0.916

 Masker × SNR × group 0.80 0.381

 Spatial × masker × SNR 0.15 0.707

 Spatial × masker × SNR × group 0.34 0.565

 Spatial × stance 3.61 0.069

 Spatial × stance × group 1.20 0.283

 Masker × stance 0.25 0.620

 Masker × stance × group 0.03 0.870

 Spatial × masker × stance 0.19 0.666

 Spatial × masker × stance × group 0.39 0.538

 SNR × stance 1.60 0.217

 SNR × stance × group 1.28 0.270

 Spatial × SNR × stance 0.01 0.912

 Spatial × SNR × stance × group 0.47 0.499

 Masker × SNR × stance 0.35 0.561

 Masker × SNR × stance × group 0.26 0.612

 Spatial × masker × SNR × stance 0.55 0.467

 Spatial × masker × SNR × stance × group 0.87 0.361

 Group 3.98 0.057

Statistically significant results (p < 0.05) are in bold typeface.
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TABLE 5.

Summary of ANOVA results for dual-task costs

Dual-Task Costs F p

Stance 5.71 0.025

Stance × group 0.86 0.363

SNR 8.59 0.007

SNR × group 0.97 0.336

Spatial 0.59 0.448

Spatial × group 0.04 0.849

Masker 1.09 0.308

Masker × group 5.83 0.024

Stance × SNR 0.03 0.872

Stance × SNR × group 0.41 0.527

Stance × spatial 2.74 0.111

Stance × spatial × group 0.00 0.974

SNR × spatial 1.65 0.211

SNR × spatial × group 0.00 0.993

Stance × SNR × spatial 0.92 0.346

Stance × SNR × spatial × group 0.01 0.955

Stance × masker 0.06 0.803

Stance × masker × group 0.59 0.452

SNR × masker 0.85 0.367

SNR × masker × group 1.13 0.299

Stance × SNR × masker 0.00 0.974

Stance × SNR × masker × group 0.89 0.356

Spatial × masker 1.93 0.178

Spatial × masker × group 3.68 0.067

Stance × spatial × masker 0.67 0.420

Stance × spatial × masker × group 1.49 0.234

SNR × spatial × masker 4.18 0.052

SNR × spatial × masker × group 2.06 0.164

Stance × SNR × spatial × masker 5.69 0.025

Stance × SNR × spatial × masker × group 0.02 0.893

Group 0.01 0.944

Statistically significant results (p < 0.05) are in bold typeface.
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