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Age-related hearing loss (ARHL) is associated with cognitive decline as well as structural and functional brain changes. However, the mechanisms underlying neurocognitive deficits in ARHL are poorly understood and it is unclear whether clinical treatment with hearing aids may modify neurocognitive outcomes. To address these topics, cortical visual evoked potentials (CVEPs), cognitive function, and speech perception abilities were measured in 28 adults with untreated, mild-moderate ARHL and 13 age-matched normal hearing (NH) controls. The group of adults with ARHL were then fit with bilateral hearing aids and re-evaluated after 6 months of amplification use. At baseline, the ARHL group exhibited more extensive recruitment of auditory, frontal, and pre-frontal cortices during a visual motion processing task, providing evidence of cross-modal re-organization and compensatory cortical neuroplasticity. Further, more extensive cross-modal recruitment of the right auditory cortex was associated with greater degree of hearing loss, poorer speech perception in noise, and worse cognitive function. Following clinical treatment with hearing aids, a reversal in cross-modal re-organization of auditory cortex by vision was observed in the ARHL group, coinciding with gains in speech perception and cognitive performance. Thus, beyond the known benefits of hearing aid use on communication, outcomes from this study provide evidence that clinical intervention with well-fit amplification may promote more typical cortical organization and functioning and provide cognitive benefit.
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INTRODUCTION

Age-related hearing loss (ARHL), or presbycusis, affects more than 30% of adults over age 50 years and its prevalence roughly doubles with each decade of life, making it the third leading chronic health condition among aging adults (Agrawal et al., 2008). Hearing aids and cochlear implants may restore audibility in ARHL, yet less than 15% of adults who could benefit from hearing aids in the United States use them (Chien and Lin, 2012) and this statistic is even lower (8%) among those adults who could benefit from cochlear implants (Holder et al., 2018). For the small percentage of adults who do seek treatment, treatment is sought out late, typically 7–10 years after initial hearing loss onset (Davis et al., 2007). Access and affordability issues likely complicates the hearing healthcare landscape for aging adults in the United States and there currently exist no best practice guidelines for screening and management of ARHL (Barnett et al., 2017).

Beyond the well-known negative effects of ARHL on communication, quality of life, physical functioning, and psychosocial status, ARHL has also been linked to cognitive decline. For example, large-scale epidemiological studies indicate a strong association between ARHL and risk for mild cognitive impairment and dementia, as well as accelerated decline in cognitive function over time (Lin, 2011; Lin et al., 2011; Thompson et al., 2017; Wei et al., 2017; Zheng et al., 2017; Ford et al., 2018; Loughrey et al., 2018). Though a lack of strong evidence on the long-term protective effects of clinical treatment of hearing loss on cognitive function exists, hearing loss is a potentially modifiable risk factor for cognitive decline (Livingston et al., 2017), warranting further investigation from a public health perspective (President’s Council of Advisors on Science and Technology [PCAST], 2015; National Academies of Sciences Engineering and Medicine [NASEM], 2016). One hypothesis explaining the hearing loss-dementia link is that decreased or degraded input to the auditory cortex makes listening more effortful, requiring greater top-down sensory, attentional, and cognitive compensation, which may in turn decrease available resources that can be contributed to other tasks, potentially negatively affecting downstream cognitive function (Pichora-Fuller and Singh, 2006; Schneider et al., 2010; Tun et al., 2012; Pichora-Fuller et al., 2016).

Cross-modal re-organization is a form of cortical compensation observed in deafness and lesser degrees of hearing loss, whereby the auditory cortex is recruited or “re-purposed” by intact visual and somatosensory modalities (Bavelier and Neville, 2002; Strelnikov et al., 2013; Glick and Sharma, 2017). For example, adults with mild-moderate ARHL exhibit more extensive recruitment of auditory cortex during visual motion and face processing tasks relative to NH subjects (Campbell and Sharma, 2014; Stropahl and Debener, 2017). Similarly, vibrotactile stimulation in adults with ARHL elicits more extensive cross-modal neural activity in the auditory cortex (Cardon and Sharma, 2018). Both visual and somatosensory cross-modal re-organization are associated with poorer auditory speech perception outcomes (Campbell and Sharma, 2014; Cardon and Sharma, 2018), but the extent to which these neuroplastic changes influence cognitive outcomes has not been investigated.

In this study, we used high-density electroencephalography (EEG) to record visual evoked potentials (CVEPs) in response to visual stimuli in a group of adults with mild-moderate ARHL and in age-matched normal hearing (NH) controls to assess the relationship between visual cortical neuroplasticity, speech perception and cognitive function. We then fit the group of adults with ARHL with bilateral hearing aids to examine how increased audibility from amplification influenced cortical neuroplasticity, speech perception, and cognitive outcomes.



MATERIALS AND METHODS


Ethics Approval Statement

This study was carried out in accordance with the recommendations of Belmont Report. The protocol was approved by the Institutional Review Board at the University of Colorado Boulder. All subjects provided written informed consent prior to participation in the study in accordance with the Declaration of Helsinki.



Subjects

A total of 41 adults took part in this study (mean age = 64 years, SD = 4.68). Subjects were native speakers of English, with no reported neurological impairment and reported normal or corrected-to-normal visual acuity. Thirteen adults comprised the NH control group (mean age = 62.62 years, SD = 4.91) and 28 adults comprised the ARHL experimental group (mean age = 65.4 years, SD = 4.23). Independent samples t-tests were conducted to confirm that groups did not significantly differ in terms of age [t(39) = 1.621, p = 0.980] or gender [t(39) = 0.394, p = 0.356]. It should be noted that it was difficult to recruit subjects in this age-range with normal hearing, likely due to high prevalence of ARHL. None of the ARHL subjects reported hearing aid use prior enrollment in the study.

There was no difference between groups on a variety of known demographic risk factors for hearing loss including smoking [t(39) = 1.508, p = 0.140], noise exposure [t(39) = 1.643, p = 0.109], or hypertension [t(39) = −0.116, p = 0.908]. No subjects reported history of diabetes or clinical depression. The two groups did not differ in terms of education level [t(39) = −0.975, p = 0.335] or handedness [t(40) = 1.030, p = 0.309]. As expected with the presence of hearing loss, report of tinnitus was significantly higher in the ARHL group [t(39) = 4.210, p < 0.001], with 68% ARHL subjects reporting some level of tinnitus. Interestingly, self-report of balance problems was significantly higher in the hearing loss group [t(39) = 2.030, p = 0.049], with 25% of hearing loss subjects reporting balance disturbances and/or falls in the past year.



Inclusion Criteria

Audiological inclusion criteria for the NH group were defined as pure tone audiometric behavioral thresholds for both ears ≤ 25 dB HL from 0.25 to 8.0 kHz, no presence of an air-bone gap (≥15 dB HL at 2 or more adjacent frequencies), and no sign of interaural asymmetry (≥15 dB HL at 2 or more frequencies). Audiological inclusion criteria for the ARHL group was defined as a high frequency pure tone average (HFPTA) (2, 4, 6kHz) > 25 dB HL in both ears, no presence of an air-bone gap (≥15 dB HL at 2 or more adjacent frequencies), and no sign of interaural asymmetry (≥15 dB HL at two or more frequencies). Because pure tone average (PTA) thresholds (0.5, 1, 2 kHz) [t(39) = −2.44, p = 0.81] and high frequency pure tone average (HFPTA) thresholds (2, 4, 6 kHz) [t(39) = −1.52, p = 0.137] between the right and left ears were not statistically different among subjects, averaged audiometric thresholds across the 2 ears were computed and used for subsequent analyses for each group. Average pure tone air conduction thresholds for each group and corresponding 95% confidence intervals are depicted in Figure 1. Average PTA thresholds were 16.5 dB HL poorer in the ARHL group (average = 27.08 dB HL, SD = 10.41) compared to the NH group (average = 10.58 dB HL, SD = 5.23) [t(39) = 5.386, p < 0.001]. Average HFPTA thresholds were approximately 33.5 dB HL poorer in the ARHL group (average = 47.44 dB HL, SD = 11.54) compared to the NH group (average = 13.91 dB HL, SD = 3.77) [t(39) = 10.17, p < 0.001]. On average, the ARHL group demonstrated a mild sloping to moderate hearing loss and the NH group demonstrated clinically normal hearing thresholds.
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FIGURE 1. Average pure tone air conduction thresholds for the normal hearing group and age-related hearing loss group. Average pure tone air conduction thresholds across the two ears (0.25–8.0 kHz) are displayed for the normal hearing group (n = 13) (dashed line) and the group with mild-moderate age-related hearing loss (n = 28) (solid line). Frequency (Hz) is displayed on the horizontal axis and pure tone air conduction thresholds in decibels hearing level (dB HL) are displayed on the vertical axis. The dotted line on the y-axis indicates the clinical cutoff for normal hearing thresholds (25 dB HL). The bars display 95% confidence intervals at each threshold for each group.


Subjects in the ARHL group were required to wear their hearing aids at least 5 h/day for inclusion in 6 months follow-up analyses. Of the 28 ARHL subjects initially enrolled in the study at baseline, a total of 21 subjects (average age = 64.38 years, SD = 4.03) met this criterion. The remaining 7 ARHL subjects were removed from 6 months follow-up analyses due to inability to adjust to hearing aids and/or insufficient hearing aid use (n = 5) (occurring in the first 2 weeks to 3 months after enrollment in the study) or inability to return for 6 months follow-up testing (n = 2).



Hearing Aid Fitting and Verification

Prior to baseline testing, the ARHL group was acutely fit with bilateral receiver-in-the-ear hearing aids from a single manufacturer. The purpose of acute hearing aid fitting was to negate potential confounding effects of audibility on test performance at the baseline evaluation. Hearing aids were programmed in the manufacturer fitting software. Appropriate receiver size (60-power receiver for thresholds < 60 dB HL 0.25–8.0 kHz; 85-power receiver for thresholds ≥ 60 dB HL 0.25–8.0 kHz) and appropriate non-custom acoustic coupling options (open dome, vented, or closed domes) were selected for each ARHL subject based on the degree of hearing loss. Settings for noise reduction, microphone mode, noise management, and binaural broadband controls were set to manufacturer defaults. Acoustic feedback reduction algorithms were not applied due to the potential for these algorithms to affect ideal frequency-gain characteristics and to promote generalizability across manufacturers since these algorithms vary between manufacturers. Instead, if significant feedback was present, modifications to the acoustic coupling (e.g., selecting a more occlusive dome) were made to prevent acoustic feedback.

Probe-microphone measures were performed to verify hearing aid fittings for the ARHL subjects using the Audioscan probe-microphone verification system. Hearing aid gains were adjusted to meet NAL-NL2 prescribed targets between 0.25 and 4.0 kHz for soft (55 dB SPL), medium (65 dB SPL) and loud (75 dB SPL) speech inputs. Maximum Power Output (MPO) was also measured with a swept tone stimulus to approximate uncomfortable loudness levels (UCL). Probe microphone measurements were ± 5 dB of NAL-NL2 targets from 0.25 to 4.0 kHz for all ARHL subjects, indicating adequate audibility. The average difference between actual and prescriptive gain for the 65 dB SPL input was 1.76 above NAL-NL2 targets for the right ear (SD = 2.58) and + 0.96 dB above NAL-NL2 targets for the left ear (SD = 3.16) from 0.25 to 4.0 kHz.



Hearing Aid Follow-Up and Data Logging

The ARHL group returned for routine hearing aid maintenance checks and data logging approximately 2 weeks, 1, 3, and 6 months post-treatment in order to ensure hearing aids were functioning properly and to document average daily hearing aid use using the manufacturer fitting software. At the final 6 months follow-up visit, cumulative usage time over each visit computed for each subject. Only those ARHL subjects who wore their hearing aids for minimum of 5 h/day (n = 21) were included in final 6 months follow-up analyses. Average hearing aid use in these subjects ranged between 5.10 and 14.02 h/day (mean = 9.84 h/day, SD = 2.96).



Cortical Visual Cortical Evoked Potential Testing

Cortical visual evoked potentials (CVEPs) were measured for NH and ARHL subjects in an unaided condition using 128-channel high-density EEG (GSN-Hydrocel 128, Electrical Geodesics, Inc.). CVEPs were recorded using NetStation 5 software (Electrical Geodesics, Inc.) at a sampling rate of 1000 Hz with a band-pass filter set at 0.1–200 Hz. Subjects were seated in an electro-magnetically shielded sound booth and CVEP responses were elicited via a visual motion stimulus (radially modulated grating or star-circle pattern), providing the percept of apparent motion. The visual stimulus was adapted from Doucet et al. (2006) and used in several previous studies in our laboratory (Campbell and Sharma, 2014, 2016; Sharma et al., 2016). Three hundred trials were presented (150 star, 150 circle stimulus presentations) at an inter-stimulus interval of 495 ms and pre-stimulus interval of 100 ms (595 ms recording window). Subjects were instructed to focus on the black dot in the center of the pattern without shifting their gaze. Stimuli were presented via E-Prime 2.0 stimulus presentation software and displayed on a flat screen LCD television at a viewing distance of approximately 42 inches.



Cortical Visual Evoked Potential Waveform Analysis and Current Density Source Reconstruction

CVEP data for each subject were pre-processed offline by applying a high-pass filter (1 Hz). Continuous data were segmented around the stimulus presentation recording window and data were exported from NetStation 5 to MatlabTM (The MathWorks®, Inc.) via EEGLab (Delorme and Makeig, 2004), where baseline correction (to the 100 ms pre-stimulus recording window), bad channel rejection (± 100 μV), bad epoch rejection, re-referencing (to the common average reference), and down sampling (from 1 to 0.25 kHz, to reduce processing time) were performed. Average CVEP responses for each subject were then computed by averaging CVEP responses across several electrodes corresponding to cortical regions of interest (ROIs) on the scalp: Occipital (E71, E76, E70, E75, E83, E74, E82), right temporal (E110, E104, E109, E103, E93, E86, E98, E102, E108), and left temporal (E35, E40, E41, E36, E45, E46, E47, E42, E52) ROIs. ROIs were selected a priori based upon previous studies where differences in cortical activation patterns were observed in adults with mild-moderate ARHL using this same stimulus (Campbell and Sharma, 2014) and evidence from previous neuroimaging studies (PET, fMRI, intracranial CVEP recordings) in typical subjects (Dupont et al., 2003; Bertrand et al., 2012; Kellermann et al., 2012) using the same or similar visual motion stimuli. After computing average CVEP responses for each subject across each ROI, peak latencies and amplitudes were extracted for statistical analyses. Peak latency and peak amplitudes were defined at the midpoint of the peak for each CVEP waveform component (P1, N1, P2). Individual waveforms were averaged together to create a grand-averaged waveform for each group (NH and ARHL) at baseline and for the ARHL at 6 months follow-up.

Group cortical source localization analyses were then performed on CVEP data. An independent components analysis (ICA) was applied to pre-processed CVEP data for each subject to identify spatially fixed and temporally independent components underlying each component (P1, N1, P2) in the CVEP response according to the timeframe in which the component occurred (Makeig et al., 1997; Delorme et al., 2012). ICA components accounting for the greatest percent variance for each of the CVEP component were kept, while remaining ICA components were regarded as artifact/noise and discarded. The ICA-pruned CVEP data for individual subjects were then exported from MatlabTM into Curry7TM Neuroimaging Suite (Compumedics NeuroscanTM), where cortical source modeling was performed. Here, grand average ICA-pruned CVEP waveforms for the NH group at baseline and the ARHL group at baseline and 6 months follow-up visits were computed. Current density source reconstruction (CDR) was performed to visualize group and treatment differences in cortical activation patterns. To achieve this, a second ICA was performed on the grand averaged data for each group to identify components with the highest SNR. A head model was then created and standardized using the boundary element method (BEM) (Fuchs et al., 2002). Next, CDRs were computed via standardized low-resolution electromagnetic tomography (sLORETA). sLORETA is a statistical method that estimates current densities with low localization error (Pascaul-Marqui, 2002; Grech et al., 2008). The resultants CDRs were projected onto an average adult structural MRI (provided by the Montreal Neurological Institute). CDRs are depicted by a graded color scale (F-statistic) indicating the statistical likelihood of cortical activity in each region. This described protocol has been used in our laboratory to observe changes in visual cross-modal plasticity in adults and children with hearing loss at the single-subject and group level (Campbell and Sharma, 2014, 2016; Sharma et al., 2015, 2016; Cardon and Sharma, 2018).



Speech Perception in Noise Testing

Auditory speech perception in noise was measured in an unaided condition for NH group and ARHL groups at baseline and in an aided condition in the ARHL group at 6 months follow-up visit using the QuickSINTM test. The QuickSINTM is a standardized assessment of sentence-level auditory speech perception in background noise (Etymotic Research, 2001; Killion et al., 2004). Two randomly selected recorded lists of 6 sentences (5 key words per sentence) were presented in the context of 4-talker babble noise. Stimuli were presented in a binaural condition via a speaker located at 0° azimuth at a level of 60 dB SPL (conversational speech level). The sentences in each list varied in signal-to-noise ratio (SNR), beginning at 25 dB SNR (easiest) for the first sentence and decreased in 5 dB steps with each subsequent sentence (most difficult). The test is scored in terms of the dB SNR loss, or the dB SNR required for the subject to score 50% of the words correct (threshold), relative to NH adult listeners, with a lower score indicating better auditory speech perception in noise performance and a higher score indicating poorer auditory speech perception in noise performance.

The Arizona Auditory-Visual (AzAv) test was administered for assessment of auditory-visual speech perception in noise (Dorman et al., 2016). The test was administered in an unaided condition at baseline for NH group and in an aided condition at baseline and 6 months follow-up visits for the ARHL group in order to negate potential confounding effects of audibility on test performance. The AzAv was adapted from sentence materials in Macleod and Summerfield (1987, 1990) and developed using methodology of Spahr et al. (2012) in creation of the AzBio, a routinely used auditory-only clinical assessment of speech perception in background noise. The AzAv has been validated in NH and cochlear implanted adults in a series of previous studies reported in Dorman et al. (2016). The test contains 10 lists, with each list comprised of 15 sentences (3 key words per sentence). Sentences spoken by a target talker are presented in the context of multi-talker babble. The test was administered in a binaural condition via a speaker located 0° azimuth, with target sentences presented at a level of 60 dB SPL (conversational speech level). Visual (lip-reading) stimuli were presented on an LCD television at a viewing distance of approximately 42 inches. Several practice lists were first administered in an auditory-only condition, varying the SNR in 2 dB increments (starting at the SNR determined by the QuickSINTM test) to determine the level at which the subject repeats approximately 40–50% of words correct (to prevent ceiling effects). Next, 2 randomly selected lists were presented in an auditory-only condition and 2 randomly selected lists were presented in an auditory-visual condition. Performance on the AzAv test is scored in terms of visual (lip-reading) benefit, by subtracting average performance (in percent key words correct) in the auditory-only condition from the auditory-visual condition, providing a percent benefit score from the addition of visual (lip-reading) cues.



Cognitive Testing

Cognitive tests were administered in an unaided condition for the NH group and in an aided condition for the ARHL group at baseline and 6 months follow-up visits to negate potential confounding effects of audibility on test performance for the ARHL group. Testing was conducted in a quiet room for all participants to prevent negative effects of noise on test performance for all subjects (Dupuis et al., 2015). The cognitive measures selected probe several cognitive sub-domains: Global cognitive function (Montreal Cognitive Assessment – MoCA) (Nasreddine et al., 2005), executive function (Behavioral Dyscontrol Scale II – BDS-2) (Grigsby and Kaye, 1996), processing speed (Symbol Digits Modalities Test – SDMT) (Smith, 1982), visual working memory (Reading Span Test – RST) (Daneman and Carpenter, 1980; Rönnberg et al., 1989), and auditory working memory (Word Auditory Recognition and Recall Measure) (WARRM) (Smith et al., 2016). The aforementioned sub-domains and associated neuropsychological tools were selected based on theoretical predictions about which sub-domains would be most affected by ARHL and previous investigations where impairments were observed in ARHL subjects (Lin, 2011; Lin et al., 2011, 2013; Loughrey et al., 2018). Test-retest reliability over repeated testing of each cognitive measure is described in the Discussion section.



Subjective Hearing Aid Outcome Measures

To validate hearing aid outcomes in the ARHL group at the 6 months follow-up visit, the Client Oriented Scale of Improvement (COSI) (Dillon et al., 1997), the International Outcome Inventory for Hearing Aids (IOI-HA) (Cox et al., 2002, 2003), and the Satisfaction with Amplification in Daily Living (SADL) scales (Cox et al., 2003) were administered. These questionnaires are routinely used in the clinical setting and provide valuable information regarding self-perceived benefit and satisfaction with hearing aids. The COSI measure asks hearing loss subjects to identify and rank in order up to 5 specific listening situations where they hope to see improvements with hearing aids before hearing aid fitting. Subjects then rate the degree of change in hearing ability on 5-point scale (1 = worse, 2 = no difference, 3 = slightly better, 4 = better, and 5 = much better) and their final hearing ability on a 5-point scale (1 = hardly ever, 2 = occasionally, 3 = half the time, 4 = most of the time, and 5 = almost always) in each of these self-identified listening situation after hearing aid fitting. An averaged degree of change score and final ability score is computed across these listening situations (Dillon et al., 1999). While the COSI is not a standardized measure, it probes situations perceived to be most important to each individual. The IOI-HA is a standardized 7-item survey that targets several different outcome domains: Daily use, benefit, residual activity limitations, satisfaction, residual participation restrictions, impact on others, and quality of life. ARHL subjects were asked to provide a rating for each item on a 5-point scale (1 = severe, 2 = moderately-severe, 3 = moderate, 4 = mild, 5 = none), where a lower score indicates poorer outcome and a higher score indicates higher outcome for each item (Cox and Alexander, 2002; Cox et al., 2002, 2003; Kramer et al., 2002; Noble, 2002; Stephens, 2002). The SADL is a standardized 15-item survey targeting elements most important to patient satisfaction. Subjects are asked to indicate the relative importance each item on a 7-point scale. The questionnaire was administered at the 6 months post-treatment assessment visit. The questionnaire yields a global satisfaction score as several sub-scores across the following domains: Positive effects, service, negative features, and personal image (Cox and Alexander, 1999, 2001). An average score was calculated for each sub-score category by summing ratings for each item in that category and dividing by the total number of items in that category. A global score was also computed by averaging ratings across all items and dividing by the total number of items.



Statistical Analysis

Statistical analyses were conducted using the Statistical Package for Social Sciences (SPSS) version 25. Histograms, Q-Q plots, and significance tests (Shapiro–Wilk test, Levene test) were first computed to assess potential violation in assumptions of normality and homogeneity of variance for all variables. Visual inspection and outlier analyses were also performed.

Two-tailed independent sample t-tests were used to assess differences in the cortical, speech perception, and cognitive outcome variables between NH group and ARHL group at baseline. A series of two-tailed, paired samples sample t-tests were applied to assess pre-post treatment effects with hearing aids on cortical, speech perception, and cognitive variables in the ARHL group at the 6 months follow-up visit. Because multiple comparisons were made to assess CVEP (P1, N1, P2) latencies across the different 3 ROIs, a Bonferroni correction was applied (alpha error divided by number of tests) to reduce chance of Type I error, reducing the alpha level from α = 0.05 to α = 0.017. The same correction was applied for assessing CVEP (P1, N1, P2) amplitudes across the 3 ROIs.

To assess the association between CVEP latencies, speech perception, cognitive performance, and degree of hearing loss within the group of adults with ARHL at baseline and at 6 months follow-up, Pearson’s correlation coefficients were computed. Because comparisons were made between the 3 different CVEP components and cognitive outcome measures, a Bonferroni correction was applied during these analyses to reduce chance of Type I error, reducing the alpha level from α = 0.05 to α = 0.017.



RESULTS


Group Differences in Cortical Visual Evoked Potential Latencies and Amplitudes at Baseline

Plots of the grand average CVEP waveforms for the NH and ARHL groups across the occipital, right temporal, and left temporal ROIs are depicted in Figure 2. CVEP responses in the NH and ARHL groups are marked by the presence of all 3 obligatory P1, N1, and P3 CVEP components. Morphological patterns are similar to the findings reported in Campbell and Sharma (2014) using the same stimulus in a smaller group subjects with NH and mild-moderate ARHL. Independent samples t-tests indicated no significant differences in P1, N1, or P2 peak latencies or amplitudes between the NH and ARHL in the occipital or left temporal ROI. However, significant differences in P1, N1 and P2 peak latencies were observed in the right temporal ROI (α < 0.0055 level). Relative to the NH group, the ARHL group exhibited significantly earlier P1 [t(39) = −4.65, p < 0.001], N1 [t(39) = −5.36, p < 0.001], and P2 CVEP latencies [t(39) = −3.42, p = 0.001] in the right temporal ROI (Table 1). Large effect sizes (Cohen’s d-values) were observed for the P1 (d = 1.66), N1 (d = 1.82), and P2 (d = 1.21) components.
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FIGURE 2. Baseline group differences in cortical visual evoked potentials across an occipital, right temporal, and left temporal region of interest. Grand-averaged CVEP waveforms for the normal hearing group (n = 13) and the age-matched group of adults with early-stage, age-related hearing loss (n = 28) are depicted for the occipital region of interest (A), the right temporal region of interest (B), and left temporal region of interest (C). Time (milliseconds) is displayed on the horizontal axis and amplitude (μV) is displayed on the vertical axis. Asterisks show level of significance (***p ≤ 0.001) for differences in CVEP latencies between the two groups. The hearing loss group showed significantly earlier CVEP P1, N1, and P2 latencies over the right temporal region compared to the normal hearing group.



TABLE 1. Baseline cortical visual evoked potential latencies over a right temporal region of interest.
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Group Differences in Cortical Visual Evoked Potential Current Density Source Reconstruction Patterns at Baseline

Average baseline CDRs for the NH and untreated ARHL groups are depicted for each CVEP component (P1, N1, and P2) in Figure 3. 3D CDRs are displayed on a Maximum Intensity Projection (MIP) (a 2D depth-buffered MRI), providing visualization of the voxels with the highest likelihood of activation. The gradient color scale to the right of each figure indicates the statistical likelihood of activation (F-statistic), from lowest (red) to highest (yellow) probable current density computed via sLORETA. Table 1 lists the cortical regions of activity for each component in the CVEP response in order of highest to lowest likelihood of activation.
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FIGURE 3. Baseline group differences in cortical source activation patterns elicited by visual motion stimuli. Baseline Current density source reconstructions (CDR) for the P1, N1, and P2 cortical visual evoked potential components for the normal hearing group (n = 13) are depicted in (A) and CDRs for the hearing loss group (n = 28) are depicted in (B). 3D current density source reconstructions obtained via standardized low-resolution brain electromagnetic tomography (sLORETA) are projected on a 2D depth-buffered structural magnetic resonance image (Maximum Intensity Projection), providing visualization of the voxels with the highest likelihood of activation. The color scale to the right of each figure shows the statistical likelihood of activation (F-statistic), from lowest (red) to highest (yellow) probable current density. (C) Describes regions of cortical source activity for each CVEP component, including Brodmann areas (BA), for the normal hearing and age-related hearing loss group by rank in order highest to lowest likelihood of activation (F-statistic).


As can be observed in Figure 3, the visual motion stimulus elicited activity in bilateral occipital and cerebellar cortical regions for all CVEP components in the NH group. These cortical sources are similar to those reported in fMRI and PET studies using similar visual motion stimuli to ours (Dupont et al., 2003; Kellermann et al., 2012) and a previous intracranial CVEP study using the same visual motion stimulus as ours (Bertrand et al., 2012). In the ARHL group, the visual motion stimulus elicited activation over bilateral occipital and cerebellar regions for the P1 CVEP component. For the N1 and P2 component, occipital and cerebellar cortical activation was observed in addition to activation of regions of the auditory cortex (e.g., superior, middle, and inferior temporal gyrus), evidence of visual cross-modal re-organization in the mild-moderate ARHL group. Evidence of cross-modal re-organization as evidenced by activation of regions of auditory cortex to the same visual motion stimulus has been previously reported by Campbell and Sharma (2014) in a group of adults with mild-moderate hearing loss. Further, in addition to evidence of cross-modal recruitment of auditory cortex in the ARHL group at baseline, the ARHL group also exhibited pre-frontal and frontal cortex (orbital gyrus, inferior frontal gyrus, and middle frontal gyrus, predominately in the left hemisphere) activity for the later N1 and P2 CVEP components at the baseline evaluation.



Group Differences in Speech Perception in Noise at Baseline

Average baseline auditory speech perception scores and corresponding 95% confidence intervals for the NH and ARHL groups are depicted in Figure 4A. QuickSINTM scores were significantly poorer in the hearing loss group compared to the NH group at baseline [t(39) = 3.703, p = 0.001]. Scores indicated a mild deficit in background noise (3–7 dB SNR) in the ARHL group (average = 5.89 dB SNR loss, SD = 4.55) and normal performance (0–3 dB SNR) in the NH group (average = 0.92 dB SNR loss, SD = 2.31) (Killion et al., 2004). Average speech perception in noise scores on this test in the hearing loss group are comparable to results in adults with similar degree of sensorineural hearing loss reported in previous studies (Killion et al., 2004; Wilson et al., 2007) and are consistent with the mild-moderate range of hearing loss in our ARHL study sample.
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FIGURE 4. Baseline group differences in speech perception in noise. Average scores on speech perception measures in the age-related hearing loss group (n = 28) are depicted in gray and average scores for the normal hearing group (n = 13) are depicted in white. Black bars indicate 95% confidence intervals for each group. Asterisks indicate level of significance (***p ≤ 0.05). (A) Depicts average binaural auditory speech perception in noise scores (QuickSINTM). Scores are plotted in terms of the dB signal-to-noise ratio loss (dB SNR), representing the dB SNR required for the participant to score 50% of words in a sentence correct relative to normal hearing listeners. A higher score indicates poorer auditory speech perception in noise performance. The dotted line indicates the cutoff score (3 dB SNR) for normal function in background noise. The hearing loss group performed significantly poorer on the QuickSINTM test. (B) Depicts average benefit from visual (lipreading) cues on a binaural auditory-visual speech perception in noise test (AzAv). Scores indicate the percent difference score in an auditory-only condition relative to an auditory-visual condition, where a higher score indicates greater benefit from the addition of visual (lip-reading) cues. No significant difference was observed between groups in terms of lip-reading benefit.


Average baseline visual (lip-reading) benefit scores on the auditory-visual speech perception in noise scores for the NH and ARHL groups are shown in Figure 4B. Average benefit from visual cues on the AzAv test across the NH and ARHL groups was 37.21% (SD = 10.24) and there was no significant difference in performance between the NH and ARHL groups [t(39) = 0.517, p = 0.608], indicating that adults with early-stage (mild-moderate) hearing loss do not derive greater relative benefit from visual (lip-reading) cues compared to age-matched NH control subjects. This finding is comparable to previously reported visual benefit using the same AzAv test materials in cochlear implant recipients, where average benefit from visual cues was 32–44% (Dorman et al., 2016) in studies of older adult listeners using similar auditory-visual speech perception measures (Cienkowski and Carney, 2002; Sommers et al., 2005). The relative benefit from visual (lip-reading) cues described in our study is also comparable to benefit described in younger adult populations under acoustically degraded listening situations (Sumby and Pollack, 1954; Grant and Seitz, 2000; Schwartz et al., 2004; Ross et al., 2007).



Group Differences in Cognitive Function at Baseline

Average results on cognitive measures and corresponding 95% confidence intervals are depicted in Figures 5A–E. At baseline, the ARHL group performed significantly poorer than the NH group across all cognitive sub-domains: Global cognitive function, executive function, processing speed, visual working memory, and auditory working memory. Average global cognitive score (MoCA) was 1.69 points lower in the ARHL group (mean score = 24.93, SD = 2.80) compared to the NH group (mean score = 26.62, SD = 1.193) and this difference was statistically significant [t(39) = −2.074, p = 0.045]. Executive function scores (BDS-2) were 3.06 points lower in the ARHL group (mean score = 20.79, SD = 2.80) compared to the NH group, and this difference was also statistically significant [t(39) = −3.087, p = 0.004]. The ARHL group (mean score = 43.96, SD = 7.42) performed 7.81 points poorer on the processing speed measure (SDMT) compared to the NH group at baseline, and this difference was significantly significant (average score = 51.77, SD = 6.06) [t(39) = −3.310, p = 0.002]. Percent recall scores on the visual working memory task (RST) were 6.92% poorer in the hearing loss group (average recall score = 39.61%, SD = 10.81) compared to the NH group (average recall score = 46.53%, SD = 7.25) [t(39) = −2.091, p = 0.043]. Percent recall scores on the auditory working memory task (WARRM) were 11.39% poorer in the ARHL group (average recall score = 71.52%, SD = 13.36) compared to the NH group (average recall score = 82.01%, SD = 5.69) [t(39) = −2.937, p = 0.006, α < 0.01]. Together, these results suggest a negative impact on cognitive function even in mild hearing loss.
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FIGURE 5. Baseline group differences in cognitive function. Average scores on cognitive measures in the age-related hearing loss group (n = 28) are depicted in gray and average scores for the normal hearing group (n = 13) are depicted in white. Black bars indicate 95% confidence intervals for each group. Asterisks indicate level of significance (**p ≤ 0.01, *p ≤ 0.05). (A) Depicts average global cognitive function on a screening measure (MoCA) for mild cognitive impairment. Higher scores in indicate higher global cognitive function, out of a total score of 30 points. The dotted reference line on the y-axis indicates the cutoff score (≤ 27) indicating risk for mild cognitive impairment. (B) Shows average executive function score (BDS-2). Higher scores in indicate better executive functioning, out of a total score of 27 points. (C) Depicts average processing speed score (SDMT). Higher scores in indicate faster processing speeds in a timed, 90 s digit-symbol matching task. (D) Shows average visual working memory score (RST) in percent words correctly recalled. Higher scores indicate higher visual working memory performance in a dual-task paradigm. (E) Displays average auditory working memory score (WARRM) in percent words correctly recalled. Higher scores indicate higher auditory working memory performance in a dual-task paradigm. The hearing loss group performed more poorly than the normal hearing group across all cognitive outcome measures assessed. Note: Cognitive testing in the hearing loss group was administered in an acutely aided condition to negate confounding effects of audibility on cognitive performance.




Correlation Between Cortical Visual Evoked Potential Latencies and Behavioral Measures in Untreated, Age-Related Hearing Loss at Baseline

To evaluate the association between visual cortical cross-modal re-organization and behavioral outcomes, we correlated baseline CVEP latencies in ARHL group over the right temporal ROI to auditory performance (degree of hearing loss and auditory speech perception in noise), functional dependence on visual cues, and cognitive function.

Correlations between P1 CVEP and degree of hearing loss for the ARHL group are depicted in Figure 6A. A significant negative correlation was observed between HFPTA and P1 (r = −0.672, p < 0.001), N1 (r = −0.741, p < 0.001), and P2 (r = −0.572, p < 0.001) CVEP latencies in the right temporal ROI in the ARHL group at baseline, suggesting that more extensive cross-modal re-organization is apparent in greater degrees of hearing loss. This result is consistent with findings from Stropahl and Debener (2017) where degree of hearing loss and strength of visual cross-modal re-organization in the auditory cortex to visual stimuli were significantly associated in a group of adults with mild-moderate ARHL.
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FIGURE 6. Association between baseline cortical visual evoked potential latencies (CVEP) and auditory function in the hearing loss group. (A) Depicts correlations between right temporal CVEP P1 peak latency (in milliseconds) and high frequency pure tone average (averaged across the right and left ear) in the ARHL group. A higher pure tone average (measured in dB hearing level, or dB HL) indicates more severe hearing loss. Earlier CVEP latency, considered an index of visual cross-modal re-organization, is associated with more extensive auditory deprivation in the high frequencies. (B) Depicts correlations between right temporal CVEP P1 peak latency (in milliseconds) and binaural auditory speech perception in noise (QuickSINTM) performance for the ARHL group at baseline. A higher QuickSINTM score indicates poorer performance in background noise. Earlier CVEP latency, considered an index of visual cross-modal re-organization, is associated with poorer auditory performance in background noise.


Correlations between CVEP P1 latency and auditory speech perception is shown in Figure 6B. A significant negative correlation was observed between auditory speech perception in noise on the and right temporal ROI CVEP peak latencies for the P1 (r = −743, p < 0.001), N1 (r = −0.643, p < 0.001), and P2 (r = −0.532, p < 0.001) in the untreated ARHL group. This finding suggests that earlier CVEP latencies, considered an index of more extensive visual cross-modal re-organization of auditory cortex, are associated with poorer auditory speech perception performance. This finding is consistent with previous studies in deaf adults (Doucet et al., 2006; Buckley and Tobey, 2011; Sandmann et al., 2012; Strelnikov et al., 2013; Chen et al., 2016) deaf children (Lee et al., 2001; Campbell and Sharma, 2016), and adults with mild-moderate hearing loss (Campbell and Sharma, 2014).

No significant was observed between CVEP latencies and dependence on visual (facial) cues in the ARHL group at baseline for any of the CVEP components [P1 (r = 0.070, p = 0.724), N1 (r = −0.123, p = 0.532), P2 (r = −0.41, p = 0.837)]. While a significant association between visual cross-modal neuroplasticity and benefit from visual cues has been reported in deaf adults (Stropahl et al., 2015; Stropahl and Debener, 2017), our results do not show this same tendency in mild-moderate hearing loss. Based on this finding, it possible that visual cross-modal recruitment of auditory cortex may be related to auditory deprivation itself, rather than enhanced auditory-visual integration, at least in the early stages of hearing loss. This finding is consistent with Stropahl and Debener (2017), where visual (lip-reading) benefit for auditory-visual speech perception was not correlated with strength (amplitude) of visual evoked potential responses to facial stimuli in adults with mild-moderate sensorineural hearing loss.

Correlations between right temporal P1 CVEP latency and performance on the global cognitive function (MoCA), executive function (BDS-2), processing speed (SDMT) and auditory working memory (WARRM) tasks are shown in Figures 7A–D, respectively. Earlier P1 CVEP latency, considered an index of cross-modal re-organization, was associated with poorer global cognitive function (r = 0.391, p = 0.011) (Figure 7A), executive function (r = 0.391, p = 0.010) (Figure 7B), processing speed (r = 0.397, p = 0.010) (Figure 7C), and auditory working memory (r = 0.379, p = 0.015) (Figure 7D). There was no association between P1 CVEP latency and performance on the visual working memory (RST). The P1 CVEP component is heavily modulated by attention (Hackley et al., 1990; Luck et al., 1990; Gazzaley et al., 2008; Zanto et al., 2010). Thus, it is possible that the correlation between these variables may reflect alterations in top-down modulation of attention. If auditory deprivation induces compensatory changes in visual attention, this may reduce available cortical resources available for other downstream cognitive tasks (Broadbent, 1954; Norman and Bobrow, 1975; Lavie and Tsal, 1994; Lavie, 1995; Rees et al., 1997; Lavie and de Fockert, 2003, 2005; Lavie et al., 2004). While not directly addressed in this study, the unexpected activation of frontal and pre-frontal cortex to visual motion stimuli in the untreated ARHL group (Figure 2) may similarly reflect a shift in attentional and/or cognitive resources for cortical sensory processing in mild-moderate ARHL.


[image: image]

FIGURE 7. Association between cortical visual evoked potential latencies and cognitive function in the hearing loss group. Significant correlations (p ≤ 0.017) between right temporal P1 CVEP peak latency (in milliseconds) and cognitive performance across the domains of global cognitive function on the (Montreal Cognitive Assessment) (A), executive function (Behavioral Dyscontrol Scale) (B), processing speed score (Symbol Digits Modalities Test) (C), and auditory working memory (Word Auditory Recognition and Recall Measure) (D). Higher scores on the cognitive measures indicate better cognitive performance. Earlier CVEP latencies, considered an index of visual cross-modal re-organization, are associated with poorer cognitive functioning.




Effects of Hearing Aid Use on Cortical Visual Evoked Potential Latencies and Amplitudes

Plots of the grand average CVEP waveforms for the ARHL group (n = 21) at baseline and at 6 months post-treatment follow-up are depicted for the occipital, right temporal, and left temporal ROIs in Figure 8. Table 2 lists the cortical regions of activity for each component in the CVEP response in order of highest to lowest likelihood of activation for the ARHL group pre-treatment and post-treatment. Paired samples t-tests indicated no significant treatment effect hearing aid use on P1, N1, or P2 peak latencies or amplitudes over the occipital or left temporal ROIs (p > 0.05). However, significant pre-post treatment differences in CVEP P1, N1, and P2 latencies were observed in the right temporal ROI. Specifically, the ARHL group exhibited a significant late-ward shift in post-treatment P1 [t(20) = 4.148, p < 0.001], N1 [t(20) = 5.193, p < 0.001], and P2 [t(20) = 4.300, p < 0.001] CVEP peak latencies with moderate to high effect sizes (Cohen’s d-values) [P1: d = 0.78, N1: d = 1.21, P2: d = 0.82]. While average post-treatment amplitudes appear visually reduced, this difference was not statistically significant P1 [t(20) = −0.784, p = 0.442], N1 [t(20) = −0.476, p = 0.639], P2 [t(20) = −0.460, p = 0.650]. To our knowledge, no prior studies have evaluated clinical treatment with hearing aids on visual cross-modal plasticity in ARHL. Post hoc group comparisons between the NH group evaluated at baseline (n = 13) and the 6 months post-treatment outcomes in the ARHL group (n = 21) indicate no statistical difference in P1 [t(32) = 1.339, p = 0.190], N1 [t(32) = 1.010, p = 0.320], or P2 [t(32) = 0.814, p = 0.422] CVEP latencies over the right temporal ROI, suggesting that restored audibility from hearing aid use may promote more typical cortical visual processing patterns.
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FIGURE 8. Cortical visual evoked potentials across the occipital, right temporal, and left temporal regions of interest before and 6 months after intervention with hearing aids. Grand-averaged CVEP waveforms for a group of adults with early-stage, age-related hearing loss (n = 21) are depicted for the occipital (A), right temporal (B), and left temporal (C) regions of interest before (solid black line) and 6 months after hearing aid use (dashed black line). Time (milliseconds) is displayed on the horizontal axis and amplitude (μV) is displayed on the vertical axis. Asterisks indicate level of significance (***p ≤ 0.001). The hearing loss group exhibits a significant late ward shift in CVEP P1, N1, and P2 latencies over the right temporal following treatment with hearing aids.



TABLE 2. Cortical visual evoked potential latencies over a right temporal region of interest in adults with age-related hearing loss before and after 6 months of hearing aid use.
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Effects of Hearing Aid Use on Cortical Visual Evoked Potential Current Density Source Reconstruction Patterns

Pre-treatment and 6 months post-treatment CVEP CDRs for the ARHL group are displayed in Figure 9. Please note that since stability of cortical sources localization (and SNR) increases with larger subject numbers, all ARHL subjects who were assessed at baseline (n = 28) were compared to the group of ARHL adults who met minimum hearing aid usage criterion 6 months post-treatment with hearing aids (n = 21). While the ARHL exhibited occipital, temporal (e.g., superior, middle, and inferior temporal gyrus), and frontal and pre-frontal cortical activity [e.g., orbitofrontal gyrus, Brodmann area (BA) 11] for the higher-order N1 and P2 CVEP components pre-treatment, there was a post-treatment reduction in auditory cortex recruitment for these components post-treatment, suggestive of a reversal in visual cross-modal re-organization by vision. In addition, post-treatment results indicate a reduction in frontal and pre-frontal cortex activation compared to baseline. Post-treatment CDR results in the hearing loss group are comparable those results observed in the NH group at baseline evaluation (Figure 3A).
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FIGURE 9. Effects of treatment with hearing aids on cortical source activation patterns elicited by visual motion stimuli in age-related hearing loss. (A) Depicts current density source reconstructions (CDR) for the P1, N1, and P2 cortical visual evoked potential (CVEP) components for the group of adults with untreated age-related hearing loss assessed at baseline prior to hearing aid fitting (pre-HA) (n = 28) and (B) depicts average CDRs for the P1, N1, and P2 CVEP components in a sub-group of these adults (n = 21) assessed post-treatment after 6 months of hearing aid use (post-HA). 3D current density source reconstructions obtained via standardized low-resolution brain electromagnetic tomography (sLORETA) are projected on a 2D depth-buffered structural magnetic resonance image (Maximum Intensity Projection), providing visualization of the voxels with the highest likelihood of activation. The color scale to the right of each figure indicates the statistical likelihood of activation (F-statistic), from lowest (red) to highest (yellow) probable current density. (C) Describes regions of cortical source activity for each CVEP component, including Brodmann areas (BA), for the age-related hearing loss group at baseline and 6-month follow-up by rank in order highest to lowest likelihood of activation (F-statistic).




Effects of Hearing Aid Use on Speech Perception in Noise

Figure 10A depicts auditory speech perception in noise scores and corresponding 95% confidence intervals in the ARHL group pre-treatment and post-treatment with hearing aids. A significant pre-post treatment improvement in QuickSINTM score was observed [t(20) = 4.643, p < 0.001]. While ARHL adults exhibited a mild auditory deficit (3–7 dB SNR) in background noise without hearing aids (average score = 6.05 dB SNR, SD = 5.11), treatment with hearing aids over yielded a 3.6 dB SNR improvement in performance (average score = 2.40 dB SNR, SD = 2.15), with performance comparable to NH adults (0–3 dB SNR).
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FIGURE 10. Effects of treatment with hearing aids on auditory speech perception in noise. Average scores on speech perception measures in the age-related hearing loss group pre-treatment (gray) and 6 months post-treatment with hearing aids (Post-HA) (white). Black bars indicate 95% confidence intervals for each group. Asterisks indicate level of significance (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05). (A) Depicts average binaural auditory speech perception in noise scores (QuickSINTM) before and after hearing aid treatment. Scores are plotted in terms of the dB signal-to-noise ratio loss (dB SNR), representing the dB SNR required for the participant to score 50% of words in a sentence correct relative to normal hearing listeners. A higher score indicates poorer auditory speech perception in noise performance. The dotted line indicates the cutoff score (3 dB SNR) for normal function in background noise. The hearing loss group exhibited significant improvements in auditory speech perception in noise after treatment with hearing aids. (B) Shows average benefit from visual (lip-reading) cues on a binaural auditory-visual speech perception in noise test (AzAv). Scores indicate the percent difference score in an auditory-only condition relative to an auditory-visual condition, where a higher score indicates greater benefit from the addition of visual (lip-reading) cues. No significant difference in lip-reading benefit was observed between pre-post intervention test sessions in the hearing loss group.


Figure 10B depicts sentence-level visual (lip-reading) benefit for auditory-visual speech perception in noise (AzAv) at baseline and 6 months follow-up in the ARHL group, as well as corresponding 95% confidence intervals. The ARHL group performed derived similar benefit from visual cues on the AzAv test pre- and post-treatment with hearing aids [t(20) = −0.203, p = 0.841]. Average benefit from visual cues pre-treatment at the baseline evaluation (acutely aided condition) was 36.93% (SD = 9.69) and average benefit from visual cues at 6 months post-treatment follow-up (aided condition) was 37.66% (SD = 13.92). This finding suggests that hearing aid use does not modify auditory-visual integration in mild-moderate ARHL. However, given that adults with hearing loss did not have an advantage in lip-reading at the pre-treatment baseline compared to NH adults, it was not entirely unexpected that there would be no change in their results after treatment. No correlation was observed between average daily hearing aid use and change in auditory speech perception in noise performance (QuickSINTM) [t(20) = −0.148, p = 0.523] or change in dependence on visual cues for auditory-visual speech perception in noise AzAv test: [t(20) = −0.210, p = 0.362]. Given high homogeneity of average daily hearing aid use among ARHL participants (average = 9.84 h/day, SD = 2.96, range = 5.10–14.02 h/day), this is not an unexpected finding.



Effects of Hearing Aid Use on Cognitive Function

Hearing aid use over the course of 6 months resulted in significant improvements in the domains of global cognitive function, executive function, processing speed, and visual working memory (but not auditory working memory). On the global cognitive function measure (MoCA), 71% (n = 15) of ARHL adults showed improved performance after 6 months of hearing aid use, 10% (n = 2) showed no change in performance, and 19% (n = 4) showed decreased performance. On the executive function measure (BDS-2), 90% of subjects (n = 19) showed improvement performance, 10% showed no change in performance (n = 2), and 0% (n = 0) showed decreased performance. On the processing speed measure (SDMT), 81% of subjects (n = 17) showed improved performance, 5% showed no change in performance (n = 1), and 14% (n = 3) showed decreased performance. On the visual working memory test (RST), 71% showed improved performance (n = 16), 0% showed no change in performance, and 24% showed decreased performance (n = 5). On the auditory working memory test (WARRM), 67% showed improved performance (n = 14), 0% (n = 0) showed no change in performance, and 33% showed decreased performance (n = 7). Pre-post cognitive test results on these cognitive assessments are depicted in Figures 11A–E. A 1.62 point improvement in global cognitive function (MoCA) score was observed after 6 months of hearing aid use compared to pre-treatment, which was statistically significant [t(20) = 2.878, p = 0.009]. Average improvement in executive function (BDS-2) after 6 months of hearing aid use was 3.09 points higher than pre-treatment scores, and this improvement was also significant [t(20) = 5.253, p < 0.001]. Significant improvements in processing speed (SDMT) by 4.52 points [t(20) = 4.209, p < 0.001] and visual working memory (RST) by 5.30 percentage points [t(20) = 4.121, p = 0.001] were also observed after 6 months of hearing aid use. We observed no significant improvement on the auditory working memory (WARRM) measure following treatment with hearing aids [t(20) = 1.072, p = 0.296].
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FIGURE 11. Effects of treatment with hearing aids on cognitive function in age-related hearing loss across 6 months of hearing aid use. Average scores on cognitive measures in the age-related hearing loss group (n = 21) are depicted pre-treatment (gray) and 6 months post-treatment with hearing aids (white). Black bars indicate 95% confidence intervals for each group. Asterisks indicate level of significance (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.01). (A) Shows average global cognitive function on a global cognitive screening measure (MoCA) pre- and post-treatment. Higher scores in indicate higher global cognitive function, out of a total score of 30 points. The dotted reference line on the y-axis indicates the cutoff score (≤ 27) indicating risk for mild cognitive impairment. A significant improvement in MoCA score was observed post-treatment in the hearing loss group. (B) Depicts average executive function score (BDS-2) pre- and post-treatment. Higher scores in indicate better executive functioning, out of a total score of 27 points. A significant improvement in executive function score was observed post-treatment in the hearing loss group. (C) Depicts average processing speed score (SDMT) pre- and post-treatment. Higher scores in indicate faster processing speeds in a timed, 90 s digit-symbol matching task A significant improvement in processing speed was observed post-treatment in the hearing loss group. (D) Shows average visual working memory score (RST) in percent words correctly recalled pre- and post-treatment. Higher scores indicate higher visual working memory performance in a dual-task paradigm. A significant improvement in visual working memory recall was observed post-treatment in the hearing loss group. (E) Depicts average auditory working memory score (WARRM) in percent words correctly recalled pre- and post-treatment. Higher scores indicate higher auditory working memory performance in a dual-task paradigm. No significant improvement in auditory working memory recall was observed post-treatment in the hearing loss group. Note: Cognitive testing in the hearing loss group was administered in the same condition across pre-treatment (acutely aided) and post-treatment (aided) test sessions to ensure similar pre-posttest conditions and to reducing potential confounding effects of audibility on cognitive performance at the pre-treatment visit.


Further, post hoc correlational analyses indicate that reliance on cognitive function is greater in situations where the acoustic speech signal is unfavorable (e.g., unaided) compared to situations where the acoustic speech signal is more optimal (e.g., appropriately aided). For example, the correlations between unaided auditory speech perception in noise (QuickSINTM score) and performance on the global cognitive function task (MoCA) (r = −0.37, p = 0.018) and processing speed task (SDMT) (r = −0.427, p = 0.005) measured at baseline were stronger than the correlations between aided auditory speech perception in noise (QuickSINTM score) and performance on the global cognitive function task (MoCA) (r = −0.446, p = 0.043) and processing speed task (SDMT) (r = −0.292, p = 0.199) measured 6 months after hearing aid use. This finding is consistent with previous studies which show that acoustically degraded speech requires greater cognitive compensation (Rönnberg et al., 2013, 2008; Wingfield et al., 2015). No correlation was observed between average daily hearing aid use and change performance on any of the cognitive tasks (MoCA: [t(20) = 0.046, p = 0.843]; BDS-2: [t(20) = −0.11, p = 0.618]; SDMT: [t(20) = 0.260, p = 0.254]; RST: [t(20) = 0.143, p = 0.535]; WARRM: [t(20) = 0.355, p = 0.114]). Given high homogeneity of average daily hearing aid use among ARHL participants (average = 9.84 h/day, SD = 2.96, range = 5.10–14.02 h/day), this is not an unexpected finding.



Pre-treatment Cross-Modal Re-organization Predicts 6 Months Post-treatment Auditory Speech Perception Outcomes

Figure 12 shows the correlation between pre-treatment CVEP latencies and post-treatment QuickSINTM scores in the ARHL group. As shown, there was a significant negative correlation was observed between pre-treatment CVEP latencies in the right temporal ROI and auditory speech perception in noise outcomes for the P1 (r = −0.743, p < 0.001), N1 (r = −0.643, p < 0.001), and P2 (r = −0.532, p < 0.001) components, suggesting that the cross-modal state of the auditory cortex pre-treatment is predicted of 6 months post-treatment auditory speech perception outcomes. No such association was observed between pre-treatment right temporal CVEP latencies and post-treatment dependence on visual (lip-reading cues) or post-treatment cognitive outcomes across the domains of global cognitive function, executive function, processing speed, auditory working memory, or visual working memory.
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FIGURE 12. Association between pre-treatment cortical visual evoked potential latencies and post-treatment auditory speech perception in noise outcomes in age-related hearing loss. Correlations between pre-treatment neurophysiological outcomes and post-treatment speech perception outcomes are shown for a group of adults with hearing loss (n = 21) who received treatment with hearing aids. Pre-treatment right temporal P1 CVEP peak latency (in milliseconds) is displayed on the horizontal axis and performance 6 months post-treatment binaural aided auditory speech perception in noise performance (QuickSINTM score) is depicted on the vertical axis. QuickSINTM scores are plotted in terms of the dB signal-to-noise ratio loss (dB SNR), representing the dB SNR required for the participant to score 50% of words in a sentence correct relative to normal hearing listeners. A higher score indicates poorer auditory speech perception in noise performance. Earlier pre-treatment P1 CVEP latencies (an index of visual cross-modal re-organization) are predictive of poorer post-treatment auditory outcomes.


Tinnitus status in the ARHL group had no effect on performance outcomes on the QuickSINTM [t(20) = 1.027, p = 0.318], AzAv [t(20) = 0.583, p = 0.567] or on majority of the cognitive tests (MoCA, BDS-2, RST, WARRM) [t(20) < 1.659, p > 0.114]. Gender had no effect on performance outcomes on the QuickSINTM [t(20) = 0.814, p = 0.426], AzAv [t(20) = 0.175, p = 0.062], or majority of the cognitive tests (BDS-2, SDMT, WARRM) [t(20) < 0.175, p > 0.863], though females performed slightly better than males on the global cognitive function test (MoCA) [t(20) = 2.104, p = 0.049] and visual working memory test (RST) [t(20) = 2.432, p = 0.030] post-treatment. Age was not correlated with performance outcomes on the QuickSINTM (r = −0.007, p = 976), AzAv (r = −0.012, p = 0.959), or majority of the cognitive tests (MoCA, SDMT, RST, WARRM) (r < 0.358, p > 0.111) in the ARHL group, though older age was correlated with poorer executive function (BDS-2) (r = −0.645, p = 0.002).



Subjective Self-Report of Hearing Aid Benefit and Satisfaction

Self-report of hearing aid benefit and satisfaction on the COSI, IOI-HA, and SADL is depicted in Figures 13A–C, respectively. On the COSI outcome questionnaire (Figure 13A), subjects were asked to identify several listening situations they identified as most important to them at the baseline evaluation, and then were asked to rate their improvement with hearing aids and their final ability with hearing aids in these specific situations on a 5-point scale, with a higher score indicating greater levels of improvement. Average improvement rating with hearing aids was 4.09 (out of 5) (SD = 0.60) and average final ability with hearing aids 4.49 (SD = 0.44) (out of 5) on the COSI outcome questionnaire, indicating the ARHL group felt they were able to hear most of the time (>75%) with their hearing aids in the specific listening situations they identified as most important to them.
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FIGURE 13. Post-treatment hearing aid outcomes. Outcomes on 3 self-report questionnaires are depicted, with higher scores indicating more favorable outcomes for the adults with hearing loss (n = 21) who received treatment with hearing aids. (A) Depicts outcomes on the Client Oriented Scale of Improvement (COSI), where subjects were asked to identify 5 specific listening situations where they wanted to see improvement with hearing aids. Six months post-treatment, participants were asked to rate improvement with hearing aids in each of these situations on a 5-point scale (1 = worse, 2 = no difference, 3 = slightly better, 4 = better, and 5 = much better) and their final hearing ability to hear with hearing aids in each of these situations on a 5-point scale (1 = hardly ever, 2 = occasionally, 3 = half the time, 4 = most of the time, and 5 = almost always). Hearing loss participants exhibit improvements with hearing aid use in the listening situations identified as most important to them and can hear “most of the time” (> 75%) in the listening situations identified as most important to them. These results provide subjective data of benefit from clinical treatment of mild-moderate, age-related hearing loss. (B) Shows hearing aid Outcomes on the International Inventory of Hearing Aids (IOI-HA), where subjects provided a rating for 7-items assessing daily use of hearing aids, benefit, residual activity limitations, satisfaction, residual participation restrictions, impact on others, and quality of life at the 6 months post-treatment visit. Average global improvement rating was 4.33 (SD = 0.38) and sub-scores were also high, providing subjective evidence of benefit from hearing aid treatment. (C) Shows hearing aid outcomes on the Satisfaction with Amplification in Daily Life Questionnaire (SADL), where subjects were asked to provide a rating for 15 items assessing positive effects of hearing aid use, service, negative features, and personal image on a 7-point scale at the 6 months post-treatment follow-up. Average global score was 5.68 (SD = 0.60) and sub-scores were also high, indicating high levels of self-perceived satisfaction with hearing aids in early-stage, mild-moderate age-related hearing loss.


On the IOI-HA outcome questionnaire, ARHL subjects were asked to provide a rating for 7-items assessing daily use of hearing aids, benefit, residual activity limitations, satisfaction, residual participation restrictions, impact on others, and quality of life at the 6 months follow-up visit. Ratings were provided on a 5-point scale, where a lower score indicates poorer outcome and a higher score indicates higher outcome for each item. Average global improvement rating was 4.33 (SD = 0.38), indicating significant benefit from hearing aid use (Figure 13B). An additional 8th item on the IOI-HA test probed subject’s self-reported hearing difficulty on a 5-point scale (1 = severe, 2 = moderately-severe, 3-moderate, 4 = mild, 5 = none), where a higher score indicates less self-perceived difficulty. Based on the results, the average self-reported difficulty on item 8 of the IOI-HA was 3.19 (SD = 0.75), indicative of moderate self-reported hearing difficulty in background noise. Average global score across items 1–7 on the IOI-HA was 4.33 (SD = 0.38). Average scores across items 1–7 were 4.47 (= 0.60) for the use sub-score, 4.19 (SD = 0.99) for the benefit sub-score, 4.10 (SD = 0.54) for the residual activity limitation sub-score, 4.67 (SD = 0.67) for the satisfaction sub-score, 4.38 (SD = 1.07) for the participation sub-score, 4.57 (SD = 0.68) for the impact on others sub-score, and 3.95 (SD = 9.92) for the quality of life sub-score. These results were compared to normative data in adults with moderate-severe sensorineural hearing loss reporting “moderate” hearing problems on item 8 reported in Cox et al. (2003). Results from our study subjects are comparable these norms across all 7 sub-scores, even though our study subjects had slightly less severe hearing loss. Results provide evidence of real-world effectiveness of hearing aid intervention in the mild-moderate stages of ARHL.

On the SADL outcome measure, the ARHL group was asked to indicate their relative satisfaction with hearing aids across the areas of positive effect, service, negative features, and personal image (Figure 13C). Higher scores indicate greater self-perceived satisfaction. Average global score on the SADL was 5.68 (SD = 0.60). Average positive effect sub score was 5.15 (SD = 1.02), average service sub-score was 6.26 (SD = 0.83), average negative feature sub-score was 5.51 (SD = 1.32), and average self-image sub-score was 6.24 (SD = 0.75). Comparison of our results against normative data reported in Cox and Alexander (2001) indicate global scores and sub-scores falling above the 50th percentile, and service sub-score and negative features sub-scores falling above the 80th percentile for adults with similar degree of hearing loss. Together, results from these hearing aid outcome measures provide evidence of high levels self-perceived benefit and satisfaction from hearing aids in our study sample.



DISCUSSION

Overall, the goal of this investigation was to explore the relationship between cortical visual cross-modal neuroplasticity and speech perception and cognitive outcomes in early-stage ARHL, and to assess treatment effects with well-fit hearing aids on these outcomes. Visual cross-modal re-organization was observed in the untreated ARHL group, as evidenced by earlier CVEP latencies over right auditory cortex and cortical source localization patterns indicating greater probable current densities in auditory cortex to visual motion stimuli. Visual cross-modal re-organization in the ARHL group was associated degree of hearing loss and poorer auditory speech perception outcomes, but not visual (lip-reading) benefit. More extensive cross-modal re-organization in the ARHL group at baseline was also associated with poorer cognitive performance in the domains of global cognitive function, executive function, processing speed, and auditory and visual working memory. As a group, clinical treatment with well-fit amplification reversed cross-modal recruitment of auditory cortex for visual processing in the ARHL group following 6 months of hearing aid use, coinciding with gains in auditory speech perception abilities and improvements in global cognitive function, executive function, processing speed, and visual working memory performance. Further, the cross-modal status of the right auditory cortex at baseline before hearing aid fitting was predictive of 6 months post-treatment auditory speech perception outcomes. To our knowledge, this is the first study to document reversal in visual cross-modal re-organization following clinical intervention with hearing aids, though reversal in cross-modal re-organization has been previously reported in an individual pediatric case of single-sided deafness following clinical intervention with a cochlear implant (Sharma et al., 2016).


Cortical Visual Cross-Modal Neuroplasticity in Mild-Moderate Age-Related Hearing Loss

A main finding from this study was more extensive cross-modal recruitment of auditory cortex by vision in the ARHL group prior to hearing aid fitting. We observed earlier P1, N1, and P2 latencies in the ARHL group relative to NH controls over the right temporal cortex at baseline, and CVEP current density source reconstruction patterns indicating greater cross-modal activity over the auditory cortex. This finding replicates results from a previous high-density EEG study in a smaller group of adults with mild-moderate ARHL using the same stimulus (Campbell and Sharma, 2014) as well as other EEG studies using different visual stimuli (Stropahl and Debener, 2017). Earlier CVEP latencies have been reported in deaf adults and adults with ARHL in previous EEG studies, and are considered an index of visual cross-modal re-organization (Neville and Lawson, 1987; Finney et al., 2003; Fine et al., 2005; Doucet et al., 2006; Buckley and Tobey, 2011; Sandmann et al., 2012; Hauthal et al., 2013; Campbell and Sharma, 2014), where earlier latencies reflect increased synaptic strength and connectivity (Driver and Spence, 2004). Our observations of more extensive visual cross-modal re-organization in the right temporal ROI is also similar to findings from Cardon and Sharma (2018), where there was more extensive cross-modal recruitment of right auditory cortex by the somatosensory modality in adults with ARHL compared to NH controls. Because right auditory cortex has been shown to be more susceptible to atrophy in ARHL (Lin et al., 2014), the deprived auditory cortex may be recruited or ‘re-purposed’ for visual or somatosensory processing. While this phenomenon was once believed to restricted to severe-profound hearing loss (e.g., deafness), our results support a growing body of evidence that even mild auditory deprivation may induce compensatory changes in cortical neuroplasticity (Campbell and Sharma, 2014; Stropahl and Debener, 2017).



Mechanisms of Cortical Visual Cross-Modal Neuroplasticity in Adult-Onset Hearing Loss

Second, results from this study indicate that untreated mild-moderate ARHL is associated with deficits in auditory speech perception in noise and cognitive functioning. The untreated ARHL group exhibited significantly poorer cognitive performance across the domains of global cognitive function, executive function, processing speed, visual working memory, and auditory working memory compared to the NH group at baseline. Poorer global cognitive outcomes in ARHL have been reported in previous cross-sectional studies (Lindenberger and Baltes, 1994; Baltes and Lindenberger, 1997; Gussekloo et al., 2005; Lin et al., 2011, 2013; Deal et al., 2015; Dupuis et al., 2015; Harrison Bush et al., 2015) and cohort studies (Gallacher et al., 2012; Lin et al., 2013; Deal et al., 2015; Hong et al., 2016). Impairments on measures of executive functioning have been previously reported in ARHL cohorts (Gates et al., 1996, 2010; Lin et al., 2013). ARHL is also associated with slower processing speeds (Clark, 1960; Anstey et al., 2001; Valentijn et al., 2005; Lindenberger and Ghisletta, 2009; Lin, 2011; Lin et al., 2011, 2013; Gallacher et al., 2012; Deal et al., 2015, 2017; Bucks et al., 2016) and deficits in working memory (Anstey and Smith, 1999; Hofer et al., 2003; MacDonald et al., 2004; Harrison Bush et al., 2015; Bucks et al., 2016) relative to NH adults. In our study auditory speech perception and cognitive performance was significantly associated with visual cross-modal re-organization, such that earlier latencies (considered a marker of visual cross-modal recruitment of auditory cortex for visual processing) was associated with poorer auditory speech perception and cognitive performance. This finding is consistent with the cognitive load theory (Pichora-Fuller et al., 2016), whereby decreased audibility and/or degraded auditory input in hearing loss taxes the brain, resulting in increased cognitive load, depleting spare capacity for other tasks such as memory.

The pre-frontal and frontal cortex recruitment for visual processing that was observed in the ARHL group at baseline – which was absent in the NH group – is a new and unexpected finding. Previous studies have found that hearing impaired listeners may exhibit greater frontal cortex activity when processing incongruent audio-visual, auditory, and visual speech stimuli (McGurk Effect), which is presumed to reflect an increase in cognitive effort during auditory-visual integration tasks (Rosemann and Thiel, 2018). Recruitment of frontal and pre-frontal cortex has also been reported in hearing impaired listeners under difficult auditory speech perception tasks such as in background noise (Obleser et al., 2007; Wong et al., 2009). It is also possible that the pre-frontal and frontal cortex activity observed in our ARHL group at baseline may reflect changes in top-down modulatory control. For example, functional interactions between the pre-frontal and visual cortex have been shown to contribute enhance visual processing, and it is presumed that this modulation by prefrontal cortex may enhance visual attention (Gazzaley et al., 2007). Similarly, pre-frontal cortex appears to modulate auditory cortex during speech processing tasks, with more pronounced effects in left compared to right auditory cortex (Park et al., 2015). Thus, hearing loss may alter normal top-down modulatory control by pre-frontal and frontal cortex of sensory cortices. The reduction in frontal and pre-frontal cortex activity in the ARHL post-treatment suggests that hearing aid use may reduce cognitive effort and/or alter top-down modulation of auditory or visual cortex for visual processing.



Potential for Hearing Aid Use to Reverse Visual Cortical Cross-Modal Re-organization and Provide Cognitive Benefit

Notably, as a group our ARHL subjects showed a reversal in visual cross-modal recruitment of auditory cortex within 6 months of hearing aid use. Moreover, this reversal in cross-modal re-organization coincided with recovery in auditory speech perception in noise performance. Performance on cognitive measures in the ARHL group also improved 6 months post-treatment in almost all cognitive sub-domains (global cognitive function, executive function, processing speed, and visual working memory) except for auditory working memory, where test performance approximated performance of the NH control group at baseline. Thus, beyond the known benefits hearing aid use in improving speech perception and communication, our results provide preliminary evidence that hearing aid use may enhance cognitive function.

It is important to emphasize that cognitive assessment at baseline and 6 months follow-up was performed in an aided condition for the ARHL group, reducing the potential confound of audibility on pre-post treatment differences. This study lacked a control group at 6 months follow-up, in order to mitigate this to some extent, we sought to use best clinical practices by choosing cognitive measures with good test-retest reliability over short test intervals. The global cognitive function measure (MoCA) show high test-retest reliability (r = 0.96) with re-test occurring 2 weeks apart (Wong et al., 2009), with slightly lower test-retest reliability (r = 0.75–0.92) over a range of 4-8 weeks or longer (Lee et al., 2008). Test-retest reliability for the executive function measure (BDS-2) is high (r = 0.8) at 8 week and 6 months follow-up intervals (Grigsby et al., 1992, 2002a,b). Test-retest reliability of the SDMT is high (r = 0.7–0.9) when administered over the course of 2 weeks, 1 month, or 2 years intervals (Benedict et al., 2017). High test-retest reliability over minutes (Turley-Ames and Whitfield, 2003), weeks (Klein and Fiss, 1999; Friedman and Miyake, 2004), and months (Klein and Fiss, 1999) is reported for the visual working memory test (RST). High intra-session and inter-session and test-retest reliability (r > 0.8) has also been reported for the auditory working memory measure (WARRM) (Smith et al., 2016). However, we cannot rule out potential practice effects since we were unable to test the NH subjects at 6 months.

It is possible that reversal in visual cross-modal neuroplasticity in ARHL may provide an objective marker of treatment benefit. For example, less diffuse cross-modal re-organization has also been reported in deaf adults with good auditory speech perception outcomes following cochlear implantation, while deaf adults with poor auditory outcomes exhibit persistent cross-modal re-organization that persists even years after cochlear implantation (Doucet et al., 2006).

To our knowledge, this is the first study to provide evidence that restored audibility with hearing aids may reverse compensatory changes in cortical resource allocation and promote typical more typical visual sensory processing patterns, coinciding with speech perception benefit and cognitive gains, though other studies indicate neurocognitive benefit from hearing aid treatment in adults with hearing loss. For example, findings from a recent study by Anderson (2019) revealed measurable improvements in working memory after 6 months of hearing aid use in a group of adults with hearing loss relative to NH controls (who showed no change in cognitive performance). Further, cognitive gains in their hearing loss group were associated with P2 cortical auditory evoked potential (CAEP) amplitudes, suggesting that increased auditory input may provide neurocognitive benefit. Our findings are also supported by experimental evidence by Deal et al. (2017) and Karawani et al. (2018a), where hearing aid treatment over longer durations (>6 months) in similar ARHL populations resulted in significant improvements in cognitive function the cognitive domains of global cognitive abilities and processing speed (Deal et al., 2017) as well as improvements in working memory (Karawani et al., 2018b). In addition, long-term neurocognitive benefit has been reported in deaf adult cochlear implant recipients at 6 months and 1 year post post-treatment, where notable gains were observed in the areas of global cognitive function and executive function (Mosnier et al., 2015). These results are in contrast to Nkyekyer et al. (2019), where researchers found no improvement in cognitive function in a group of adults with hearing loss (n = 40) fit with hearing aids and examined over the course of 6 months. However, different cognitive sub-domains were assessed in this study (reaction times, immediate and delayed recall, spatial working memory, and contextual memory), study subjects were almost a decade older than the subjects in our study, and there was limited information provided with regards to the quality of the hearing aid fitting or the duration of hearing aid use during the study. The potential for hearing aid use to provide cognitive benefit may depend on a variety of factors (e.g., age, duration of hearing loss, quality of hearing aid fitting, hearing aid use) or take longer in some patients. Future studies should seek to understand this relationship. It is possible that audiological intervention may only provide neurocognitive benefit if treatment is delivered in a timely manner, before extensive functional and structural neural changes take place.

Interestingly, the extent of visual cross-modal re-organization of auditory cortex pre-treatment (as indexed by earlier cortical visual evoked potential latencies) was predictive of auditory speech perception in noise outcomes 6 months post-treatment. This finding suggests that there may be an upper limit to reversing compensatory changes in cortical resource allocation. That is, recovery of auditory speech perception abilities after clinical intervention may be limited by the extent to which auditory cortex has become “re-purposed” by vision. For the small percentage of adults with ARHL who do seek treatment, treatment is typically sought out late, delayed 7–10 years after the hearing loss onset (Davis et al., 2007). Thus, audiological intervention with hearing aids is likely introduced to a central auditory system that has extensively re-organized after long periods of deprivation, potentially limiting treatment effects of hearing aid or cochlear implants. It is possible that these alterations in visual cross-modal re-organization (or other changes in cortical resource allocation) may contribute to the wide variability in outcomes observed in adults with hearing loss who receive treatment. Extensive central “re-wiring” of the auditory pathways could explain low levels of uptake and use with hearing aids.



Future Directions

This study was not a randomized controlled clinical trial and the NH subjects were not re-tested at 6 months follow-up. At baseline, the untreated ARHL group and NH control group demonstrated clear differences in CVEP latencies, cortical source activation patterns, and cognitive performance. After 6 months of hearing aid use, CVEP latencies significantly increased (right auditory ROI), cortical source activation patterns showed less extensive cross-modal re-organization, and cognitive performance improved in the ARHL group, with measures similar to the NH group at baseline. While preliminary findings from this study supports the idea that early and timely intervention with hearing aids (e.g., in the mild-moderate stages) may provide the best chance of promoting typical cortical sensory functioning and good prognostic cognitive and behavioral outcomes, future randomized controlled trials can provide more robust evidence regarding cortical and cognitive benefit from hearing aid treatment.

Longitudinal follow-up studies are also necessary to understand whether extended hearing aid use (beyond 6 months as reported in our study and previous studies) may modify long-term risk for cognitive decline, including dementia. Currently, there exists no universal screening of hearing loss in the United States and very few adults with clinically significant ARHL use hearing aids or cochlear implants. Research in this area may lead to better tools to diagnose auditory deprivation in its early stages and may also help target optimal timeframes for intervention.

It is important to note that ARHL subjects in our study were fit with well-fit hearing aids (± 5 dB of NAL-NL2 targets measured using probe-microphone measures). ARHL subjects in our study also complied with a high level of daily hearing aid use greater (average = 9.84 h/day, SD = 2.96). It is possible that poorly fit devices or low levels of compliance may reduce the efficacy of hearing aids in providing benefit. Future studies should seek to understand how the quality of hearing aid fitting and/or amount of daily hearing aid use may influence auditory, cortical, cognitive outcomes following intervention. Further, while this study focused on group-level differences in baseline auditory, cortical, and cognitive function in NH adults and adults with ARHL, future studies should seek to understand differences in individual characteristics and demographic variables that may affect cortical and cognitive outcomes following intervention for adults with ARHL. Such information may help inform best-practice guidelines and help guide clinical recommendations.

ARHL subjects in our study were fit with hearing aids but received no additional rehabilitation services beyond intervention with hearing aids. Future studies should evaluate whether intervention coupled with additional rehabilitation (e.g., auditory training) may help maximize auditory function once hearing has been “restored.” If the extent of cross-modal re-organization is a limiting factor of post-treatment auditory outcomes, then aural rehabilitation or therapeutic techniques or treatments may help maximize treatment benefit for patients who may be struggling.

The reversal in cross-modal recruitment of auditory cortex by vision and reduction in pre-frontal and frontal cortex activity in the ARHL group after 6 months of hearing aid use suggests that restored audibility from well-fit hearing aids may promote more typical sensory functioning comparable to activity observed in the NH group at baseline. Future studies will aim to examine the role of pre-frontal and frontal cortex activity during sensory processing tasks in ARHL, as it relates to behavioral outcomes of auditory function and cognition. Future studies should also aim to understand how restored audibility with amplification alters top-down attentional or cognitive modulatory control of sensory function.

Finally, our results highlight the potential role of cognitive screening or evaluation in the clinical setting. Currently, only 25% of audiologists incorporate cognitive screening or other special tests into their clinical practice (Anderson et al., 2018). If treatment with hearing aids may provide neurocognitive benefit, then measuring cognitive abilities before and after intervention may provide an additional prognostic indicator or metric by which to evaluate post-treatment outcomes. For example, cognitive assessment tools may help audiologists make better recommendations regarding when a patient should receive intervention or help determine what kind of intervention or rehabilitation plan is ideal. Cognitive assessment may also be used to assess whether a selected intervention or rehabilitation method is providing sufficient benefit. The impact of hearing loss extends beyond the ear, impacting psychosocial function and cognitive function. Greater research resources should be devoted to understanding the larger impact of ARHL on health and wellness.

One of the most remarkable capabilities of the human brain is its capacity for change. As a profession, the field of audiology is beginning to unearth the widespread effects of hearing loss on structural and functional changes in the brain. Ultimately, our clinical interventions (e.g., hearing aids, cochlear implants) the neuroplastic ability for the brain to adapt to restored auditory input. With a more solid understanding of the mechanisms of neuroplasticity in ARHL, our profession may find new and innovative ways to leverage neuroplasticity in order to optimize treatment outcomes for our patients.



DATA AVAILABILITY STATEMENT

All datasets analyzed for this study are included in the manuscript.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board, University of Colorado Boulder. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

Both authors of this manuscript contributed to the design of the study, data analysis, interpretation, revision, and review of this manuscript.



FUNDING

This research was supported by grant funding from the Hearing Industry Research Consortium.


ACKNOWLEDGMENTS

We would like to acknowledge the assistance of Nina Harris, Vanessa Olivares, and Lindsey Palumbo with data collection in this study. We would also like to thank Jim Grigsby, Ph.D., for his invaluable assistance with the neuropsychological measures.


REFERENCES

Agrawal, Y., Platz, E. A., and Niparko, J. K. (2008). Prevalence of hearing loss and differences by demographic characteristics among US adults: data from the National Health and Nutrition Examination Survey, 1999-2004. Arch. Intern. Med. 168, 1522–1530. doi: 10.1001/archinte.168.14.1522

Anderson, M. C., Arehart, K. H., and Souza, P. E. (2018). Survey of Current Practice in the Fitting and Fine-Tuning of Common Signal Processing Features in Hearing Aids for Adults. J. Am. Acad. Audiol. 29, 118–124. doi: 10.3766/jaaa.16107

Anderson, S. (2019). Neural and cognitive benefits of hearing aid use. Hearing J. 72, 10–12.

Anstey, K. J., Luszcz, M. A., and Sanchez, L. (2001). Two-year decline in vision but not hearing is associated with memory decline in very old adults in a population-based sample. Gerontology 47, 289–293. doi: 10.1159/000052814

Anstey, K. J., and Smith, G. A. (1999). Interrelationships among biological markers of aging, health, activity, acculturation, and cognitive performance in late adulthood. Psychol. Aging 14, 605–618. doi: 10.1037/0882-7974.14.4.605

Baltes, P. B., and Lindenberger, U. (1997). Emergence of a powerful connection between sensory and cognitive functions across the adult life span: a new window to the study of cognitive aging? Psychol. Aging 12, 12–21. doi: 10.1037/0882-7974.12.1.12

Barnett, M., Hixon, B., Okwiri, N., and Irungu, C. (2017). Factors involved in access and utilization of adult hearing healthcare: a systematic review. Laryngoscope 127, 1187–1194. doi: 10.1002/lary.26234

Bavelier, D., and Neville, H. J. (2002). Cross-modal plasticity: where and how? Nat. Rev. Neurosci. 3, 443–452. doi: 10.1038/nrn848

Benedict, R. H., DeLuca, J., Phillips, G., LaRocca, N., and Hudson, L. D. (2017). Validity of the symbol digit modalities test as a cognition performance outcome measure for multiple sclerosis. Mult. Scler. 23, 721–733. doi: 10.1177/1352458517690821

Bertrand, J. A., Lassonde, M., Robert, M., Nguyen, D. K., Bertone, A., and Doucet, M. È, et al. (2012). An intracranial event-related potential study on transformational apparent motion. Does its neural processing differ from real motion. Exp. Brain Res. 216, 145–153. doi: 10.1007/s00221-011-2920-8

Broadbent, D. E. (1954). The role of auditory localization in attention and memory span. J. Exp. Psychol. 47, 191–196. doi: 10.1037/h0054182

Buckley, K. A., and Tobey, E. A. (2010). Cross-modal plasticity and speech perception in pre- and postlingually deaf cochlear implant users. Ear Hear. 32, 2–15. doi: 10.1097/AUD.0b013e3181e8534c

Bucks, R. S., Dunlop, P. D., Taljaard, D. S., Brennan-Jones, C. G., Hunter, M., Wesnes, K., et al. (2016). Hearing loss and cognition in the busselton baby boomer cohort: an epidemiological study. Laryngoscope 126, 2367–2375. doi: 10.1002/lary.25896

Campbell, J., and Sharma, A. (2014). Cross-Modal re-organization in adults with early stage hearing loss. PLoS One 9:e90594. doi: 10.1371/journal.pone.0090594

Campbell, J., and Sharma, A. (2016). Visual cross-modal re-organization in children with cochlear implants. PLoS One 11:e0147793. doi: 10.1371/journal.pone.0147793

Cardon, C., and Sharma, A. (2018). Somatosensory cross-modal re-organization in adults with age-related, early-stage hearing loss. Front. Hum. Neurosci. 12:172. doi: 10.3389/fnhum.2018.00172

Chen, L., Sandmann, P., Thorne, J. D., Bleichner, M. G., and Debener, S. (2016). Cross-modal functional reorganization of visual and auditory cortex in adult cochlear implant users identified with fNIRS. Neural Plast. 2016:4382656. doi: 10.1155/2016/4382656

Chien, W., and Lin, F. R. (2012). Prevalence of hearing aid use among older adults in the United States. Arch. Int. Med. 172, 292–293.

Cienkowski, K. M., and Carney, A. E. (2002). Auditory-visual speech perception and aging. Ear Hearing 23, 439–449. doi: 10.1097/00003446-200210000-00006

Clark, J. W. (1960). The aging dimension: a factorial analysis of individual differences with age on psychological and physiological measurements. J. Gerontol. 15, 183–187. doi: 10.1093/geronj/15.2.183

Cox, R. M., and Alexander, G. C. (1999). Measuring satisfaction with amplification in daily life: the SADL scale. Ear Hearing 20, 306–320. doi: 10.1097/00003446-199908000-00004

Cox, R. M., and Alexander, G. C. (2001). Validation of the SADL questionnaire. Ear Hearing 22, 151–160. doi: 10.1097/00003446-200104000-00008

Cox, R. M., and Alexander, G. C. (2002). The international outcome inventory for hearing aids (IOI-HA): psychometric properties of the English version. Int. J. Audiol. 41, 30–35. doi: 10.3109/14992020209101309

Cox, R. M., Alexander, G. C., and Beyer, C. M. (2003). Norms for the international outcome inventory for hearing aids. J. Am. Acad. Audiol. 14, 403–413.

Cox, R. M., Stephens, D., and Kramer, S. E. (2002). Translations of the international outcome inventory for hearing aids (IOI-HA). Int. J. Audiol. 41, 3–26. doi: 10.3109/14992020209101307

Daneman, M., and Carpenter, P. A. (1980). Individual differences in working memory and reading. J Verbal Learn. Verbal Behav. 19, 450–466.

Davis, A., Smith, P., Ferguson, M., Stephens, D., and Gianopoulos, I. (2007). Acceptability, benefit and costs of early screening for hearing disability: a study of potential screening tests and models. Health Technol. Assess 11, 1–294.

Deal, J. A., Betz, J., Yaffe, K., Harris, T., Purchase-Helzner, E., Satterfield, S., et al. (2017). Hearing impairment and incident dementia and cognitive decline in older adults: the health ABC study. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 72, 703–709.

Deal, J. A., Sharrett, A. R., Albert, M. S., Coresh, J., Mosley, T. H., 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

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Delorme, A., Palmer, J., Onton, J., Oostenveld, R., and Makeig, S. (2012). Independent sources are dipolar. PLoS One 7:e30135. doi: 10.1371/journal.pone.0030135

Dillon, H., Birtles, G., and Lovegrove, R. (1999). Measuring the outcomes of a national rehabilitation program: normative data for the client oriented scale of improvement (COSI) and the hearing aid users questionnaire (HAUQ). J. Am. Acad. Audiol. 10, 67–79.

Dillon, H., James, A., and Ginis, J. (1997). The Client oriented scale of improvement (COSI) and its relationship to several other measures of benefit and satisfaction provided by hearing aids. J. Am. Acad. Audiol. 8, 27–43.

Dorman, M. F., Liss, J., Wang, S., Berisha, V., Ludwig, C., and Natale, S. C. (2016). Experiments on Auditory-Visual Perception of Sentences by Users of Unilateral, Bimodal, and Bilateral Cochlear Implants. J. Speech Language Hearing Res. 59, 1505–1519. doi: 10.1044/2016_JSLHR-H-15-0312

Doucet, M. E., Bergeron, F., Lassonde, M., Ferron, P., and Lepore, F. (2006). Cross-modal reorganization and speech perception in cochlear implant users. Brain 129, 3376–3383. doi: 10.1093/brain/awl264

Driver, J., and Spence, C. (2004). “Cross modal spatial attention: evidence from human performance,” in Cross Modal Space and Cross Modal Attention, eds C. Spence and J. Driver, (Oxford: Oxford University Press), 179–220.

Dupont, P., Sary, G., Peuskens, H., and Orban, G. A. (2003). Cerebral regions processing first- and higher-order motion in an opposed-direction discrimination task. Eur. J. Neurosci. 17, 1509–1517. doi: 10.1046/j.1460-9568.2003.02571.x

Dupuis, K., Pichora-Fuller, M. K., Chasteen, A. L., Marchuk, V., Singh, G., and Smith, S. L. (2015). Effects of hearing and vision impairments on the Montreal Cognitive Assessment. Neuropsychol. Dev. Cogn. Sec. B Aging Neuropsychol. Cogn. 22, 413–437. doi: 10.1080/13825585.2014.968084

Etymotic Research (2001). Quick Speech-in-Noise Test [Audio CD]. Elk Grove Village, IL: Etymotic Research. Inc.

Fine, I., Finney, E. M., Boynton, G. M., and Dobkins, K. R. (2005). Comparing the effects of auditory deprivation and sign language within the auditory and visual cortex. J. Cogn. Neurosci. 17, 1621–1637. doi: 10.1162/089892905774597173

Finney, E. M., Clementz, B. A., Hickok, G., and Dobkins, K. R. (2003). Visual stimuli activate auditory cortex in deaf subjects: evidence from MEG. Neuroreport 14, 1425–1427. doi: 10.1097/00001756-200308060-00004

Ford, A. H., Hankey, G. J., Yeap, B. B., Golledge, J., Flicker, L., and Almeida, O. P. (2018). Hearing loss and the risk of dementia in later life. Maturitas 112, 1–11. doi: 10.1016/j.maturitas.2018.03.004

Friedman, N. P., and Miyake, A. (2004). The relations among inhibition and interference control functions: a latent-variable analysis. J. Exp. Psychol. Gen. 133, 101–135. doi: 10.1037/0096-3445.133.1.101

Fuchs, M., Kastner, J., Wagner, M., Hawes, S., and Ebersole, J. S. (2002). A standardized boundary element method volume conductor model. Clin. Neurophysiol. 113, 702–712. doi: 10.1016/s1388-2457(02)00030-5

Gallacher, J., Ilubaera, V., Ben-Shlomo, Y., Bayer, A., Fish, M., Babisch, W., et al. (2012). Auditory threshold, phonologic demand, and incident dementia. Neurology 79, 1583–1590. doi: 10.1212/WNL.0b013e31826e263d

Gates, G. A., Cobb, J. L., Linn, R. T., Rees, T., Wolf, P. A., and D’Agostino, R. B. (1996). Central auditory dysfunction, cognitive dysfunction, and dementia in older people. Arch. Otolaryngo. Head Neck Surg. 122, 161–167. doi: 10.1001/archotol.1996.01890140047010

Gates, G. A., Gibbons, L. E., and McCurry, S. M. (2010). Executive dysfunction and presbycusis in older persons with and without memory loss and dementia. Cogn. Behav. Neurol. 23, 218–223. doi: 10.1097/WNN.0b013e3181d748d7

Gazzaley, A., Clapp, W., Kelley, J., McEvoy, K., Knight, R. T., and D’Esposito, M. (2008). Age-related top-down suppression deficit in the early stages of cortical visual memory processing. Proc. Natl. Acad. Sci. U.S.A. 105, 13122–13126. doi: 10.1073/pnas.0806074105

Gazzaley, A., Rissman, J., Cooney, J., Rutman, A., Seibert, T., Clapp, W., et al. (2007). Functional interactions between prefrontal and visual association cortex contribute to top-down modulation of visual processing. Cereb. Cortex 17, 125–135.

Glick, H., and Sharma, A. (2017). Cross-modal plasticity in developmental and age-related hearing loss: clinical implications. Hear. Res. 343, 191–201. doi: 10.1016/j.heares.2016.08.012

Grant, K. W., and Seitz, P. F. (2000). The recognition of isolated words and words in sentences: individual variability in the use of sentence context. J. Acoust. Soc. Am. 107, 1000–1011. doi: 10.1121/1.428280

Grech, R., Cassar, T., Muscat, J., Camilleri, K. P., and Fabri, S. G. (2008). Review on solving the inverse problem in EEG source analysis. J. NeuroEngi. Rehabil. 5:25. doi: 10.1186/1743-0003-5-25

Grigsby, J., and Kaye, K. (1996). The Behavioral Dyscontrol Scale: Manual, 2nd Edn. Denver, CO: Authors.

Grigsby, J., Kaye, K., Kowalsky, J., and Kramer, A. M. (2002a). Association of behavioral self-regulation with concurrent functional capacity among stroke rehabilitation patients. J. Clin. Geropsychol. 8, 25–33.

Grigsby, J., Kaye, K., Kowalsky, J., and Kramer, A. M. (2002b). Relationship between functional status and the capacity to regulate behavior among elderly persons following hip fracture. Rehabil. Psychol. 47, 291–307. doi: 10.1037/0090-5550.47.3.291

Grigsby, J., Kaye, K., and Robbins, L. J. (1992). Reliabilities, norms and factor structure of the Behavioral Dyscontrol Scale. Percept. Mot. Skills. 74, 883–892. doi: 10.2466/pms.1992.74.3.883

Gussekloo, J., de Craen, A. J., Oduber, C., van Boxtel, M. P., and Westendorp, R. G. (2005). Sensory impairment and cognitive functioning in oldest-old subjects: the Leiden 85+ Study. Am. J. Geriatr. Psychiatry 13, 781–786. doi: 10.1097/00019442-200509000-00006

Hackley, S. A., Woldorff, M., and Hillyard, S. A. (1990). Cross-modal selective attention effects on retinal, myogenic, brainstem, and cerebral evoked potentials. Psychophysiology 27, 195–208. doi: 10.1111/j.1469-8986.1990.tb00370.x

Harrison Bush, A. L., Lister, J. L., Lin, F. R., Betz, J., and Edwards, J. D. (2015). Peripheral hearing and cognition: evidence from the staying keen in later life (SKILL) study. Ear Heraing 36, 395–407. doi: 10.1097/AUD.0000000000000142

Hauthal, N., Sandmann, P., Debener, S., and Thorne, J. D. (2013). Visual movement perception in deaf and hearing individuals. Adv. Cogn. Psychol. 9, 53–61. doi: 10.2478/v10053-008-0131-z

Hofer, S. M., Berg, S., and Era, P. (2003). Evaluating the interdependence of aging-related changes in visual and auditory acuity, balance, and cognitive functioning. Psychol. Aging 18, 285–305. doi: 10.1037/0882-7974.18.2.285

Holder, J. T., Reynolds, S. M., Sunderhaus, L. W., and Gifford, R. H. (2018). Current profile of adults presenting for preoperative cochlear implant evaluation. Trends Hearing 22:2331216518755288. doi: 10.1177/2331216518755288

Hong, T., Mitchell, P., Burlutsky, G., Liew, G., and Wang, J. J. (2016). Visual impairment, hearing loss and cognitive function in an older population: longitudinal findings from the Blue Mountains Eye Study. PLoS One 11:e0147646. doi: 10.1371/journal.pone.0147646

Karawani, H., Jenkins, K. A., and Anderson, S. (2018a). Neural and behavioral changes after use of hearing aids. Clin. Neurophysiol. 129, 1254–1267. doi: 10.1016/j.clinph.2018.03.024

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

Kellermann, T., Regenbogen, C., De Vos, M., Mößnang, C., Finkelmeyer, A., and Habel, U. (2012). Effective connectivity of the human cerebellum during visual attention. J. Neurosci. 32, 11453e11460.

Killion, M. C., Niquette, P. A., Gudmundsen, G. I., Revit, L. J., and Banerjee, S. (2004). Development of a quick speech-in-noise test for measuring signal-to-noise ratio loss in normal-hearing and hearing-impaired listeners. J. Acoust. Soc. Am. 116, 2395–2405. doi: 10.1121/1.1784440

Klein, K., and Fiss, W. H. (1999). The reliability and stability of the turner and engle working memory task. Behav. Res. Methods Instrum. Comput. 31, 429–432. doi: 10.3758/bf03200722

Kramer, S. E., Goverts, S. T., Dreschler, W. A., Boymans, M., and Festen, J. M. (2002). The international outcome inventory for hearing aids (IOI-HA): results from the netherlands. Int. J. Audiol. 41, 36–41. doi: 10.3109/14992020209101310

Lavie, N. (1995). Perceptual load as a necessary condition for selective attention. J. Exp. Psychol. Hum. Percep. Perform. 21, 451–468. doi: 10.1037/0096-1523.21.3.451

Lavie, N., and de Fockert, J. W. (2003). Contrasting effects of sensory limits and capacity limits in visual selective attention. Atten. Percept. Psychophys. 65, 202–212. doi: 10.3758/bf03194795

Lavie, N., and de Fockert, J. W. (2005). The role of working memory in attentional capture. Psychon. Bull. Rev. 12, 669–674.

Lavie, N., Hirst, A., De Fockert, J. W., and Vidling, E. (2004). Load theory of selective attention and cognitive control. J. Exp. Psychol. 133, 339–354. doi: 10.1037/0096-3445.133.3.339

Lavie, N., and Tsal, Y. (1994). Perceptual load as a major determinant of the locus of selection in visual attention. Percept. Psychophys. 56, 183–197. doi: 10.3758/bf03213897

Lee, D. S., Lee, J. S., Oh, S. H., Kim, S. K., Kim, J. W., Chung, J. K., et al. (2001). Cross-modal plasticity and cochlear implants. Nature 409, 149–150.

Lee, J. Y., Lee, D. W., Cho, S. J., and Na, D. L. (2008). Brief screening for mild cognitive impairment in elderly outpatient clinic: validation of the Korean version of the Montreal Cognitive Assessment. J. Geriatr. Psychiatry Neurol. 21, 104–110. doi: 10.1177/0891988708316855

Lin, F. R. (2011). Hearing loss and cognition among older adults in the United States. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 66, 1131–1136. doi: 10.1093/gerona/glr115

Lin, F. R., Ferrucci, L., An, Y., Goh, J. O., Doshi, J., Metter, E. J., et al. (2014). Association of hearing impairment with brain volume changes in older adults. Neuroimage 90, 84–92. doi: 10.1016/j.neuroimage.2013.12.059

Lin, F. R., Ferrucci, L., Metter, E., An, Y., Zonderman, A. B., and Resnick, S. M. (2011). Hearing loss and cognition in the baltimore longitudinal study of aging. Neuropsychology 25, 763–770. doi: 10.1037/a0024238

Lin, F. R., Yaffe, K., Xia, J., Xue, Q. L., Harris, T. B., Purchase-Helzner, E., et al. (2013). Hearing loss and cognitive decline among older adults. J. Am. Med. Assoc. 25:173.

Lindenberger, U., and Baltes, P. B. (1994). Sensory functioning and intelligence in old age: a strong connection. Psychol. Aging 9, 339–355. doi: 10.1037/0882-7974.9.3.339

Lindenberger, U., and Ghisletta, P. (2009). Cognitive and sensory declines in old age: gauging the evidence for a common cause. Psychol. Aging 24, 1–16. doi: 10.1037/a0014986

Livingston, G., Sommerland, A., Orgeta, V., Costafreda, S. G., Huntley, J., Ames, D., et al. (2017). Dementia prevention, intervention, and care. Lancet 390, 2673–2734.

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. J. Am. Med. Assoc. 44, 115–126. doi: 10.1001/jamaoto.2017.2513

Luck, S. J., Heinze, H. J., Mangun, G. R., and Hillyard, S. A. (1990). Visual event-related potentials index focused attention within bilateral stimulus arrays. II. Functional dissociation of P1 and N1 components. Electroencephal. Clin Neurophysiol. 75, 528–542. doi: 10.1016/0013-4694(90)90139-b

MacDonald, S. W., Dixon, R. A., Cohen, A. L., and Hazlitt, J. E. (2004). Biological age and 12-year cognitive change in older adults: findings from the Victoria Longitudinal Study. Gerontology 50, 64–81. doi: 10.1159/000075557

Macleod, A., and Summerfield, Q. (1987). Quantifying the contribution of vision to speech perception in noise. Br. J. Audiol. 21, 131–141. doi: 10.3109/03005368709077786

Macleod, A., and Summerfield, Q. (1990). A procedure for measuring auditory and audio-visual speech-reception thresholds for sentences in noise: rationale, evaluation, and recommendations for use. Br. J. Audiol. 24, 29–43. doi: 10.3109/03005369009077840

Makeig, S., Jung, T., Bell, A. J., Ghahremani, D., and Sejnowski, T. J. (1997). Blind separation of auditory event-related brain responses into independent components. Proc. Natl. Acad. Sci. U.S.A. 94, 10979–10984. doi: 10.1073/pnas.94.20.10979

Mosnier, I., Bebear, J. P., Marx, M., Fraysse, B., Truy, E., Lina-Granade, G., et al. (2015). Improvement of cognitive function after cochlear implantation in elderly patients. JAMA Otolaryngol. Head Neck Surg. 141, 442–450.

Nasreddine, Z. S., Phillips, N. A., Bedirian, V., Charbonneau, S., Whitehead, V., Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 10.1111/j.1532-5415.2005.53221.x

National Academies of Sciences, Engineering. and Medicine [NASEM], (2016). Hearing Health Care for Older adults. Eds D.G. Blazer and S. Domnitz, and C.T. Liverman. Washington DC: National Academies Press.

Neville, H. J., and Lawson, D. S. (1987). Attention to central and peripheral visual space in a movement detection task: an event-related potential and behavioral study. I. Normal hearing adults. Brain Res. 405, 253–267. doi: 10.1016/0006-8993(87)90295-2

Nkyekyer, J., Meyer, D., Pipingas, A., and Reed, N. S. (2019). The cognitive and psychosocial effects of auditory training and hearing aids in adults with haring loss. Clin. Interv. Aging 14, 123–135. doi: 10.2147/cia.s183905

Noble, W. (2002). Extending the IOI to significant others and to non-hearing-aid-based interventions. Int. J. Audiol. 41, 27–29. doi: 10.3109/14992020209101308

Norman, D. A., and Bobrow, D. G. (1975). On data-limited and resource-limited processes. Cognit. Psychol. 7, 44–64. doi: 10.1016/0010-0285(75)90004-3

Obleser, J., Wise, R. J. S., Dresner, A., and Scott, S. K. (2007). Functional integration across brain regions improves speech perception under adverse listening conditions. J. Neurosci. 27, 2283–2289. doi: 10.1523/jneurosci.4663-06.2007

Park, H., Ince, R. A., Schyns, P. G., Thut, G., and Gross, J. (2015). Frontal top-down signals increase coupling of auditory low-frequency oscillations to continuous speech in human listeners. Curr. Biol. 25, 1649–1653. doi: 10.1016/j.cub.2015.04.049

Pascaul-Marqui, R. D. (2002). Standardized low-resolution brain electromagnetic tomography (sLORETA): technical details. Methods Find. Exp. Clin. Pharmacol. 24, 5–12.

Pichora-Fuller, M. K., Kramer, S. E., Eckert, M. A., Edwards, B., Hornsby, B. W., Humes, L. E., et al. (2016). Hearing impairment and cognitive energy: the framework for understanding effortful listening (FUEL). Ear Hearing 37, 5S–27S. doi: 10.1097/aud.0000000000000312

Pichora-Fuller, M. K., and Singh, G. (2006). Effects of age on auditory and cognitive processing: implications for hearing aid fitting and audio-logical rehabilitation. Trends Amplif. 10, 29–59. doi: 10.1177/108471380601000103

President’s Council of Advisors on Science and Technology [PCAST] (2015). Aging America & hearing loss: Imperative of Improved Hearing Technologies. Washington, DC: PCAST.

Rees, G., Frith, C. D., and Lavie, N. (1997). Modulating irrelevant motion perception by varying attentional load in an unrelated task. Science 278, 1616–1619. doi: 10.1126/science.278.5343.1616

Rönnberg, J., Lunner, T., Zekveld, A., Sörqvist, P., Danielsson, H., Lyxell, B., et al. (2013). The Ease of Language Understanding (ELU) model: theoretical, empirical, and clinical advances. Front. Sys. Neurosci. 7:31. doi: 10.3389/fnsys.2013.00031

Rönnberg, J., Lyxell, B., Arlinger, S., and Kinnefors, C. (1989). Visual evoked potentials: relation to adult speechreading and cognitive function. J. Speech Hearing Language Res. 32, 725–735. doi: 10.1044/jshr.3204.725

Rönnberg, J., Rudner, M., Foo, C., and Lunner, T. (2008). Cognition counts: a working memory system for ease of language understanding (ELU). Int. J. Audiol. 47, S99–S105. doi: 10.1080/14992020802301167

Rosemann, S., and Thiel, C. M. (2018). Audio-visual speech processing in age-related hearing loss: Stronger integration and increased frontal lobe recruitment. Neuroimage 175, 425–437. doi: 10.1016/j.neuroimage.2018.04.023

Ross, L. A., Saint-Amour, D., Leavitt, V. N., Javitt, D. C., and Foxe, J. J. (2007). Do you see what I am saying? Exploring visual enhancement of speech comprehension in noisy environments. Cereb. Cortex 17, 1147–1153. doi: 10.1093/cercor/bhl024

Sandmann, P., Dillier, N., Eichele, T., Meyer, M., Kegel, A., Pascual-Marqui, R. D., et al. (2012). Visual activation of auditory cortex reflects maladaptive plasticity in cochlear implant users. Brain 135, 555–568. doi: 10.1093/brain/awr329

Schneider, J., Gopinath, B., Karpa, M. J., McMahon, C. M., Rochtchina, E., Leeder, S. R., et al. (2010). Hearing loss impacts on the use of community and informal supports. Age. Ageing 39, 458–464. doi: 10.1093/ageing/afq051

Schwartz, J. L., Bertommier, F., and Savariaux, C. (2004). Seeing to hear better: evidence for early audio-visual interactions in speech identification. Cognition 93, 69–78.

Sharma, A., Campbell, J., and Cardon, G. (2015). Developmental and cross-modal plasticity in deafness: evidence from the P1 and N1 event related potentials in cochlear implanted children. Int. J. Psychophysiol. 95, 135–144. doi: 10.1016/j.ijpsycho.2014.04.007

Sharma, A., Glick, H., Campbell, J., Torres, J., Dorman, M., and Zeitler, D. M. (2016). Cortical plasticity and re-organization in pediatric single-sided deafnes pre- and post- cochlear implantation: a case study. Otol. Neurotol. 37, e26–e34. doi: 10.1097/mao.0000000000000904

Smith, A. (1982). Symbol Digits Modalities Test. Los Angeles: Western Psychological Services.

Smith, S. L., Pichora-Fuller, M. K., and Alexander, G. (2016). Development of the word auditory recognition and recall measure: a working memory test for use in rehabilitative audiology. Ear Hearing 37, e360–e376. doi: 10.1097/aud.0000000000000329

Sommers, M. S., Tye-Murray, N., and Spehar, B. (2005). Auditory-visual speech perception and auditory-visual enhancement in normal-hearing younger and older adults. Ear Hearing 26, 263–275. doi: 10.1097/00003446-200506000-00003

Spahr, A. J., Dorman, M. F., Litvak, L. M., Van Wie, S., and Gifford, R. H. (2012). Development and validation of the AzBio sentence lists. Ear Hearing 33, 112–117. doi: 10.1097/aud.0b013e31822c2549

Stephens, D. (2002). International Outcome Inventory for Hearing Aids (IOI-HA) and its relationship to the Client-oriented Scale of Improvement (COSI). Int. J. Audiol. 41, 42–47. doi: 10.3109/14992020209101311

Strelnikov, K., Rouger, J., Demonet, J. F., Lagleyre, S., Fraysse, B., Deguine, O., et al. (2013). Visual activity predicts auditory recovery from deafness after adult cochlear implantation. Brain 136, 3682–3695. doi: 10.1093/brain/awt274

Stropahl, M., and Debener, S. (2017). Auditory cross-modal reorganization in cochlear implant users indicates audio-visual integration. Neuroimage Clin. 16, 514–523. doi: 10.1016/j.nicl.2017.09.001

Stropahl, M., Plotz, K., Schönfeld, R., Lenarz, T., Sandmann, P., Yovel, G., et al. (2015). Cross-modal reorganization in cochlear implant users: auditory cortex contributes to visual face processing. Neuroimage 121, 159–170. doi: 10.1016/j.neuroimage.2015.07.062

Sumby, W. H., and Pollack, I. (1954). Visual contribution to speech intelligibility in noise. J. Acoust. Soc. Am. 26, 212–215. doi: 10.1121/1.1907309

Thompson, R. S., Auduong, P., Miller, P. A., and Gurgel, R. K. (2017). Hearing loss as a risk factor for dementia: a systematic review. Laryngoscope Investig. Otolaryngol. 2, 69–79. doi: 10.1002/lio2.65

Tun, P. A., Williams, V. A., Small, B. J., and Hafter, E. R. (2012). The effects of aging on auditory processing and cognition. Am. J. Audiol. 21, 344–350. doi: 10.1044/1059-0889(2012/12-0030)

Turley-Ames, K. J., and Whitfield, M. M. (2003). Strategy training and working memory task performance. J. Mem. Lang. 49, 446–468. doi: 10.1016/s0749-596x(03)00095-0

Valentijn, S. A., van Boxtel, M. P., van Hooren, S. A., Bosma, H., Beckers, H. J., Ponds, R. W., et al. (2005). Change in sensory functioning predicts change in cognitive unctioning: 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

Wei, J., Iirui, H., Zhang, L., Hao, Q., Yang, R., Lu, H., et al. (2017). Hearing impairment, mild cognitive impairment, and dementia: a meta-analysis of cohort studies. Dement. Geriatr. Cogn. Dis. Extra 7, 440–452. doi: 10.1159/000485178

Wilson, R. H., McArdle, R. A., and Smith, S. L. (2007). An Evaluation of the BKB-SIN, HINT, QuickSIN, and WIN Materials on Listeners With Normal Hearing and Listeners With Hearing Loss. J. Speech Language Hearing Res. 50, 844–856. doi: 10.1044/1092-4388(2007/059)

Wingfield, A., Amichetti, N. M., and Lash, A. (2015). Cognitive aging and hearing acuity: modeling spoken language comprehension. Front. Psychol. 6:684. doi: 10.3389/fpsyg.2015.00684

Wong, P. C. M., Jin, J. X., Gunasekera, G. M., Abel, R., Lee, E. R., and Dhar, S. (2009). Aging and cortical mechanisms of speech perception in noise. Neuropsychologia 47, 693–703. doi: 10.1016/j.neuropsychologia.2008.11.032

Zanto, T. P., Toy, B., and Gazzaley, A. (2010). Delays in neural processing during working memory encoding in normal aging. Neuropsychologia 48, 13–25. doi: 10.1016/j.neuropsychologia.2009.08.003

Zheng, Y., Fan, S., Liao, W., Fang, W., Xiao, S., and Liu, J. (2017). Hearing impairment and risk of Alzheimer’s disease: a meta-analysis of prospective cohort studies. Neurol. Sci. 38, 233–239. doi: 10.1007/s10072-016-2779-3


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.

Copyright © 2020 Glick and Sharma. 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/fnins-14-00093-t001.jpg
Component Average latency (ms) Standard deviation 95% confidence interval Statistic t(39) Effect size (Cohen’s d)

(p-value)
NH ARHL NH ARHL NH ARHL
Pi 128 9 1562 19.1 118187 92-106 465, (< 0.001) 166
N1 175 134 2038 24.42 163-187 124-143 536, (< 0.001) 182
P2 242 208 2462 3842 228-258 188-218 -3.42,(0.001) 121

Average peak latencies, standard deviations, 95% confidence intervals, statistical significance values, and effect size are provided for the age-related hearing loss (HL)
(n = 28) group and the normal hearing (NH) group (n = 13) in a right temporal region of interest. Significantly earlier P1, N1, and P2 latencies are observed in the HL group.
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Average peak latencies, standard deviations, 95% confidence intervals, statstical significance values, and effect size are provided for the age-related hearing loss group
pre-treatment and 6 months post-treatment (r 1). A significant late-ward shift in P1, N1, and P2 latencies are observed with hearing aid use.
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