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Background: With an aging population, the prevalence of hearing loss and dementia are increasing rapidly. Hearing loss is currently considered the largest potentially modifiable risk factor for dementia. The effect of hearing interventions on cognitive function should therefore be investigated, as if effective, these may be successfully implemented to modify cognitive outcomes for older adults with hearing loss.

Methods: This prospective longitudinal observational cohort study compared outcomes of a convenience sample of prospectively recruited first-time hearing aid users without dementia from an audiology center with those of community-living older adults participating in a large prospective longitudinal cohort study with/without hearing loss and/or hearing aids. All participants were assessed at baseline, 18 months, and 36 months using the same measures.

Results: Participants were 160 audiology clinic patients (48.8% female patient; mean age 73.5 years) with mild–severe hearing loss, fitted with hearing aids at baseline, and 102 participants of the Australian Imaging, Biomarkers and Lifestyle Flagship Study of Aging (AIBL) (55.9% female patient; mean age 74.5 years). 18- and 36-month outcomes of subsets of the first participants to reach these points and complete the cognition assessment to date are compared. Primary comparative analysis showed cognitive stability for the hearing aid group while the AIBL group declined on working memory, visual attention, and psychomotor function. There was a non-significant trend for decline in visual learning for the AIBL group versus no decline for the hearing aid group. The hearing aid group showed significant decline on only 1 subtest and at a significantly slower rate than for the AIBL participants (p < 0.05). When education effects on cognitive trajectory were controlled, the HA group still performed significantly better on visual attention and psychomotor function (lower educated participants only) compared to the AIBL group but not on working memory or visual learning. Physical activity had no effect on cognitive performance trajectory.

Conclusion: Hearing aid users demonstrated significantly better cognitive performance to 3 years post-fitting, suggesting that hearing intervention may delay cognitive decline/dementia onset in older adults. Further studies using appropriate measures of cognition, hearing, and device use, with longer follow-up, are required.
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Introduction

With an aging population, the global burden of dementia is expected to increase significantly over the next few decades. Given limited pharmaceutical treatments, an increased effort has more recently been made to identify potentially modifiable risk factors for this disease. There is now substantial evidence that hearing loss (HL) is associated with accelerated cognitive decline (Albers et al., 2015; Loughrey et al., 2018; Ray et al., 2018; Huang et al., 2023), with the Lancet Commission on dementia identifying it as the largest known potentially modifiable risk factor, accounting for 8–9% of dementia risk (Livingston et al., 2020). The estimated risk of incident dementia for people with HL compared to that of those with normal hearing is estimated to be doubled for those with mild loss, almost tripled for those with moderate loss, and almost five times greater for those with severe loss (Lin et al., 2011). Despite being highly prevalent in older adults, with over 58% of disabling HL experienced by adults aged 60 years and older (WHO, 2021b), there is a lack of awareness of this risk and of the other comorbidities associated with HL (e.g., falls, depression, and earlier mortality; Australian Hearing, 2017), with less than 11% of adults with disabling HL worldwide estimated to be hearing aid (HA) users (Bisgaard et al., 2021). Other physical and psychiatric health conditions that are also risk factors for cognitive decline and/or are associated with HL include cardiovascular disease, stroke, cancer, diabetes, depression, and anxiety (see Livingston et al., 2020 for a review).

Several causal mechanisms for the association between HL and dementia have been proposed (for reviews of these, see Uchida et al., 2014; Fulton et al., 2015; Griffiths et al., 2020). Three hypotheses suggest mechanisms which could potentially be modified through hearing intervention. These mechanisms include HL causing decreased auditory stimulation of cognitive processing and subsequent changes in brain structure and function; cognitive resource re-allocation and depletion due to the need for greater resources for listening to and processing reduced auditory stimuli; and reduced environmental stimulation and social participation due to HL, with subsequent psychological sequelae such as loneliness and depression, causing changes in brain structure and function. If any of these hypothesized mechanisms are causal, it is likely that they are not mutually exclusive. Furthermore, the relationship between hearing and cognition may be bidirectional.

Given HL often precedes the onset of dementia by at least 5–10 years, if hearing intervention is effective in addressing one or more of the hypothesized mechanisms, there may be a potential window of opportunity for delaying dementia onset. It is estimated that if this is the case, delaying dementia onset for even 1 year could decrease its global prevalence by 10% (Peracino, 2015), a significant outcome. Although some observational studies have reported positive effects of HA use on cognition in older adults (Mahmoudi et al., 2019), and there is evidence of neural plasticity after HA use (Giroud et al., 2017; Glick and Sharma, 2020), there have been mixed outcomes. Recent systematic reviews have also come to different conclusions regarding the effect of HA use on cognitive outcomes and the quality of the evidence. Sanders et al. (2021) examined cognitive outcomes by cognitive domain and global function, concluding the effects of HA use on cognition are unclear, with more null than positive findings, and overall poor quality of studies. Yang et al. (2022) reported significant improvements in observational studies on some tests of global function, working memory, and executive function but that more studies showed no significant effects overall, while meta-analysis of randomized control trial (RCT) results showed no effect of HAs on cognitive function. High risk of bias and many methodological limitations were noted. Yeo et al. (2022) concluded that HA use was associated with a decreased risk of cognitive decline but included only studies measuring general cognitive function. Although the focus in the reviews was on improved cognitive function with HA use, it should also be considered that stability or lack of decline is an important positive outcome that would contribute toward delay of dementia onset.

As noted in the systematic reviews, a significant methodological limitation of many studies is the use of inappropriate cognitive performance assessment methods, including the use of insensitive cognitive screening tests, test administration to people with HL using auditory instructions, and making either unspecified or non-standardized changes to tests. Even the use of written instructions and best practice in test administration is associated with worse cognitive outcomes for people with HL on both auditory-only and non-auditory only tests, who score more poorly and are much less likely to complete cognitive testing, either due to misheard instructions or increased cognitive load/fatigue. Missing data in these cases is reported to underestimate the HL–cognition relationship by 30% (Deal et al., 2021). Other significant methodological issues include small sample size, self-report or no measurement of HL and/or device use, lack of measurement of intervention benefits, and lack of a control/comparative sample (Amieva et al., 2015; Deal et al., 2015; Mahmoudi et al., 2019; Bucholc et al., 2021). Most studies had short follow-up periods of only 6–12 months, so the long-term effects of HA use on cognition are unknown. Change in hearing over time was not usually measured, precluding the longitudinal examination of any relationship between changes in hearing and cognition.

The first large-scale RCT on the effect of HA use on cognitive performance over 3 years has recently been published (ACHIEVE; Lin et al., 2023). The ACHIEVE study compared hearing intervention with HAs with a healthy aging education program in healthy community volunteers and participants of a 3-year longitudinal study of cardiovascular health (ARIC) who were at higher risk for dementia. This study provides an important contribution to the evidence. However, it cannot answer the question of causality in HL and dementia due to methodological limitations. The trial’s primary outcome was no significant difference in global cognition outcomes between aided and unaided groups. However, a secondary analysis showed HA use significantly reduced the 3-year global rate of cognitive decline in the ARIC group by 48% compared to the ARIC control group. It was posited that the null primary outcome could have been due to inadequate length of follow-up. A significant methodological issue in this trial, as for many, is potential confounding of the cognitive data through the use of auditorily administered cognitive assessments to participants with HL, as those with worse hearing/no HAs would be less able to hear instructions correctly and may experience greater cognitive load in undertaking the cognitive tasks, even with written instructions for some assessments and best practice (Saunders et al., 2018; Kim et al., 2023). Given this, it is unlikely that data collected over the telephone during COVID using a reduced cognitive battery that were included in the secondary analysis were comparable to the data used for the primary analysis. Furthermore, there was no objective measurement of either intervention exposure [HA use is widely reported to be inflated for self-report, (Laplante-Lévesque et al., 2014; Solheim and Hickson, 2017)] or intervention efficacy (significantly improved hearing/speech perception with HAs).

Given the above, further randomized control trials and prospective observational longitudinal studies of samples at risk for dementia that address the current methodological limitations in the evidence are still needed to better understand the association between HL and dementia. These would ideally assess not only cognitive function as the primary outcome but also cognitive impairment/dementia outcomes both during the study and at drop-out, in order that dementia conversion rates that may be attributable to HL are measured.

The current Evaluation of Hearing Aids and Cognitive Effects (ENHANCE) study investigated the effect of HA use on cognition and other outcomes over 3 years in older adults with age-related HL, controlling for baseline key dementia risk factors and comparing outcomes with those of a representative group of community-living older adults with either normal hearing or untreated HL as would be expected in the general community. HL, HA benefits (intervention effectiveness), and device use (compliance) were objectively longitudinally assessed, and cognition was assessed using a non-auditorily presented tool to avoid confounding due to HL on understanding of test instructions. This study design overcomes many of the limitations of previous studies, the most important of which are the visual presentation of a highly sensitive non-screening cognitive performance battery to avoid confounding of cognitive data by auditory administration of instructions to people with hearing loss, objective assessment of hearing loss, device use, and device benefits, and the inclusion of an untreated comparative group representative of the community of older adults and who were assessed using the same protocols. Additionally, the statistical analyses included controls (fixed effects) not only for all differences between the two groups at baseline but also for known differences across the cognitive trajectory, unusual for most observational studies. Initial 18-month follow-up data and methodology in a smaller HA user sample showed either significant improvement or stability in cognitive function across different subtests for older adult HA users (Sarant et al., 2020).



Materials and methods


Study design and participants

Adults aged ≥60 years who attended a metropolitan audiology clinic, with diagnosed HL [mean better ear Pure Tone Average (PTA4) of 20dBHL or greater; (WHO, 2021a)], no previously diagnosed or suspected cognitive impairment, who passed the cognitive screening assessment (see below), and had no language difficulties that prevented them from completing the assessment protocol were eligible to participate in the study in the intervention group. A total of 160 naive HA users were cognitively assessed at baseline before HA fitting and subsets of this group were assessed at 18 and 36 months post-HA fitting. After HL diagnosis in the initial appointment and a decision to trial HAs, standard HA fitting clinical procedure was followed. This involved prescription of HAs of different brands by audiologists dependent on type and degree of HL and participant preferences using the NAL-NL2 prescription (Keidser et al., 2011) unless clients preferred otherwise. The suitability of participant HA fittings was reviewed, in line with standard clinical practice, 2–4 weeks after fitting to determine the appropriateness of the fitting and to make any required adjustments to HA settings, with further reviews as necessary based on participant preferences and standard minimum yearly follow-up, including repeated HL assessment.

Outcomes for the intervention (HA) group were compared with those of a sample of participants with untreated HL and normal hearing recruited from a large longitudinal cohort study of community-living older adults (Australian Imaging, Biomarker and Lifestyle Flagship Study of Ageing; AIBL; Fowler et al., 2021) at the same time intervals and using the same assessment battery (except for device use, as AIBL participants did not use a device). The AIBL study, launched in 2006, is a large Australian prospective cohort study aiming to investigate the natural history of Alzheimer’s disease from preclinical onset to the development of dementia. The study databank includes biospecimens, brain imaging, and clinical and cognitive performance data, which will be used to determine which biomarkers, cognitive characteristics, and health and lifestyle factors are predictive of the development and progression of Alzheimer’s disease. This sample included older adults both without HL and with HL who did not use HAs, as would be expected in a representative sample of the general population. Demographic and audiological data for all participants are summarized in Table 1.



TABLE 1 Demographic and audiometric characteristics of participants at baseline, 18-, and 36-month follow-up.
[image: Table1]



Outcome variables

The primary outcome of this study was cognitive performance. Other outcomes included audiometrically measured hearing thresholds, speech perception benefits, and device use.


Cognitive assessment using standardized visually presented assessment battery

The Mini-Mental State Examination (MMSE; Folstein et al., 1975) was used to screen for dementia at baseline. Cognition was thereafter assessed using the Cogstate computerized Brief Battery (Falleti et al., 2006; Maruff et al., 2009, 2013), administered by audiologists trained and supervised by a neuropsychologist. The Cogstate Brief Battery was developed for repeated assessment of cognitive performance, is highly reliable (test–retest reliability for each subtest ranges between 0.84 and 0.94), and facilitates minimal practice effects (Collie et al., 2003; Falleti et al., 2006). It is visually presented and therefore highly suitable for use with people with HL. Assessments used include psychomotor function (Detection test), attention (Identification test), working memory (One Back test), and visual learning (One Card Learning test). Speed and accuracy of responses were transformed on a centralized platform to yield normalized data distributions (Falleti et al., 2006; Maruff et al., 2009). Cogstate measures of information processing speed, attention, and memory have been shown to be highly sensitive to cognitive dysfunction and longitudinal cognitive decline in older adults (Lim et al., 2012; Maruff et al., 2013). Risk of bias regarding results was minimal, as after training, participants completed the assessment in a quiet room alone, and their de-identified results were automatically uploaded to the centralized Cogstate platform for automated scoring.

For each task, the speed and accuracy of each response are recorded. Also for each task, a single performance measure is selected on the basis it is derived from a normal data distribution, has an unrestricted range, no floor or ceiling effects, and has good reliability, stability, and sensitivity to change (Frederickson et al., 2010; Hammers et al., 2011). In a sample that is not entirely cognitively impaired, according to Cogstate protocol, psychomotor function (detection), visual attention (Identification), and working memory (One Back) are scored based on reaction time in milliseconds (speed); therefore, lower scores indicate better cognitive performance on these tasks. Visual learning (One Card Learning) is scored based on the proportion of correct answers (accuracy) and is reverse-scored, with higher scores indicating better cognitive performance. Primary outcome scores (raw scores) and not z-scores were used in this study to examine the relationship between age and cognitive performance, as this is not possible once raw data have been converted into a z-score, as these are standardized for age.

During the COVID pandemic when in-person visits were not allowed, sanitized laptops were delivered by clinicians to participant homes. Clinicians remained outside the homes in their cars to provide technical or instructional assistance if needed and to collect the laptops when the assessments were completed.

The Cogstate Brief Battery is not a diagnostic measure but is designed for profiling cognitive performance and change over time in people with and without dementia and was used for this purpose in the current study. Dementia outcomes were determined via a yearly medical history, in which participants and their significant others were asked whether they had received a medical diagnosis of cognitive impairment (i.e., mild cognitive impairment or dementia).




Hearing loss and objective speech perception

HL was objectively assessed by an audiologist in a sound-proof booth or quiet room using gold-standard audiometric practice—pure tone audiometry (Kiely et al., 2012). Audiometric assessment included air and bone conduction thresholds, speech discrimination assessment, and tympanometry. Four-frequency pure tone averages (PTA4s; average of hearing thresholds at 500, 1,000, 2,000, and 4,000 kHz) were calculated, with a PTA4 of greater than 20 dB hearing level (HL) defined as HL, in accordance with World Health Organization criteria (WHO, 2021a). For descriptive (but not statistical) purposes, degree of HL was categorized using average PTA4s as normal (−10–20 dBHL), mild (21–40 dBHL), moderate (41–70 dBHL), and severe (71–90 dBHL).

Speech perception was assessed using recorded consonant–vowel–consonant (CVC) monosyllabic words (50-word lists; scored for words and phonemes correct) presented at 65dBSPL in quiet in the left ear, right ear, and binaurally unaided at baseline and in the best aided condition for participants post-device fitting. Speech reception threshold (SRT) testing was conducted using 20 Bamford-Kowal-Bench-like sentence lists presented at 65 dBSPL in 4-talker babble background noise, with variable noise level dependent on sentence scores. Speech and background noise were presented 1 meter in front of participants via a single speaker in free field. The non-test ear was masked in the unilateral listening conditions using white noise (30 dB above the average of the 1 and 2 kHz thresholds). The mean word score in signal-to-noise ratio was used to calculate speech in noise perception for the right ear, left ear, and binaurally. The final score indicated the signal-to-noise ratio at which 50% of the key words were correct.



Medical health history

A detailed health and medical history was taken at baseline and updated at each follow-up point. This included family history of neurological illness and mental health problems, a personal health history including falls, cardiovascular health, diabetes, smoking, illicit drug, and medication use. Participants were classified as having a cardiovascular condition if they reported diagnosis of one or more of hypertension, angina, myocardial infarction, or stroke.



Genetic screening

DNA genotyping using saliva samples taken at baseline was used to identify carriers of the apolipoprotein (APOE) ε4 allele, the strongest known genetic risk factor for late-onset Alzheimer’s dementia (Hunsberger et al., 2019; Emrani et al., 2020).



Anxiety and depression

The Hospital Anxiety and Depression Scale (HADS; Zigmond and Snaith, 1983), designed for use with people who have physical health problems, was used to measure self-reported levels of anxiety and depression. Reported specificity and sensitivity for anxiety and depression are 0.78/0.9 and 0.79/0.83, respectively.



Health and lifestyle

The International Physical Activity Questionnaire long form (Craig et al., 2003) was used to estimate levels of physical activity. The IPAQ includes four domains: during transportation, at work, during household and gardening tasks, and during leisure time, including exercise and participation in sport. Retirement status was also recorded at each assessment point.

Living arrangements as reported by participants were recorded at baseline and at each follow-up assessment.



Statistical analysis

The full HA sample (n = 218) had a minimum age of 60.1 years, while the AIBL sample (n = 102) had a minimum age of 67.0 years. For comparative analysis with the AIBL group, the HA sample was reduced to include only participants with age at least 67 years (the age of the youngest AIBL participant), giving a HA sample size of 160 which was comparable to the AIBL sample with respect to age distribution (p = 0.074). This ensured that the two samples had “common support” with respect to age, that is, participants were present in each of the two samples throughout the restricted age distribution. Data for two AIBL participants were excluded from the analysis due to not all cognitive subtests being attempted. There were no missing data for HA participants.

Data were analyzed using R statistical software, version 4.2.2 (R Project for Statistical Computing; R Core Team, 2022).

Panel data multivariable regression modeling was used to quantify the average differences in outcomes between the HA and AIBL participant groups. The specification was as follows:
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where Y
i,t
 is the outcome value for participant i at time t = 0, 1, and 2 (baseline, 18 months, and 36 months, respectively), α
i
 is participant-specific time-invariant fixed effects, Years
i,t
 is the time in years of the observation since baseline (with Yearsi,0 = 0 for every i), and AIBL
i
 and HA
i
 are indicators taking the value 1 for participants in the AIBL and HA groups, respectively, and 0 otherwise. Estimation was least squares for unbalanced panel data, so that no participants were excluded because of a missing observation. Heteroskedasticity-consistent standard errors clustered at the participant level were used to construct confidence intervals for estimates of β1 and β2.

The coefficients β1 and β2 give the mean changes per year in the outcome variable for the AIBL and HA participants, respectively. The difference β2 − β1 is the primary object of interest in this study, giving the difference between the HA and AIBL group mean changes per year in the outcome variable. The participant-specific time-invariant fixed effects α
i
 control for all individual baseline characteristics, observable or otherwise, including age, sex, hearing loss, education, and pre-existing health conditions, among others.


Education

While the use of fixed effects can control for differences in cognition at baseline due to demographic characteristics of the participants, it does not address differences between the groups in cognitive trajectories over time. HA participants were, on average, more educated than AIBL participants (HA: 83.9%, AIBL: 72.5% with more than 12 years), so an additional three-way interaction analysis was used to investigate the effect of differences in education between the groups on trajectory of cognitive change. The specification was as follows:
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where EducLi equals 1 if the participant i has completed at most 12 years of education (0 otherwise), EducH
i
 equals 1 if the participant has completed more than 12 years of education (0 otherwise), and the other variables are the same as in Equation (1). The coefficients β1 and β3 (β2 and β4) give the mean changes per year in the outcome variable for the AIBL (HA) participants with lower and higher levels of education, respectively. The differences β2 − β1 and β4 – β3 give the differences between the HA and AIBL group mean changes per year for the lower and higher levels of education, respectively.



Physical activity

As shown in Table 1, HA participants in this study had significantly higher mean levels of baseline physical activity (p < 0.05) than did AIBL participants, and Table 2 shows trends (albeit insignificant) for activity to increase over time for the HA participants and to decrease for the AIBL participants. Given evidence that cognition and physical activity may be expected to be positively correlated (Lautenschlager et al., 2008; Erickson et al., 2012; Bherer et al., 2013), a sensitivity analysis was carried out to determine whether this influenced the main results.



TABLE 2 Cognitive performance (raw scores) on the Cogstate Brief Battery (CSBB) at baseline, 18-, and 36-month follow-up for hearing aid and AIBL participants, and the Mini-Mental State Examination (MMSE) screening tool at baseline.
[image: Table2]

Since higher baseline levels of physical activity are already controlled for in Equations (1) and (2) by the individual fixed effects, the sensitivity analysis analyzed possible correlation between the trajectory of activity during the study with the trajectory of cognition. The regression function for cognition conditional on activity and HA/AIBL participation interacted with regression was derived in Equation (5) below allowing for the possibly bidirectional causality between cognition and activity, represented by the equations as follows:
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where Y1,i,t is physical activity, and Y2,i,t is a cognitive outcome and
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contains the explanatory variables in Equation (2). The variables V1,i,t and V2,i,t comprise the other causal factors of activity and cognition, respectively, with var.(V1,i,t) = σ12, var.(V2,i,t) = σ22, and cov(V1,i,t, V2,i,t) = σ12. The potential positive relationship between activity and cognition suggests that γ1 ≥ 0, γ2 ≥ 0, and σ12 ≥ 0.

The potential bidirectional causality between Y1,i,t and Y2,i,t and potential correlation between V1,i,t and V2,i,t imply that these equations do not directly represent regression relationships. In particular, Equation (4) does not represent the regression E(Y2,i,t | Y1,i,t, Xi,t) that would be obtained from regressing cognition on physical activity and HA/AIBL participation interacted with education. Instead, routine derivations lead to the regression function
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where

λ = (γ1 σ12 + (1 + γ1 γ2) σ12 + γ2 σ22)/(σ12 + 2 γ2 σ12 + γ22 σ22),

β1 = (β1* + γ2 β2*)/(1 − γ1 γ2), β2 = (β2* + γ1 β2*)/(1 − γ1 γ2),

α1,i = (α1,i* + γ2 α2,i*)/(1 − γ1 γ2), α2,i = (α2,i* + γ1 α2,i*)/(1 − γ1 γ2).

Equation (5) shows that the coefficients that would be obtained from the regression are, in general, a complicated and uninterpretable mixture of the coefficients of the cognition and activity Equations (3) and (4). For example, λ, the coefficient on activity, is a mixture of the parameters γ1, γ2, and σ12 which determine the pattern of bidirectional causality between cognition and activity. If λ = 0, then the sign restrictions γ1 ≥ 0, γ2 ≥ 0, and σ12 ≥ 0 imply that γ1 = γ2 = 0, so that Equations (3) and (4) are uncorrelated, the trajectory of cognition is not affected by the trajectory of activity, and hence β1 = β1* and β2 = β2*. Practically this means that an insignificant estimate for λ in (5) implies that the coefficients on Xi,t in that equation may be interpreted as estimates of β2* in (4). See Appendix for the derivation of Equation (5).





Results


Participants

Participants were 160 adults (49% female participants; mean [range] age 74 [67–87] years) with mild-to-severe HL (mean PTA4 of 31 dB HL) who chose to use HAs fitted after baseline assessment, and a comparative group of 102 participants of the AIBL study (55% female participants; mean [range] age 74 [67–85] years old) with untreated HL or normal hearing (mean PTA4 of 21dBHL). Table 1 shows demographic and audiometric characteristics of both groups, and numbers of participants assessed at each time interval. Only 2 HA users did not use English as their preferred spoken language at home. All AIBL participants used English as their preferred language. Data for a subset of the first participants to reach either or both follow-up points by end 2022 are compared, excluding data for 2 AIBL participants who did not attempt all subtests, one each at 18- and 36-month follow-up (Table 1). As this study is ongoing with continuous recruitment, most participants who were not assessed at these follow-up points had not dropped out of the study but had not yet reached these follow-up points and will be assessed in future. For the HA group, follow-ups totaled 61 and 54 participants at 18 and 36 months, respectively. For the AIBL group, follow-ups totaled 49 and 18 at these time points. There were no significant differences between the groups for age, sex, diabetes prevalence, falls, smoking, and depression (p > 0.05). At baseline and at follow-up, HA participants had significantly (p < 0.05) greater HL than AIBL participants (46% of AIBL participants had normal hearing at baseline) and were significantly (p < 0.05) more likely to have tertiary education, anxiety, and to be more physically active. See statistical analysis section for how these differences were controlled. Hearing data is missing for 11 AIBL participants at 18 months due to the inability to do in-person audiometry during COVID outbreaks. Education information was not given by 23 HA participants.



Cognitive performance at baseline

Table 2 shows mean baseline and follow-up scores on the Cogstate Brief Battery subtests for both participant groups. At baseline, mean cognitive scores for the AIBL participants were significantly better than for the HA participants on all four subtests, despite significantly lower education.



Hearing aid compliance and benefit at 36-month follow-up (HA participants)

At 36-month follow-up, HA participants demonstrated good device compliance and benefit despite relative isolation for approximately 2 years in COVID lockdowns. Table 3 shows objective HA usage (data logging) and benefit (speech perception). At 18-month follow-up, mean HA usage was 9.1 h/day, with usage dropping at 36 months after 18 months of successive COVID lockdowns to 7.9 h/day. Mean objective CVC word speech perception scores in quiet were very high at baseline (84.9% word; 94% phoneme) and improved at both follow-up points, although this was not statistically significant (likely due to a ceiling effect). SRT scores in noise improved significantly from baseline to 18 months (p = 0.017), with a non-significant decrease at 36 months.



TABLE 3 Treatment compliance and benefit: objective (data logging) data on hearing aid use and speech perception outcomes at baseline, 18 months, and 36 months.
[image: Table3]



Cognitive performance at follow-up

A primary multiple regression analysis of comparative scores on the Cogstate Brief Battery used fixed effects to control for time invariant observed and unobserved participant characteristics at baseline. At follow-up, there were no longer any significant differences between group mean scores on cognitive subtests except on visual learning at 18 months. Comparative results for HA and AIBL participants at 18- and 36-month follow-up points are shown in Table 4 and in Figure 1. The primary outcome in Table 4 is given by β1 − β2, the difference between the HA and AIBL group mean changes per year across each dependent variable (subtest). The AIBL group showed significantly greater worsening of mean scores per year relative to the HA participants on all subtests except visual learning, where the trend was the same but not statistically significant. This occurred in conjunction with a significantly faster rate of HL over the follow-up period for the HA group (1.2 dB/year vs. 0.5 dB/year), although hearing in the AIBL group also declined significantly in the 18- to 36-month period. The AIBL group mean score declined by 3.1% of the baseline mean score per year on working memory, while the HA participants improved by 0.1% per year. On visual learning, the HA participants improved by 0.3% while the AIBL group declined by 0.8%. On attention, the HA group improved by 0.1% while the AIBL group declined by 0.8%, and on psychomotor function, the HA group declined by 0.4% while the AIBL group declined by 1.2%.



TABLE 4 Multiple regression analysis results of comparative cognitive scores on the Cogstate Brief Battery for the HA and AIBL groups at both 18- and 36-month follow-up.
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FIGURE 1
 Comparative cognitive performance over 36 months for the HA and AIBL groups on the Cogstate Brief Battery. Scoring is based on speed and accuracy; therefore, increased scores indicate poorer performance. Relative to HA participants, scores for AIBL participants increased over time, while those for HA participants remained relatively stable.


In terms of dementia outcomes, one HA participant was diagnosed with Lewy body dementia, and five AIBL participants were diagnosed with mild cognitive impairment by 36-month follow-up.

Table 5 shows the results of a three-way interaction sensitivity analysis to control the effect of differences in education on the trajectory of cognitive change for the HA and AIBL groups. When interactions with education were included, HA participants still performed significantly better than AIBL participants on visual attention regardless of educational status. On working memory, higher educated HA participants performed significantly better than higher educated AIBL participants (0 vs. 3.3% decline per year). On psychomotor function, lower educated HA participants performed significantly better (an insignificant 0.4% per year decline) than did lower educated AIBL participants (a significant 2.0% per year decline). Higher educated HA participants declined significantly but at a (not significantly) lower rate (0.4%) than for higher educated AIBL participants (0.7%). There were no significant changes in cognitive outcomes for visual learning in this analysis. Figures 2–4 illustrate outcomes for the three subtests on which there was an effect of education on cognitive trajectory.



TABLE 5 Three-way interaction sensitivity analysis to control for the effect of education on trajectory of cognitive change: HA versus AIBL groups.
[image: Table5]
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FIGURE 2
 Estimated mean trajectories of cognitive change over 36 months, controlling for education, on the Cogstate Brief Battery visual attention subtest. Trajectories are net of individual specific characteristics that influence baseline cognitive performance. The x-axis shows days since baseline. The y-axis shows primary outcome raw scores. All baselines have a zero mean by construction as mean individual fixed effects have been subtracted out. AIBL participants are deteriorating significantly faster than HA participants (note reverse scoring means increasing scores indicate worse performance). After controlling for education, lower and higher educated participants in the HA group performed significantly better on visual attention than both lower and higher educated AIBL group participants.
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FIGURE 3
 Estimated mean trajectories of cognitive change over 36 months, controlling for education, on the Cogstate Brief Battery working memory subtest. Trajectories are net of individual specific characteristics that influence baseline cognitive performance. The x-axis shows days since baseline. The y-axis shows primary outcome raw scores. All baselines have a zero mean by construction as mean individual fixed effects have been subtracted out. AIBL participants are deteriorating significantly faster than HA participants (note reverse scoring means increasing scores indicate worse performance). When education was controlled, higher educated HA participants performed significantly better than higher educated AIBL participants.
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FIGURE 4
 Estimated mean trajectories of cognitive change over 36 months, controlling for education, on the Cogstate Brief Battery psychomotor function subtest. Trajectories are net of individual specific characteristics that influence baseline cognitive performance. The x-axis shows days since baseline. The y-axis shows primary outcome raw scores. All baselines have a zero mean by construction as mean individual fixed effects have been subtracted out. AIBL participants are deteriorating significantly faster than HA participants (note reverse scoring means increasing scores indicate worse performance). After controlling for education, lower educated participants in the HA group performed significantly better on psychomotor function than lower educated AIBL group participants.


Table 6 shows the results of a sensitivity analysis to control for the effect of differences in physical activity between the HA and AIBL groups on trajectory of cognitive change. The estimate of λ in Equation (5) was insignificant for every outcome, indicating that there were no effects of physical activity on cognitive performance.



TABLE 6 Sensitivity analysis to control for the effect of physical activity on cognitive change: HA versus AIBL groups.
[image: Table6]

Although the purpose of this study was to compare the cognitive performance of HA users with a representative sample of untreated older community-living adults, there was disparity between the groups in terms of HL, with almost half of the AIBL group with no HL. Therefore, a further sensitivity analysis was conducted including only AIBL participants with HL. Table 7 shows only small changes in estimates and the same outcome as for previous analyses.



TABLE 7 Sensitivity analysis of cognitive performance outcomes for HA vs AIBL participants with hearing loss only.
[image: Table7]




Discussion

This prospective longitudinal cohort comparative study addresses several significant methodological limitations in the current evidence regarding the effects of HAs on cognitive decline, with the results suggesting that hearing intervention with HAs may delay cognitive decline. At baseline, cognitive scores were significantly poorer for the HA group across the assessment battery but not at follow-up. Comparatively, after 3 years of device use, the HA group showed overall stability in cognitive performance while the AIBL group declined significantly, despite having significantly less HL. The intervention and control groups differed significantly at baseline on education and level of physical activity, and these differences were controlled in statistical analyses. When education effects on cognitive trajectory were controlled, the HA group still performed significantly better overall in comparison to the AIBL group. Differing levels of physical activity had no effect on comparative cognitive outcomes. Hearing for the AIBL group also declined significantly in the 18- to 36-month follow-up period, but the AIBL group participants did not use HAs to address this. Although the purpose of this study was to compare cognitive performance of HA users with an untreated group representative of the older adult community, a final sensitivity analysis, including only AIBL participants with HL, addressed the difference in HL between the group. Even when AIBL participants without HL were excluded, the outcome remained the same. If there were to be any difference in outcomes between the whole AIBL group and a subset of this group with untreated HL only, we might expect the AIBL/HL group to be performing more poorly than the AIBL group as a whole. The finding that the HA group with HL is doing better than the AIBL group as a whole may in fact be a stronger result than finding the HA group is doing better than the AIBL/HL group. This beneficial outcome of HA use is interesting given the HA group had more risk factors for cognitive decline than did the AIBL group (i.e., poorer cognitive scores at baseline, greater HL, anxiety, and depression), although greater education may have ameliorated some of this risk. These results suggest that HA use in older adults with HL may be a useful intervention for slowing cognitive decline.

Estimates of cognitive decline of fluid skills on standardized tests of cognitive ability (e.g., processing speed, working memory, and long-term memory) derived from normative data are close to 1% per year in an approximately linear pattern with age, with little difference reported between male and female participants(Salthouse, 2010). The same patterns of cognitive aging are reported in well-replicated large-scale studies that represent the prototypical cognitive aging profile of the general population (Schaie, 2005; Salthouse, 2010; Salthouse, 2019). However, older adults who have untreated HL are reported to decline cognitively at 2–5 times the rate of adults without HL (Lin et al., 2013; Livingston et al., 2020). In this study, the AIBL group declined at the higher rate predicted for people with untreated HL on working memory (3%), and at approximately the same rate as the general population aged over 50 years (1% per year) on the other measures, while the HA group showed no significant decline except on psychomotor function, where the decline per year was less than that expected in the general population.

It is interesting to compare these results with those of the recent ACHIEVE study, which had the same length of follow-up, and reported an effect of HA use in a secondary analysis only for ARIC study HA user participants who were at higher risk of cognitive decline (Lin et al., 2023). Although the ARIC subgroup showed a 48% reduction in rate of decline, they did not demonstrate cognitive stability as did the HA users in this study. While the ACHIEVE investigators suggested that the slow rate of cognitive decline observed in their de novo cohort may have limited the effect of hearing intervention to reduce this rate of decline in only a 3-year follow-up period, this was not the case in the current study. The HA cohort in the ENHANCE study was likely at lower risk of cognitive decline than the ACHIEVE ARIC group as the ARIC group had more risk factors (i.e., age, female sex, lower education, greater prevalence of diabetes, hypertension, and living alone). However, a significant benefit to cognition was still seen in the ENHANCE study from hearing intervention in terms of both cognitive stability for three cognitive domains and a lower rate of decline than would be expected in the general population on psychomotor function. Possible explanations for the variance in outcomes could include differences in the sensitivity of cognitive assessment measures used between the studies (the CSBB is highly sensitive to small changes in function and has low practice effects that resolve quickly; Collie et al., 2003; Falleti et al., 2006) and mode of test administration, with participants in the ENHANCE study assessed visually and not required to process test instructions through audition only (or to use audition plus written information), causing likely greater cognitive load than for visual administration only. ACHIEVE outcomes may also have been negatively impacted by poorer HA use than in the ENHANCE study. While data logging showed average HA use of 9.1 and 7.9 h per day at 18 and 36 months, respectively, for the current study, ACHIEVE participants self-reported 7–8 h use per day, slightly less. As self-report is well documented to exaggerate device use by between 1 and 2 h per day (Laplante-Lévesque et al., 2014; Solheim and Hickson, 2017), actual ACHIEVE participant HA usage may have been only 5–6 h/day, potentially 3–4 h per day less than for ENHANCE participants. Over a 3-year period, this would amount to significantly less exposure to the hearing intervention. Of note is that both studies began prior to and were conducted throughout the COVID pandemic, suffering negative effects of COVID-related lockdowns. These were extreme for the ENHANCE study in Australia, with almost 2 years of consecutive lockdowns and a likely related drop in HA use observed at 18-month follow-up, as participants were mostly unable to leave their homes to socialize. As the ACHIEVE study was conducted across multiple states of the US, each of which managed COVID differently, there were likely variable effects on data collection and outcomes dependent on site/state. There were also differences between the studies in how data collection was conducted during this period, with the ACHIEVE study reducing its cognitive battery to six tests and conducting assessments over the phone, and the ENHANCE study continuing to administer the complete cognitive battery via laptops delivered to the homes of participants.

It is well-reported that there is an approximately linear trajectory of decline with age in the absence of neuropathological disease (Schaie, 2005; Salthouse, 2010) which education does not affect. Although related to cognitive performance, education is not related to the rate of cognitive decline (Zahodne et al., 2011; Clouston et al., 2019), with pre-morbid intelligence established as the more powerful determinant of incident dementia (brain reserve theory; Satz, 1993; Schmand et al., 1997). However, in the presence of pathology, a risk factor for cognitive decline is lower education level (Clouston et al., 2019). Possible effects of baseline differences between the groups in this study were therefore controlled using fixed effects, along with the effects of education differences between the groups on cognitive trajectories controlled in sensitivity analyses. Although the AIBL group was less well educated, they had overall higher mean cognitive scores at baseline, which possibly illustrates the known association between cognitive decline and age-related HL for the HA group. Overall, the AIBL group showed significantly greater decline than did the HA group for one or both levels of education.

Significant differences in levels of self-reported physical activity (as measured on the IPAQ; Craig et al., 2003) between the HA and AIBL groups were noted at baseline and at each follow-up point, with HA users consistently more active than AIBL participants. There were also trends toward decline in activity over time for the AIBL participants and toward increased activity for the HA participants. Despite epidemiological evidence supporting a positive correlation between cognitive performance and higher levels of physical activity (Yaffe et al., 2001; Lautenschlager et al., 2008; Sattler et al., 2011; Buchman et al., 2012), a sensitivity analysis showed no evidence of an association between changes in physical activity during the 3-year follow-up period and cognitive trajectory in this study. Although reviews of the evidence have concluded exercise is associated with a reduced risk of dementia (Erickson et al., 2012; Bherer et al., 2013; Livingston et al., 2017), studies of physical activity are complicated, and outcomes suggest the potential for reverse causation and risk reduction, as noted by the Lancet Commission on dementia (2020). As found by Sattler et al. (2011), measurements of motor coordination and physical fitness (usually related to moderate-to-vigorous exercise) may be better predictors of cognitive decline than self-rated physical activity in everyday life. It has also been noted that self-reported data on physical activity often only correlate at low-moderate levels with objective measures of daily physical activity (Westerterp, 2009) and do not capture non-intentional low-intensity activities such as fidgeting and pacing. These measures also suffer from social desirability bias, with frequently artificially inflated reports (Erickson et al., 2012). The null finding for physical activity could also be related to the fact that this result is related to changes in activity in only a 3-year period since baseline. It remains unclear over what period exercise/physical activity must be sustained, and how close to the time of risk this must occur to reduce dementia risk (Livingston et al., 2020).

The HA group in this study had a significantly higher prevalence of anxiety than did the AIBL group at baseline. Both anxiety and depression are associated with an increased risk of dementia (Byers and Yaffe, 2011; Becker et al., 2018; Santabárbara et al., 2019; Kuring et al., 2020; Oh et al., 2020). However, anxiety and depression are both prodromal features, and symptoms, of dementia; as cognition declines, there will likely be greater prevalence of anxiety and depression. It is therefore not possible to disentangle the effects of cognition on mental health or mental health on cognition in this dataset. For this reason, no sensitivity analyses were conducted to investigate the effects of these outcomes on cognitive trajectories. Furthermore, despite significantly worse mental health, the HA participants performed better than the AIBL participants.

The body of evidence on the effects of HA use on cognitive decline is growing, with many cross-sectional and longitudinal studies suggesting that HA use is associated with better cognitive performance (Deal et al., 2015; Castiglione et al., 2016; Karawani et al., 2018; Sarant et al., 2020). However, conflicting outcomes are reported, both in terms of which cognitive functions improve (e.g., significant improvement has been reported for executive function in two studies; Castiglione et al., 2016; Sarant et al., 2020) but not in a third (Phillips et al., 2022) and in terms of overall outcomes, with several studies finding no association between HA use and improved cognitive performance (Valentijn et al., 2005; van Hooren et al., 2005; Lin et al., 2013). As mentioned earlier, recent systematic reviews (Sanders et al., 2021; Yang et al., 2022; Yeo et al., 2022) have disagreed on the effect of HA use on cognition, and the World Health Organization (WHO) currently rates the quality of the current evidence as ‘very low’, with current WHO guidelines for risk reduction of cognitive decline and dementia stating ‘there is insufficient evidence to recommend the use of HAs to reduce the risk of cognitive decline and/or dementia’ (WHO, 2019). In addition to the methodological issues discussed earlier re objective and appropriate measurement of relevant outcomes, a further limitation of the existing evidence is the use of cognitive function vs. dementia as the primary outcome in observational studies of healthy adults (Brewster et al., 2022) as this constrains our ability to determine the effects of hearing intervention on the risk for dementia and to generalize existing evidence to older adults with pre-existing cognitive impairment. Given the short follow-up periods of most studies to date (6–18 months), this stage of cognitive decline is rarely reached; however, with longer follow-up in studies of initially healthy older adults, such as the current study and the AIBL study, this should be achievable.

A major strength of this study is the visual presentation of cognitive assessments to avoid confounding of cognitive data by HL. In contrast to the pattern of missing data observed in the ARIC study, with greater missingness associated with degree of HL on all auditory-only tests and some non-auditory only tests (Deal et al., 2021), data for only two AIBL participants in this study are not included in this dataset due to missingness for one subtest (one had no HL and the other a mild HL at 36-month follow-up only). Further strengths are a comparative group, a longer follow-up period than for most studies, and objective measurement of HL, HA use, and speech perception benefit from hearing intervention. An added strength of this study is that participants completed their cognitive assessments alone, and de-identified results were uploaded automatically to the remote Cogstate platform for automated analysis, eliminating any tester bias on results. Although this is an observational study, we were able to control for several of the conceivable factors other than HA use that may have influenced cognition over the 3-year trajectory using fixed effects and further sensitivity analyses for important factors such as HL, education, and physical activity. Although observational studies can only demonstrate associations, the quality of evidence they yield grows with the quality of controls.

This study has limitations. Generalizability of these results is currently limited by small sample sizes, particularly at 36-month follow-up, the result of COVID-related lockdowns over most of 2020–2021. Larger samples would provide more precise estimates of the true effect size of HA use on cognitive decline over time. There is likely participant selection bias, as although both groups chose to participate in research studies, the HA group chose to use HAs and the AIBL participants with HL chose not to do so or were unaware of their HL. Given this, HA and AIBL participants could have differed regarding characteristics such as negative self-attribution and other self-management strategies of health conditions, although all participants were assessed regularly by audiologists, and all had access to audiological care. Although baseline characteristics and several major risk factors for cognitive decline such as age and medical conditions did not significantly differ between the groups or were controlled, the groups may have differed in other unmeasured characteristics. As this study was not a RCT, it was not possible to control differences in cognitive trajectory associated with unmeasured baseline characteristics. However, the fact that the AIBL participants were more likely to have better hearing, better baseline cognitive performance, less depression, and less anxiety makes it more likely this group is a plausible indicator of the cognitive trajectory the HA participants may have followed if they had not received hearing intervention, and suggests that the direction of bias for the AIBL group was likely toward that of less decline than the HA group, given its known characteristics and risk factors for cognitive decline. However, the direction of bias with respect to unmeasured participant characteristics is unknown. Further possible methodological limitations could include self-report of dementia outcome, heterogeneity in the HAs themselves, variance in fitting appropriateness, and the amount of device use between individuals, although these results should be interpreted as means over variations in these characteristics across these participants. Future analyses with larger sample sizes may estimate means conditional on such characteristics of HA implementation.



Conclusion

Addressing hearing loss may be an important public health strategy for reducing or delaying the global burden of dementia. This prospective longitudinal cohort comparative study addresses several significant methodological limitations in previous studies regarding the effects of HAs on cognitive decline, with the results suggesting that hearing intervention may delay cognitive decline. Further recruitment and follow-up are ongoing to address sample size and investigate the size and duration of any longer-term effects on cognitive performance. The outcomes of this study and those of the recent ACHIEVE study add to a growing body of evidence that suggests hearing intervention, currently very underused and with no medical risk, may be an effective method of reducing or delaying (but likely not preventing) cognitive decline. Better hearing and communication abilities will also promote healthy aging and better quality of life. The potential clinical implications of this evidence should be considered. Further studies of populations at risk for dementia that address the methodological limitations outlined earlier are required to improve our understanding of the association between HL and dementia. Future research should assess not only cognitive performance but also incident dementia to facilitate estimation of dementia conversion rates that may be attributable to HL. They should also include assessment of functional outcomes of HA use and investigation of any relationship between these and cognitive performance and any influence on delay of dementia onset. Further challenges may include determining when in the lifespan to begin monitoring hearing, when to intervene, and establishing whether HA use is a cost-effective method of dementia delay that could be implemented at scale as a public health strategy. If this is the case, interdisciplinary collaboration, including medical referral for hearing care and availability of this, will be key contributing factors to improved health span and quality of life for older adults in future.



Data availability statement

The datasets presented in this article are not available as the ethical consent provided by participants does not permit use of the data beyond the current study. The publication of this data does not compromise the anonymity of the participants or breach local data protection laws.



Ethics statement

The studies involving humans were approved by the University of Melbourne Behavioral and Social Sciences Human Ethics Sub-Committee (Ethics ID: 1646925). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study in accordance with the Declaration of Helsinki.



Author contributions

JS: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing. PB: Data curation, Software, Writing – review & editing. AS: Resources, Writing – review & editing. CF: Data curation, Investigation, Writing – review & editing. DH: Conceptualization, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by grants from the Victorian Medical Research Acceleration Foundation and Sonova AG. The AIBL study has received partial financial support provided by the Alzheimer’s Association (US), the Alzheimer’s Drug Discovery Foundation, an anonymous foundation, the Science and Industry Endowment Fund, the Dementia Collaborative Research Centres, the Victorian Government’s Operational Infrastructure Support Program, the McCusker Alzheimer’s Research Foundation, the National Health and Medical Research Council, and the Yulgilbar Foundation. Numerous commercial interactions have supported data collection and analysis.



Acknowledgments

The authors are grateful to our study participants and the research team (Grace Nixon, Jocelyn Phillips, Manasi Canagasabey, Patrick Bowers, Julien Zanin, Ella Davine, Charlotte Anderson, Isha Hariname, Jessica Payne, and Emma Kiley) for data collection. The authors thank the University of Melbourne Audiology Clinic and Blamey Saunders Hears for their contributions to participant recruitment. The authors also thank the AIBL study team for their ongoing collaboration, and Cogstate for their collaboration, assessment battery, and data platform support. The authors thank the three referees and particularly the Associate Editor for their constructive comments that have improved this study considerably.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

JS declared that they were an editorial board member of Frontiers at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.1302185/full#supplementary-material



References

 Albers, M., Gilmore, G., Kaye, J., Murphy, C., Wingfield, A., Bennett, D., et al. (2015). At the interface of sensory and motor dysfunctions and Alzheimer's disease. Alzheimers Dement. 11, 70–98. doi: 10.1016/j.jalz.2014.04.514 

 Amieva, H., Ouvrard, C., Giulioli, C., Meillon, C., Rullier, L., and Dartigues, J.-F. (2015). Self-reported hearing loss, hearing aids, and cognitive decline in elderly adults: a 25-year study. J. Am. Geriatr. Soc. 63, 2099–2104. doi: 10.1111/jgs.13649 

 Australian Hearing (2017). Australian hearing’s research shows lack of awareness of consequences of untreated hearing loss. Hearing Rev 3

 Becker, E., Orellana Rios, C. L., Lahmann, C., Rücker, G., Bauer, J., and Boeker, M. (2018). Anxiety as a risk factor of Alzheimer's disease and vascular dementia. B J Psychiatry. 213, 654–660. doi: 10.1192/bjp.2018.173

 Bherer, L., Erickson, K., and Liu Ambrose, T. (2013). A review of the effects of physical activity and exercise on cognitive and brain functions in older adults. J. Aging Res. 2013:657508. doi: 10.1155/2013/657508 

 Bisgaard, N., Zimmer, S., Laureyns, M., and Groth, J. (2021). A model for estimating hearing aid coverage world-wide using historical data on hearing aid sales. Int. J. Audiol. 61, 841–849. doi: 10.1080/14992027.2021.1962551 

 Brewster, K. K., Deal, J. A., Lin, F. R., and Rutherford, B. R. (2022). Considering hearing loss as a modifiable risk factor for dementia. Expert. Rev. Neurother. 22, 805–813. doi: 10.1080/14737175.2022.2128769 

 Buchman, A. S., Boyle, P. A., Yu, L., Shah, R. C., Wilson, R. S., and Bennett, D. A. (2012). Total daily physical activity and the risk of AD and cognitive decline in older adults. Neurology 78, 1323–1329. doi: 10.1212/WNL.0b013e3182535d35 

 Bucholc, M., McClean, P., Bauermeister, S., Todd, S., Ding, X., Ye, Q., et al. (2021). Association of the use of hearing aids with the conversion from mild cognitive impairment to dementia and progression of dementia: a longitudinal retrospective study. Alzheimers Dement. 7:e12122. doi: 10.1002/trc2.12122 

 Byers, A. L., and Yaffe, K. (2011). Depression and risk of developing dementia. Nat. Rev. Neurol. 7, 323–331. doi: 10.1038/nrneurol.2011.60

 Castiglione, A., Benatti, A., Velardita, C., Favaro, D., Padoan, E., Severi, D., et al. (2016). Aging, cognitive decline and hearing loss: effects of auditory rehabilitation and training with hearing aids and cochlear implants on cognitive function and depression among older adults. Audiol Neurotol. 21, 21–28. doi: 10.1159/000448350 

 Clouston, S. A. P., Smith, D. M., Mukherjee, S., Zhang, Y., Hou, W., Link, B. G., et al. (2019). Education and cognitive decline: an integrative analysis of global longitudinal studies of cognitive aging. J Gerontol. B. 75, e151–e160. doi: 10.1093/geronb/gbz053 

 Collie, A., Maruff, P., Makdissi, M., McCrory, P., McStephen, M., and Darby, D. (2003). CogSport: reliability and correlation with conventional cognitive tests used in postconcussion medical evaluations. Clin. J. Sport Med. 13, 28–32. doi: 10.1097/00042752-200301000-00006 

 Craig, C. L., Marshall, A. L., Sjostrom, M., Bauman, A. E., Booth, M. L., Ainsworth, B. E., et al. (2003). International physical activity questionnaire: 12 county reliability and validity. Med. Sci. Sports Exerc. 35, 1381–1395. doi: 10.1249/01.MSS.0000078924.61453.FB 

 Deal, J. A., Gross, A. L., Sharrett, A. R., Abraham, A. G., Coresh, J., Carlson, M., et al. (2021). Hearing impairment and missing cognitive test scores in a population-based study of older adults: the atherosclerosis risk in communities neurocognitive study. Alzheimers Dement. 17, 1725–1734. doi: 10.1002/alz.12339 

 Deal, J., Sharrett, A. R., Albert, M., Coresh, J., Mosley, T., Knopman, D., et al. (2015). Hearing impairment and cognitive decline: a pilot study conducted within the atherosclerosis risk in communities neurocognitive study. Am. J. Epidemiol. 181, 680–690. doi: 10.1093/aje/kwu333 

 Emrani, S., Arain, H. A., DeMarshall, C., and Nuriel, T. (2020). APOE4 is associated with cognitive and pathological heterogeneity in patients with Alzheimer’s disease: a systematic review. Alzheimers Res. Ther. 12:141. doi: 10.1186/s13195-020-00712-4 

 Erickson, K., Weinstein, A., and Lopez, O. (2012). Physical activity, brain plasticity, and Alzheimer's disease. Arch. Med. Res. 43, 615–621. doi: 10.1016/j.arcmed.2012.09.008 

 Falleti, M. G., Maruff, P., Collie, A., and Darby, D. G. (2006). Practice effects associated with the repeated assessment of cognitive function using the Cogstate battery at 10-minute, one week and one month test-retest intervals. J. Clin. Exp. Neuropsychol. 28, 1095–1112. doi: 10.1080/13803390500205718

 Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). “Mini-mental state”: a practical method for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

 Fowler, C., Rainey-Smith, S. R., Bird, S., Bomke, J., Bourgeat, P., Brown, B. M., et al. (2021). Fifteen years of the Australian imaging, biomarkers and lifestyle (AIBL) study: progress and observations from 2,359 older adults spanning the spectrum from cognitive normality to Alzheimer’s disease. J Alzheimer's Dis Rep. 5, 443–468. doi: 10.3233/ADR-210005 

 Frederickson, J., Maruff, P., Woodward, M., Moore, L., Frederickson, A., Sach, J., et al. (2010). Evaluation of the usability of a brief computerized cognitive screening test in older people for epidemiological studies. Neuroepidemiology 34, 65–75. doi: 10.1159/000264823

 Fulton, S. E., Lister, J. J., Bush, A. L. H., Edwards, J. D., and Andel, R. (2015). Mechanisms of the hearing–cognition relationship. Semin. Hear. 36, 140–149. doi: 10.1055/s-0035-1555117 

 Giroud, N., Lemke, U., Reich, P., Matthes, K. L., and Meyer, M. (2017). The impact of hearing aids and age-related hearing loss on auditory plasticity across three months – an electrical neuroimaging study. Hear. Res. 353, 162–175. doi: 10.1016/j.heares.2017.06.012 

 Glick, H. A., and Sharma, A. (2020). Cortical neuroplasticity and cognitive function in early-stage, mild-moderate Hearing loss: evidence of neurocognitive benefit from Hearing aid use. Front. Neurosci. 14:93. doi: 10.3389/fnins.2020.00093 

 Griffiths, T. D., Lad, M., Kumar, S., Holmes, E., McMurray, B., Maguire, E. A., et al. (2020). How can hearing loss cause dementia? Neuron 108, 401–412. doi: 10.1016/j.neuron.2020.08.003 

 Hammers, D., Spurgeon, E., Ryan, K., Persad, C., Heidebrink, J., Barbas, N., et al. (2011). Reliability of repeated cognitive assessment of dementia using a brief computerized battery. Am. J. Alzheimers Dis. Other Dement. 26, 326–333. doi: 10.1177/1533317511411907 

 Huang, A. R., Jiang, K., Lin, F. R., Deal, J. A., and Reed, N. S. (2023). Hearing loss and dementia prevalence in older adults in the US. JAMA 329, 171–173. doi: 10.1001/jama.2022.20954 

 Hunsberger, H. C., Pinky, P. D., Smith, W., Suppiramaniam, V., and Reed, M. N. (2019). The role of APOE4 in Alzheimer’s disease: strategies for future therapeutic interventions. Neuronal Signal. 3:NS20180203. doi: 10.1042/ns20180203 

 Karawani, H., Jenkins, K., and Anderson, S. (2018). Restoration of sensory input may improve cognitive and neural function. Neuropsychologia 114, 203–213. doi: 10.1016/j.neuropsychologia.2018.04.041 

 Keidser, G., Dillon, H., Flax, M., Ching, T., and Brewer, S. (2011). The NAL-NL2 prescription procedure. Audiol Res. 1:e24. doi: 10.4081/audiores.2011.e24 

 Kiely, K. M., Gopinath, B., Mitchell, P., Browning, C. J., and Anstey, K. J. (2012). Evaluating a dichotomized measure of self-reported Hearing loss against gold standard audiometry:prevalence estimates and age Bias in a pooled National Data set. J. Aging Health 24, 439–458. doi: 10.1177/0898264311425088

 Kim, M. W., Jin, M. H., Choi, J. Y., and Kwak, M. Y. (2023). Potential overestimation of cognitive impairment due to hearing loss: impact of test modalities on cognitive test scores. J. Laryngol. Otol. 137, 845–850. doi: 10.1017/S0022215123000154 

 Kuring, J. K., Mathias, J. L., and Ward, L. (2020). Risk of dementia in persons who have previously experienced clinically-significant depression, anxiety, or PTSD: a systematic review and Meta-analysis. J. Affect. Disord. 274, 247–261. doi: 10.1016/j.jad.2020.05.020

 Laplante-Lévesque, A., Nielsen, C., Jensen, L. D., and Naylor, G. (2014). Patterns of hearing aid usage predict hearing aid use amount (data logged and self-reported) and overreport. J A Aca Audiol. 25, 187–198. doi: 10.3766/jaaa.25.2.7 

 Lautenschlager, N. T., Cox, K. L., Flicker, L., Foster, J. K., van Bockxmeer, F. M., Xiao, J., et al. (2008). Effect of physical activity on cognitive function in older adults at risk for Alzheimer disease: a randomized trial. JAMA 300, 1027–1037. doi: 10.1001/jama.300.9.1027

 Lim, Y. Y., Ellis, K. A., Harrington, K., Ames, D., Martins, R. N., Masters, C. L., et al. (2012). Use of the CogState Brief Battery in the assessment of Alzheimer's disease related cognitive impairment in the Australian imaging, biomarkers and lifestyle (AIBL) study. J Clin Exper Neuropsychol. 34, 345–358. doi: 10.1080/13803395.2011.643227 

 Lin, F., Metter, E., O'Brien, R., Resnick, S., Zonderman, A., and Ferrucci, L. (2011). Hearing loss and incident dementia. Arch. Neurol. 68, 214–220. doi: 10.1001/archneurol.2010.362 

 Lin, F., Pike, J. R., Albert, M. S., Arnold, M., Burgard, S., Chisholm, T., et al. (2023). Hearing intervention versus health education control to reduce cognitive decline in older adults with hearing loss in the USA (ACHIEVE): a multicentre, randomised controlled trial. Lancet 402, 786–797. doi: 10.1016/S0140-6736(23)01406-X 

 Lin, F. R., Yaffe, K., Jin, X., Xue, Q. L., Harris, T. B., Purchase-Helzner, E., et al. (2013). Hearing loss and cognitive decline in older adults. JAMA Int Med. 173, 293–299. doi: 10.1001/jamainternmed.2013.1868 

 Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al. (2020). Dementia prevention, intervention, and care: 2020 report of the lancet commission. Lancet 396, 413–446. doi: 10.1016/S0140-6736(20)30367-6 

 Livingston, G., Sommerlad, A., Orgeta, V., Costafreda, S. G., Huntley, J., Ames, D., et al. (2017). Dementia prevention, intervention, and care. Lancet 390, 2673–2734. doi: 10.1016/S0140-6736(17)31363-6

 Loughrey, D. G., Kelly, M. E., Kelley, G. A., Brennan, S., and Lawlor, B. A. (2018). Association of age-related hearing loss with cognitive function, cognitive impairment, and dementia: a systematic review and meta-analysis. JAMA Otolaryngol. Head Neck Surg. 144, 115–126. doi: 10.1001/jamaoto.2017.2513 

 Mahmoudi, E., Basu, T., Langa, K., McKee, M., Zazove, P., Alexander, N., et al. (2019). Can Hearing aids delay time to diagnosis of dementia, depression, or falls in older adults? J. Am. Geriatr. Soc. 67, 2362–2369. doi: 10.1111/jgs.16109

 Maruff, P., Lim, Y. Y., Darby, D., Ellis, K. A., Pietrzak, R. H., Snyder, P. J., et al. (2013). Clinical utility of the Cogstate Brief Battery in identifying cognitive impairment in mild cognitive impairment and Alzheimer’s disease. BMC Psychol. 1:30. doi: 10.1186/2050-7283-1-30 

 Maruff, P., Thomas, E., Cysique, L., Brew, B., Collie, A., Snyder, P., et al. (2009). Validity of the CogState Brief Battery: relationship to standardized tests and sensitivity to cognitive impairment in mild traumatic brain injury, schizophrenia, and AIDS dementia complex. Arch. Clin. Neuropsychol. 24, 165–178. doi: 10.1093/arclin/acp010 

 Oh, D. J., Han, J. W., Bae, J. B., Kim, T. H., Kwak, K. P., Kim, B. J., et al. (2020). Chronic subsyndromal depression and risk of dementia in older adults. Aust NZ J Psychiatry. 55, 809–816. doi: 10.1177/0004867420972763 

 Peracino, A. (2015). Hearing loss and dementia in the aging population. Audiol Neurotol. 19, 6–9. doi: 10.1159/000371595

 Phillips, N. A., Isler, L., Kabir, R., Hämäläinen, A., Wittich, W., Pichora-Fuller, M. K., et al. (2022). Hearing and visual acuity predict cognitive function in adults aged 45–85 years: findings from the baseline wave of the Canadian longitudinal study on aging (CLSA). Psychol. Aging 37, 891–912. doi: 10.1037/pag0000716 

 R Core Team (2022). R: A Language and Environment for Statistical Computing. In (Version 4.2.2). Vienna, Austria: R Foundation for Statistical Computing.

 Ray, J., Popli, G., and Fell, G. (2018). Association of cognition and age-related hearing impairment in the English longitudinal study of ageing. JAMA Otolaryngol Head Neck Surg. 144, 876–882. doi: 10.1001/jamaoto.2018.1656 

 Salthouse, T. A. (2010). Major Issues in Cognitive Aging, vol. 49. New York, US: Oxford University Press.

 Salthouse, T. (2019). Trajectories of normal cognitive aging. Psychol. Aging 34, 17–24. doi: 10.1037/pag0000288 

 Sanders, M. E., Kant, E., Smit, A. L., and Stegeman, I. (2021). The effect of hearing aids on cognitive function: a systematic review. PLoS One 16:e0261207. doi: 10.4081/audiores.2011.e11 

 Santabárbara, J., Lipnicki, D. M., Villagrasa, B., Lobo, E., and Lopez-Anton, R. (2019). Anxiety and risk of dementia: systematic review and meta-analysis of prospective cohort studies. Maturitas 119, 14–20. doi: 10.1016/j.maturitas.2018.10.014 

 Sarant, J., Harris, D., Busby, P., Maruff, P., Schembri, A., Lemke, U., et al. (2020). The effect of Hearing aid use on cognition in older adults: can we delay decline or even improve cognitive function? J. Clin. Med. 9:254. doi: 10.3390/jcm9010254 

 Sattler, C., Erickson, K. I., Toro, P., and Schröder, J. (2011). Physical fitness as a protective factor for cognitive impairment in a prospective population-based study in Germany. J. Alzheimers Dis. 26, 709–718. doi: 10.3233/JAD-2011-110548

 Satz, P. (1993). Brain reserve capacity on symptom onset after brain injury: a formulation and review of evidence for threshold theory. Neuropsychology 7, 273–295. doi: 10.1037/0894-4105.7.3.273

 Saunders, G., Odgear, I., Cosgrove, A., and Frederick, M. (2018). Impact of hearing loss and amplification on performance on a cognitive screening test. J. Am. Acad. Audiol. 29, 648–655. doi: 10.3766/jaaa.17044 

 Schaie, K. W. (2005). What can we learn from longitudinal studies of adult development? Res. Hum. Dev. 2, 133–158. doi: 10.1207/s15427617rhd0203_4 

 Schmand, B., Smit, J. H., Geerlings, M. I., and Lindeboom, J. (1997). The effects of intelligence and education on the development of dementia. A test of the brain reserve hypothesis. Psychol. Med. 27, 1337–1344. doi: 10.1017/S0033291797005461

 Solheim, J., and Hickson, L. (2017). Hearing aid use in the elderly as measured by datalogging and self-report. Int. J. Audiol. 56, 472–479. doi: 10.1080/14992027.2017.1303201 

 Uchida, Y., Sugiura, S., Sone, M., Ueda, H., and Nakashima, T. (2014). Progress and prospects in human genetic research into age-related Hearing impairment. Biomed. Res. Int. 2014:390601, 1–10. doi: 10.1155/2014/390601 

 Valentijn, S. A. M., Van Boxtel, M. P. J., Van Hooren, S. A. H., Bosma, H., Beckers, H. J. M., Ponds, R. W. H. M., et al. (2005). Change in sensory functioning predicts change in cognitive functioning: results from a 6-year follow-up in the Maastricht aging study. J. Am. Geriatr. Soc. 53, 374–380. doi: 10.1111/j.1532-5415.2005.53152.x 

 van Hooren, S. A., Anteunis, L. J., Valentijn, S. A., Bosma, H., Ponds, R., Jolles, J., et al. (2005). Does cognitive function in older adults with hearing impairment improve by hearing aid use? Int. J. Audiol. 44, 265–271. doi: 10.1080/14992020500060370

 Westerterp, K. R. (2009). Assessment of physical activity: a critical appraisal. European J Appl Physiol 105, 823–828. doi: 10.1007/s00421-009-1000-2

 WHO. (2019). Risk Reduction of Cognitive Decline and Dementia: WHO Guidelines. Geneva: World health Organization

 WHO. (2021a). Deafness and Hearing Loss. Available at: https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss (Accessed September 26, 2023).

 WHO. (2021b). World Report on Hearing. Available at: https://www.who.int/publications/i/item/world-report-on-hearing (Accessed September 26, 2023).

 Yaffe, K., Barnes, D., Nevitt, M., Lui, L.-Y., and Covinsky, K. (2001). A prospective study of physical activity and cognitive decline in elderly women. Arch Int Med. 161, 1703–1708. doi: 10.1001/archinte.161.14.1703

 Yang, Z., Ni, J., Teng, Y., Su, M., Wei, M., Li, T., et al. (2022). Effect of hearing aids on cognitive functions in middle-aged and older adults with hearing loss: a systematic review and meta-analysis. Front. Aging Neurosci. 14:1017882. doi: 10.3389/fnagi.2022.1017882 

 Yeo, B. S. Y., Song, H. J. J. M. D., Toh, E. M. S., Ng, L. S., Ho, C. S. H., Ho, R., et al. (2022). Association of hearing aids and cochlear implants with cognitive decline and dementia: a systematic review and meta-analysis. JAMA Neurol. 80, 134–141. doi: 10.1001/jamaneurol.2022.4427 

 Zahodne, L. B., Glymour, M. M., Sparks, C., Bontempo, D., Dixon, R. A., MacDonald, S. W. S., et al. (2011). Education does not slow cognitive decline with aging: 12-year evidence from the Victoria longitudinal study. J. Int. Neuropsychol. Soc. 17, 1039–1046. doi: 10.1017/S1355617711001044 

 Zigmond, A. S., and Snaith, R. P. (1983). The hospital anxiety and depression scale. Acta Psychiatr. Scand. 67, 361–370. doi: 10.1111/j.1600-0447.1983.tb09716.x


Copyright
 © 2024 Sarant, Busby, Schembri, Fowler and Harris. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-15-1302185-t003.jpg
Baseline

p-values

Baseline versus
18 months

18 months versus
36 months

HA usage (hours/day)
n

Mean

S.D.

Min
Max

HA usage (%/day)

>90%

60-90%

30-60%

<30%

CVC words (%)

n 157

Mean 84.92

Median 92

SD. 162

Min 8

Max 100

CVC phonemes (%)

n 157

Mean 94.03

Median 97

S.D. 9.8

Min 247

Max 150

SRT

n 157
022
—04

S.D. 25

Min -27

Max 187

46

907

45

2.1

37

196

56

90.86

9

100

56

96.67

9%

34

100

56

-033

37

7.93

47

05

243
27
162

324

a1
88.14
90
104

52

a4

95.39
96.7
48

78

44

0.05

46

0.762

0274

0.017

0.110

0.203

0.092

0117

Bold denotes significant differences (p <0.05; significant at the 5% confidence level). Increased CVC word and phoneme scores indicate improved performance in quiet listening conditions. As
the SRT score measures the signal-to-noise ratio at which 50% of the key words are correct in noisy listening conditions, a decrease in SRT score represents improved performance.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		ENHANCE: a comparative prospective longitudinal study of cognitive outcomes after 3 years of hearing aid use in older adults



		Introduction



		Materials and methods



		Study design and participants



		Outcome variables



		Cognitive assessment using standardized visually presented assessment battery









		Hearing loss and objective speech perception



		Medical health history



		Genetic screening



		Anxiety and depression



		Health and lifestyle



		Statistical analysis



		Education



		Physical activity















		Results



		Participants



		Cognitive performance at baseline



		Hearing aid compliance and benefit at 36-month follow-up (HA participants)



		Cognitive performance at follow-up









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnagi-15-1302185-t002.jpg
HA participants

18 months

36 months

Baseline

AIBL participants
18 months

36 months

Baseline

HA versus AIBL (value of p)
18 months 36 months

Baseline
Psychomotor function
n 160
Mean 262
Median 26
D o1
Min 24
Max 29
Working memory
n 160
Mean 296
Median 3
D 01
Min 27
Max 32
Attention
n 160

279
0 280
D o)
Min 27
Max 3
Visual learning
n 160
097
1
D o1
Min 04
Max 12
MMSE
n 160
Mean 2873
Median 29
D 12
Min 2
Max 30

61

26

26

01

24

28

61

293

29

28

32

61

278

28

o1

26

29

61

097

[

06

54
263
26
01

24

54
295

29

27
32

54
278
28
01

26

29

54

0.98

01

07

102

254

25

01

24

28

102

27

29

06

31

102

274

27

01

26

29

102

101

[

07

99

2865

2

L4

£

30

49

259

26

[

24

28

49

287

29

03

31

49

277

28

01

27

29

49

101

01

07

266

26

01

25

28

31

28

28

01

27

[

09

0.000 0457 0351
0.000 0173 0956
0.000 0.883 0366
0.002 0.020 0.469
0.624

Bold denotes significant differences (p<0.05; significant at the 5% confidence level). The MMSE was administered only at baseline as a screening assessment for dementia. The Cogstate Brief
Battery was used thereafter due to ts lack of practice effects, high sensitvity to changes in cognitive performance, specifciy for various cognitive functions, and non-auditory method of

administration.





OPS/images/fnagi-15-1302185-t005.jpg
Psychomotor

AIBL, lower education

) 26 01 13 20
95% C.I. (<08,6) (-18,15) (08,1.8) (15,25)
HA, lower education

[ -03 L1 02 04
95% C.I (=0.7,0.1) (-15,37) (<0.2,0.5) (=0.3,1.0)
AIBL, higher education

[ 33 -12 05 07
95% C1 (0.4,63) (-28,0.4) (0.1,08) 0.2,12)
HA, higher education

B 00 01 01 04
95% CL. (=02,01) (=07,1) (=03,0.1) (0,0.8)
HA, lower education - AIBL, lower education

[ -29 12 -11 -6

95% C.L (~64,05) (-18,43) (=1.8,-0.5)

HA, higher education ~ AIBL, higher education

By -34 14 -06 -03
95% C.L. (=6.4,-0.4) (-04,3.2) (=1,-0.2) (=0.9,0.3)
R 0.132 0023 0.231 0.208
Mean, dependent variable 29 1 28 26
S.D, dependent variable 04 01 [ 01

See Equation (2). p: average change per year for lesser educated ATBL participants, expressed as a percentage of the mean baseline score. b average change per year for lesser educated HA
participants, expressed as a percentage of the mean baseline score. : average change per year for higher educated AIBL participants, expressed as a percentage of the mean baseline score. b
average change per year for higher educated HA participants, expressed as a percentage of the mean baseline score. Bold denotes significant differences (p <0.05; significant at the 5%
confidence level). SD, standard deviation; Cl, 95% confidence interval.






OPS/images/fnagi-15-1302185-t004.jpg
Dependent variable Visual attention

AIBL participants

) 31 08 08 12
95% CIL. (0.8,5.3) (-2,04) 04,11 08,1.6)
HA participants

[ 0.1 03 =0.1 04
95% C.I. (=0.3,0.1) (=0.5,1.1) (=02,0.1) (0.1,0.7)
HA-AIBL

B:-B L1 -09 -08
95% C.I. (-0.3,25) (=1.2,-0.5) (=1.3,-0.3)
R 0.015 0.177 0.171
Mean, dependent variable 29 L0 28 26
$.D., dependent variable 04 0.1 0.1 0.1

See Equation (1). p: average change per year for the AIBL participants, expressed as a percentage of the mean baseline score. i average change per year for the HA participants, expressed as a
percentage of the mean baseline score. Sublests are scored for speed and errors, so lower scores indicate better performance. The visual learning subest i reverse-scored, with increasing
numbers indicating better performance. Bold denotes significant differences (p<0.05; significant at the 5% confidence level). SD, standard deviation; Cl, 95% confidence interval.





OPS/images/fnagi-15-1302185-t001.jpg
HA participants AIBL participants HA versus AIBL (value of p)

Baseline 18months 36months Baseline 18months 36months Baseline 18months 36 months

Age (years)

n 160 61 54 102 9 18

Mean 735 7509 7571 7444 7535 7724 0.074 0735 0.13

Median 735 741 756 745 749 7.1

D 43 42 39 4 39 35

Min 67 689 702 67 684 714

Max 869 883 852 848 83 84

Better Ear PTA4*

n 160 61 54 102 38 17

Mean 3141 3371 3657 2127 23 2353 0.000 0.000 0.000
Median 30 338 375 212 212 238

D 9 82 83 87 92 83

Min 125 15 20 38 62 88

Max 638 55 562 45 462 375

Normal Hearing"

N 160 61 54 102 38 17

No. (%) 16.(10) 203) 1019) 47 (46.1) 18 (47.4) 8(47.1) 0.000 0.000 0.002
Female participant

n 160 61 54 102 49 18

No.(%) | 78(488) 26 (42.6) 25 (46.3) 56(54.9) 28(57.1) 10(55.6) 0333 0.133 0.509

Education >12years

n 149 61 54 102 49 18
No.(%) | 125(839) 52(85.2) 45(83.3) 74(725) 29(592) 11(61.1) 0.036 0.003 0.098
Diabetes

n 149 60 52 98 33 12

No.(%) | 15(10.1) 3(5) 1019) 5(5.0) 2660 2(167) 0.138 0835 0221
Depression

n 149 60 52 98 3 12

No.(%) | 25(168) 10(167) 8(15.4) 7(.1) 0(0) 2(167) 0.018 0.001 0918
Anxiety

n 149 60 52 97 34 2

No.(%) | 29(195) 12200 70135) 70.2) 3(88) 1(83) 0.004 0.123 0.600
Falls

n 149 60 52 98 34 12

No.(%) | 13(87) 7(11.7) 10(192) 8(82) 3(88) 4(333) 0877 0.662

Cardiovascular condition

n 149 60 52 97 3 13
No.(%)  73(49) 36 (60) 32(61.5) 45 (46.4) 17(50) 7(538) 0,691 0.635
Retired

n 149 60 5 98 3 13

No.(%) | 121(81.2) 48 (80) 44(83) 87(88.8) 32(94.1) 13 (100) 0.097 0.036 0.002
Ever smoker

n 149 2 47 47 2% 9

No.(%)  65(436) 11(47.8) 20 (42.6) 17(362) 10(38.5) 1L 0.365 0519 0.031
1 Apolipaprotein E (APOE) e4 allele

n 82 57 53 101 48 18

No.(%)  24(293) 20(35.1) 17(321) 29(28.7) 17(35.4) 5(278) 0935 0972 0736
2 Apolipoprotein E (APOE) e4 alleles

n 82 57 5 101 4 18

No. (%) 1012) 10.8) 10.9) 1M 1D 0(0) 0.884 0904 0322
Living alone

n 149 61 54 99 8 17

No. 37(248) 13213) 9(16.7) 24242 11(229) 4(235) 0916 0843 0.563
(Pet)

Activity

n 149 59 53 102 9 18

Mean 45965 484672 571555 2896.94 2826.19 2689.17 0.000 0.012 0.003
Median 3402 4239 4,200 20302 1262 1704

SD. 44787 3987.2 50848 2965.8 41509 117

Min 0 438 297 0 0 0

Max 34,008 25,560 24906 13,086 20067 8163

Bold denotes significant differences (p <0.05; significant at the 5% confidence level). SD, standard deviation. “PTA4 <than 20 dB hearing level. International Physical Actvity Questionnaire
(IPAQ); mean met minutes per week.






OPS/images/fnagi-15-1302185-g004.jpg
,
fese

SA3 %

2353

G5 3

§3:y

csow

4 4494«

d1d:

_—
vo €0 z0 Vo 00 1o- 20

awodno Arewud uonosieq

400 600 800 1000 1200 1400

200

Days





OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

ENHANCE: a comparative
prospective longitudinal study of
cognitive outcomes after 3 years
of hearing aid use in older adults












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






OPS/images/fnagi-15-1302185-e005.jpg
Xj = (AIBL; x EducL; x Years; , HA; x EducL; x Years; ,,
AIBL; x EducH; x Years;, HA; x EducH, x Years; )





OPS/images/fnagi-15-1302185-e006.jpg
E(Vaial Fita Xia )= A + (2 — Az )+ (B2 = A1) Xio(5)





OPS/images/fnagi-15-1302185-e003.jpg
Ko =1 Yo+ o’ +B" Xig + N (3)





OPS/images/fnagi-15-1302185-e004.jpg
Voo =12 Vg + 02" +B2" Xig + V2 (4)





OPS/images/fnagi-15-1302185-g003.jpg
One Back primary outcome

00 05 10 15 20

-0.5

-1.0

70 peerey AIBL. Ed 0-12yrs
AIBL, Ed >12yrs
- HA, Ed0-12yrs
HA, Ed >12yrs

.o

a

Secee s

200 400 600 800 1000 1200 1400

Days






OPS/images/fnagi-15-1302185-g001.jpg
Working Memory

T
18mh  36mth  Baseine

T
18mn  36m:n  Baselne

Visual Learning

Psychomotor function

18mth

18mh  36mth  Baseline  18mth

Baseline






OPS/images/fnagi-15-1302185-g002.jpg
Identification primary outcome

-0.10 -005 000 005 010 0.15 020

osa-

--- AIBL.Ed0-12y1s

AIBL, Ed >12yrs

- HA, Ed0-12yrs

HA, Ed >12yrs

HA effoct
*Ed >12yr

200

400

Days





OPS/images/fnagi-15-1302185-e001.jpg
Vi, =a;+Bi (AIBL; x Years; ) + B2 (HA; x Years; ) + Ui, (1)





OPS/images/fnagi-15-1302185-e002.jpg
i, = +Bi (AIBL; x EducL; x Years; )
+B2 (HA; x EducL; x Years; )

-+ (AIBL; x EducH; x Years; ;)

+Ba (HA; x EducH; x Years;, ) +Uy,.  (2)





OPS/images/fnagi-15-1302185-t007.jpg
Visual
learning

Visual Psychomotor

Attention function

Better Ear
PTA®

Log Activity

Dependent Working
variable memory
AIBL participants

B 4

95% C.I. 0.1,7.9)
HA participants

P —0.1
95% C.L (=0.3,0.1)
HA-AIBL

B-B —4.1
95% C.I (=8,-0.2)
R 0.165
Mean, dependent variable 29
$.D,, dependent variable 03

f participant i s in AIBL group. HA.

03

(=05, 1.1}

09
(-07,26)
0.008
10

o1

@+ b AIBL*Years, + P HA*Years,, + Ui, where t = 0,1.2: baseline, 18 months, 36 months respectively. Y.
if participant i s in HA group. Years,: time in years since baseline (Years,,

05 11
(<0.1,1.1) (0.7,1.5)
-01 04
(<02,0.1) (0.1,0.7)
-06 -07
(-1.2,0) (-1.2,-02)
0.056 0124
28 26
o1 01

25

06,4.3)

4

(29,5.1)

(-06,3.7)
0.282
304

85

-32

(~14.4,7.9)

03

(<05,12)

36
(=76,14.7)
001
75

22

utcome for participant i at time t. : participant fixed effect
0). In the table: y: average change per year for AIBL participants,

expressed as a percentage of the mean baseline score. . average change per year for HA participants,expressed s a percentage of the mean baseline score. - : difference between HA and
AIBL average changes per year, expressed as a percentage of the mean baseline score. Bold denotes significant differences (p <0.0; significant at the 5% confidence level),





OPS/images/fnagi-15-1302185-t006.jpg
Working memory Visual learni

AIBL, lower education

) 28 01 13 19
95% C.I. (-0.7,6.2) (=17, 1.6) (0.7, 1.8) (1.4,2.5)
28 01 13 19

HA, lower education

[ -03 L1 02 04
95% C.I (=07,0.1) (-0.2,0.6)

AIBL, higher education

[ 35 -11 04 07

95% C.I. (05,6.5) (=2.7,04) (0.1,08) 02,12
HA, higher education

B 0 02 0.1 04

95% C.L (-02,02) (=07, 1) (<0.3,0) (0,08)
HA, lower education - AIBL, lower education

P:-p* 3.1 12 -1l -16
95% C.I (~6.6,0.4) (-1.9,42) (~1.8,-0.4) (-24,-07)
HA, higher education ~ AIBL, higher education

[ -35 13 -06 -03
95% C.I (~6.6,-0.5) (-0.5,3.1) (=1,-02) (-09,03)
Physical activity

a 042 019 -009 -0.1
95% C.L (-041,1.25) (-0.25,0.63) (=0.21,0.03) (-0.27,0.06)
R 0147 0027 0248 022
Mean, dependent variable 29 1 28 26
$.D,, dependent variable 04 o1 0.1 0.1

See Equation (5). ¥,
differences (p <0.0:

(B (ATBL X Educl, x Years,) +  (HA, x Educl,  Years,) + Bs (ATBL x Educk, x Years,) + B (HA, x Educk x Years,) + % Activity, + U,,. Bold denotes significant
ignificant at the 5% confidence level).






