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Abstract

Hearing impairment in older adults is independently associated in longitudinal studies with
accelerated cognitive decline and incident dementia, and in cross-sectional studies, with reduced
volumes in the auditory cortex. Whether peripheral hearing impairment is associated with
accelerated rates of brain atrophy is unclear. We analyzed brain volume measurements from
magnetic resonance brain scans of individuals with normal hearing versus hearing impairment
(speech-frequency pure tone average > 25 dB) followed in the neuroimaging substudy of the
Baltimore Longitudinal Study of Aging for a mean of 6.4 years after the baseline scan (n = 126,
age 56-86 years). Brain volume measurements were performed with semi-automated region-of-
interest (ROI) algorithms, and brain volume trajectories were analyzed with mixed-effects
regression models adjusted for demographic and cardiovascular factors. We found that individuals
with hearing impairment (n = 51) compared to those with normal hearing (n = 75) had accelerated
volume declines in whole brain and regional volumes in the right temporal lobe (superior, middle,
and inferior temporal gyri, parahippocampus, p < .05). These results were robust to adjustment for
multiple confounders and were consistent with voxel-based analyses, which also implicated right
greater than left temporal regions. These findings demonstrate that peripheral hearing impairment
is independently associated with accelerated brain atrophy in whole brain and regional volumes
concentrated in the right temporal lobe. Further studies investigating the mechanistic basis of the
observed associations are needed.
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1.0 Introduction

Two converging lines of evidence suggest that hearing impairment and alterations in
peripheral auditory function could directly or indirectly lead to central effects on brain
structure and function. Cross-sectional neuroimaging studies have demonstrated that
peripheral hearing impairment is associated with reduced cortical volumes in the primary
auditory cortex (Husain, Medina et al. 2010; Peelle, Troiani et al. 2011; Eckert, Cute et al.
2012) and variation in the integrity of central auditory white matter tracks (Chang, Lee et al.
2004; Lin, Wang et al. 2008). The basis of these associations remains unknown but may be
related to alterations in the degree of neural activation provided by an impoverished auditory
signal with subsequent structural changes in cortical reorganization and brain morphometry
(Peelle, Troiani et al. 2011). Interestingly, degradation in the fidelity of peripheral encoding
of sound likely results in recruitment and activation of broader neural networks needed for
auditory processing (Wingfield and Grossman 2006; Davis and Johnsrude 2007; Peelle,
Johnsrude et al. 2010), suggesting that peripheral hearing impairment may carry cascading
consequences for other brain regions.

Broader functional implications of hearing impairment are suggested by epidemiologic
studies investigating the association of hearing impairment with cognitive functioning. In
these studies of older adults, peripheral hearing impairment was independently associated
with poorer neurocognitive performance on both auditory and non-auditory tests
(Lindenberger and Baltes 1994; Gussekloo, de Craen et al. 2005; Tay, Wang et al. 2006; Lin
2011; Lin, Ferrucci et al. 2011), accelerated rates of cognitive decline (Lin, Yaffe et al.
2013), and increased risk of incident all-cause dementia (Lin, Metter et al. 2011; Gallacher,
llubaera et al. 2012). Hypothesized mechanisms to explain these associations include a
shared neuropathologic etiology, cognitive load from the reallocation of brain resources for
auditory processing (Wingfield, Tun et al. 2005; Tun, McCoy et al. 2009), and/or mediation
through social isolation (Barnes, Mendes de Leon et al. 2004; Bennett, Schneider et al.
2006).

Whether peripheral hearing impairment is associated with regions outside the primary
auditory cortex and with changes in brain volumes is unknown. A priori, we hypothesized
that hearing impairment is associated with greater volume declines in regional brain
volumes important for auditory and spoken language processing (superior, middle, and
inferior temporal gyri) (Davis and Gaskell 2009; Adank 2012; Peelle 2012). Understanding
the association of hearing impairment with structural brain volumes may provide insights
into mechanistic pathways through which peripheral impairments in sensory function could
contribute to brain aging.

2.0 Methods

2.1 Study Participants

Participants were followed in the neuroimaging substudy (Resnick, Goldszal et al. 2000) of
the BLSA, an ongoing prospective study of the effects of aging that was initiated in 1958
and is conducted by the National Institute on Aging (Shock, Greulich et al. 1984). The
present investigation is based on a longitudinal cohort of participants (n = 126, ages 56-86
at baseline) who were enrolled beginning in 1994 in the neuroimaging substudy of the
BLSA and had audiometric assessments. Baseline was defined as the time at the first MRI
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scan. Individuals enrolled in the neuroimaging substudy were free of central nervous system
disease (epilepsy, stroke, bipolar illness, prior diagnosis of dementia according to Diagnostic
and Statistical Manual [DSM]-111-R criteria (Spitzer and Williams 1987)), severe cardiac
disease (myocardial infarction, coronary artery disease requiring angioplasty or bypass
surgery), pulmonary disease, or metastatic cancer. Two participants were later diagnosed
with having mild cognitive impairment at baseline based on retrospective review of their
baseline neurocognitive and clinical data. Audiometric testing was performed concurrently
or before enrollment in the neuroimaging substudy, and the mean time from hearing
assessment to the baseline magnetic resonance (MR) scan was 1.7 years (range 0 — 5 years).
Neuroimaging data gathered at and following dementia diagnosis were excluded in 13
participants who developed incident dementia during follow-up. All longitudinal MR scans
prior to dementia diagnosis were included in analyses, for a total of 872 imaging
observations from 126 participants. The mean number of scans obtained on participants was
6 (range 1-10). The NIA and the Johns Hopkins School of Medicine Institutional Review
Boards approved this study, and all participants gave informed consent.

2.2 Audiometry

Pure-tone audiometric testing is a measure of the sensitivity of the peripheral auditory
system (Pickles 2008) and was performed using a semi- automated testing device (Virtual
Equipment Co., Audiometer Model 320) in a sound-attenuating booth. A speech-frequency
pure tone average (PTA) of air-conduction thresholds at 0.5, 1, 2, and 4 kHz was calculated
for each ear. Hearing impairment was defined as a PTA > 25 dB in the better-hearing ear per
the World Health Organization’s definition of hearing impairment (WHO) (the level at
which hearing impairment begins to impair daily communication). All thresholds are
expressed in dB HL (ANSI, 1989).

2.3 MRI acquisition

MR imaging was performed annually on a GE Signa 1.5T scanner (Milwaukee, WI) using a
high-resolution volumetric spoiled-grass axial series (repetition time = 35 msec, echo time =
5 msec, field of view = 24 cm, flip angle = 45°, matrix = 256 x 256, number of excitations =
1, voxel dimensions 0.94 x 0.94 x 1.5 mm).

2.4 MRI analysis

Image processing procedures have been previously validated and described (Goldszal,
Davatzikos et al. 1998; Davatzikos, Genc et al. 2001; Resnick, Pham et al. 2003). Briefly,
images are corrected for head tilt and rotation, and reformatted parallel to the anterior-
posterior intercommissural plane. Extracranial tissue is removed using a semiautomated
procedure followed by manual editing. Next, images are segmented into white matter (WM),
gray matter (GM), and CSF. The final step involves stereotaxic normalization and tissue
quantitation for specific regions of interest (ROI). A template-based deformation approach is
employed, using the ICBM standard MRI (Montreal Neurologic Institute) as the template
and a hierarchical elastic matching algorithm for ROI determination(Shen and Davatzikos
2002) (see Figure 1 for ROI locations used in this study). VVoxel-based analysis utilizes our
RAVENS approach (regional analysis of volumes examined in normalized space) (Goldszal,
Davatzikos et al. 1998), whereby local values of tissue density maps (GM, WM, and CSF)
reflect the amount of respective tissue in the vicinity of a voxel. Tissue densities are
mathematical quantities measuring local tissue volumes and do not reflect any
microstructural physical density of brain tissue. Intracranial volume (ICV) is determined
using the template warping algorithm modified for head image registration. First, the ICV in
the template is manually delineated by an expert. Then, the template with its ICV mask is
warped to the space of each individual head to extract the ICV of the individual.
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2.5 Other covariates

We adjusted for covariates such as cardiovascular (hypertension, smoking) and demographic
risk factors (age, sex) that are known to be associated with hearing impairment (Lin, Thorpe
et al. 2011) and that could potentially confound the association of hearing impairment with
structural brain volumes. The diagnosis of hypertension was established based on a systolic
blood pressure >140 and/or diastolic blood pressure >90 mmHg or treatment with
antihypertensive medications. Smoking status (current, former, never) was based on self-
report. A diagnosis of diabetes was established based on a fasting glucose >125 mg/dL, a
pathologic oral glucose tolerance test, or a positive history of a physician diagnosis plus
pharmacologic treatment. Hypertension, diabetes, and smoking history were defined at
baseline.

2.6 Statistical analysis

Baseline characteristics were compared using t-test, chi-square, and/or Fisher exact tests as
appropriate. For each MRI-defined brain volume, linear mixed effect (LME) models were
used to investigate the association of hearing impairment as a time-invariant predictor with
longitudinal trajectories of brain volumes over time. The dependent variable is volume of
each MRI-defined brain region, and all models included covariates of intracranial volume
(ICV), sex, baseline age, hypertension, smoking, hearing impairment, time (years of follow-
up from baseline), and two-way interactions of time with hearing impairment, age, and sex.
Race and diabetes were not included as covariates because few individuals were of non-
white race or had diabetes in our cohort. The random effects included intercept and time,
which allows individual-specific baseline brain volumes and rates of change to vary. Effect
sizes of difference in rates of change between those with hearing impairment and normal
hearing were calculated by dividing the estimated difference in annual rates of change by the
standard deviation of the rates of change. Significance testing for ROl analyses was 2-sided
with a type | error of 0.05. The statistical software used was SAS 9.2 (SAS Institute, Cary,
North Carolina).

Voxel-based analyses were performed using R 2.15 (www.r-project.org). We used LME
models and the RAVENS maps to investigate the association of baseline hearing impairment
with longitudinal measures of RAVENS values. These models included age, sex, time,
hearing impairment, and all two-way interactions with time as fixed effects. Individual-
specific RAVENS baseline values and annual rates of change were modeled as random
effects. In all LME models, an interaction term of hearing impairment x time was included
to assess whether hearing impairment at baseline affected the rates of change in brain
volumes or RAVENS values reflecting local volumes. All statistical map results were
thresholded at p < 0.001, with a cluster size (spatial extent threshold) of at least 50 voxels,
and projected onto the MNI template for visualization.

3.0 Results

Individuals with hearing impairment (n = 51) were more likely to be men, older, white, and
smokers than individuals with normal hearing (n = 75) (Table 1). Mean audiograms for
individuals with normal hearing vs. hearing impairment are presented in Figure 1. The
majority of individuals with hearing impairment had impairments in the mild range (n = 40,
78%) rather than in the moderate (n = 9, 18%) or severe range (n = 2, 4%). Among
participants with hearing impairment, 13 individuals (25.5%) reported hearing aid use. The
mean follow-up time for study participants was 6.4 years (S.D. 2.8).

For the ROI locations shown in Figure 2, we compared baseline brain volumes and rates of
change in brain volumes of individuals with normal hearing and hearing impairment after
adjusting for age, sex, ICV, hypertension, and smoking. At baseline, there were no
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significant differences in global and lobar brain volumes between the two groups (Table 2).
We next investigated the association of hearing impairment with trajectories of brain volume
change over time. Significant rates of atrophy over time were observed across all brain
regions for both individuals with normal hearing and hearing impairment (Table 2).
However, compared to individuals with normal hearing, individuals with baseline hearing
impairment had accelerated rates of atrophy in whole brain and temporal lobe gray matter
volumes (Table 2). On average, whole brain volumes declined by 8.4 cm3/year vs. 7.2 cm3/
year, respectively, in those with hearing impairment versus normal hearing (p = .017). The
association of hearing impairment with accelerated whole brain volume loss was not
dependent on temporal lobe volume changes. Compared to individuals with normal hearing,
those with hearing impairment had greater rates of whole brain volume decline even after
excluding the temporal lobe from calculations of whole brain volume (Table 2).

We investigated whether hearing impairment was specifically associated with regional
volumes in the right and left temporal lobe implicated in spoken language processing
(superior [STG], middle [MTG], and inferior [ITG] temporal gyri). In these analyses (Table
3), we observed differential associations between hearing impairment and brain atrophy in
the right versus left temporal regions (Table 3). Stronger associations between hearing
impairment and rates of decline were observed in the right versus left temporal lobe.
Specifically, compared to individuals with normal hearing, individuals with hearing
impairment had accelerated volume declines in the STG (p = .003), MTG (p = .04), ITG (p
=.01), and parahippocampal gyrus (p = .009) of the right but not the left temporal lobe. In
analyses treating hearing impairment as a continuous variable to investigate for a “dose-
response” effect in the entire cohort of individuals, we did not observe any significant
associations between greater levels of hearing impairment and faster rates of brain atrophy
in the right temporal lobe (data not shown).

Analyses of extratemporal regional brain volumes demonstrated no consistent associations
with hearing impairment (Supplementary Table 1). We observed that hearing impairment
was only associated with volume loss in two isolated extratemporal regions (decreased loss
in the superior parietal lobule, and increased loss in the cingulate gyrus; Supplementary
Table 1).

We conducted additional exploratory, voxel-based analyses to identify brain regions that
could be associated with hearing impairment. In these exploratory analyses, we used a less
stringent analytic model adjusting for fewer confounders in order to possibly identify other
brain regions associated with hearing impairment. Models were adjusted for for age and sex
but not for hypertension and smoking (factors not substantively associated with brain
atrophy in ROI analyses). These analyses yielded results similar to ROI analyses with
accelerated volume losses in the right temporal lobe being observed in those individuals
with hearing impairment versus normal hearing (Figure 3 and Supplementary Table 2).
These analyses, however, also demonstrated several other extratemporal areas, again
primarily on the right side, associated with accelerated atrophy in individuals with hearing
impairment.

4.0 Discussion

In this study, hearing impairment in older adults was independently associated with
accelerated rates of decline in regional brain volumes in the right temporal lobe (STG,
MTG, ITG) critical for spoken language processing as well as whole brain volume over a
mean follow-up period of 6.4 years. These results were robust to adjustment for multiple
potential confounders, and the observation of specific vulnerability of the temporal lobe,
particularly on the right side, was consistent in both region-of-interest and voxel-based
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analyses. The magnitude of the observed differences in the rates of brain atrophy associated
with hearing impairment are comparable to differences previously observed between
individuals developing incident mild cognitive impairment versus those maintaining normal
cognition (Driscoll, Davatzikos et al. 2009).

Our findings extend the discussion in the literature on whether peripheral hearing
impairment has broader implications for brain structure and function. Prior cross-sectional
neuroimaging studies have demonstrated that greater audiometric hearing impairment is
associated with reduced volumes in the primary auditory cortex and temporal lobe (Husain,
Medina et al. 2010; Peelle, Troiani et al. 2011; Eckert, Cute et al. 2012). Other studies using
diffusion-tensor imaging of the central auditory pathways have demonstrated decreased
fractional anisotropy in the lateral lemniscus and inferior colliculus in individuals with
hearing impairment versus normal hearing (Chang, Lee et al. 2004; Lin, Wang et al. 2008).
These findings indicate underlying microstructural changes with possible loss of myelin and
axonal fibers in central white matter auditory tracts. Our study builds on these prior results
and has additional attributes of including repeated assessments of lobar and regional brain
volumes in a well-characterized longitudinal cohort of participants.

The association of hearing impairment with regional brain atrophy over time was primarily
observed in temporal lobe structures (STG, MTG, ITG) important for spoken language
processing (Davis and Gaskell 2009; Adank 2012; Peelle 2012) consistent with our a priori
hypotheses. VVoxel-based analyses supported the more pronounced effects for temporal lobe
structures and indicated greater right than left hemisphere involvement. The middle and
inferior temporal gyri are of particular significance in view of observations that these
regions are not only important for spoken language processing but are also involved in
semantic memory, sensory integration, and in the early stages of mild cognitive impairment
or early Alzheimer disease (Tranel, Damasio et al. 1997; Mesulam 1998; Kantarci and Jack
2004; Chetelat, Landeau et al. 2005). The association of hearing impairment with brain
volume changes was specific to right temporal lobe regions, and we did not observe any
consistent associations of hearing impairment with extratemporal brain regions in ROI
analyses. Exploratory voxel-based analyses using a less stringent analytic model identified
several extratemporal regions, again primarily on the right side, that were associated with
hearing impairment. These identified regions are of unclear significance at present and could
reflect chance effects from multiple comparisons. We did not perform specific adjustments
for multiple comparisons for the main associations tested in the temporal lobe (Tables 2-3)
given that these analyses were specifically based on our a priori hypotheses.

In analyses stratified by the right versus left temporal lobe, we observed substantially
stronger associations of hearing impairment with accelerated volume losses in the right
versus left temporal lobe. The basis of this differential association is unclear but may relate
to laterality differences in language processing. Spoken language is predominantly
processed in the STG, MTG, and ITG of the left temporal lobe (Davis and Gaskell 2009;
Adank 2012; Peelle 2012) regardless of handedness (Knecht, Drager et al. 2000). Whether
greater processing of auditory signals in the left temporal lobe could help maintain structural
volumes of the left versus right temporal lobe in individuals with hearing impairment is
plausible but speculative.

The basis of the observed associations between hearing impairment and accelerated brain
atrophy is unknown. One possibility is a shared neuropathologic or intrinsic cellular aging
process leading to both cochlear and brain aging. In the present analyses, we have adjusted
for potential confounders (e.g., age, hypertension), and individuals selected to participate in
the neuroimaging substudy did not have central nervous system at study entry. While it
remains possible that unmeasured confounders (e.g., inflammatory mediators) could

Neuroimage. Author manuscript; available in PMC 2015 April 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 7

contribute to our findings, the specific perisylvian pattern of accelerated atrophy in brain
regions critical for language processing, rather than mesial temporal lobe pattern
characteristic of MCI and early Alzheimer disease, argues against a common
neuropathologic process being the only basis for the observed associations. There could also
be a possibility of reverse causation with hearing thresholds being affected by top-down
processes associated with temporal lobe atrophy. However, hearing as measured with pure
tone audiometry is generally considered to be primarily a measure of peripheral function
because detection of a simple pure tone relies on cochlear transduction and neuronal
afferents to brainstem nuclei without requiring significant higher auditory cortical
processing (Pickles 2008). We are currently gathering additional measures of both
peripheral and central auditory functioning in the BLSA that will allow us to further
investigate the distinction between central and peripheral auditory function and its
association with brain structure in future studies.

Hearing impairment could also be potentially associated with brain volume changes through
reduced neural stimulation of the auditory cortex by impoverished auditory signals (Peelle,
Troiani et al. 2011). In animal models, cochlear impairments are known to be associated
with both tonotopic reorganization of the auditory cortex (Schwaber, Garraghty et al. 1993;
Kakigi, Hirakawa et al. 2000; Cheung, Bonham et al. 2009) as well as morphologic changes
in central neuronal structures (Groschel, Gotze et al. 2010). One possible explanation for our
findings is that impoverished and degraded auditory signals associated with peripheral
hearing impairment could lead to volume losses in regions of the temporal lobe important
for auditory processing (STG, MTG, ITG) with cascading effects for semantic memory and
cognitive processes dependent on these same regions. Whether these effects and the broader
influence of hearing impairment on social isolation and stress (Cole, Hawkley et al. 2007;
Cole, Hawkley et al. 2010) could mediate the observed association of hearing impairment
with accelerated rates of whole brain volume (Sapolsky 1999; Radley and Morrison 2005;
McEwen 2008) is plausible but speculative. Overall, our results suggest that impaired
hearing has implications for cortical structures well beyond auditory cortex, and are
generally consistent with epidemiologic data demonstrating broader functional implications
of hearing impairment on cognitive performance.

In contrast to our longitudinal findings, we did not observe significant cross-sectional
associations of hearing impairment with reduced brain volumes at baseline. This lack of
association of hearing with inter-individual brain volumes at baseline may not be surprising
given the expected heterogeneity in brain structural volumes between individuals. Therefore,
detecting whether hearing impairment could affect brain structural volumes against a
background of pronounced inter-individual variation in brain volumes requires longitudinal
assessments of intra-individual brain structure over time. This observation underscores the
importance of prospective studies with repeated measurements rather than relying on cross-
sectional studies when analyzing neuroimaging data.

4.1 Limitations

Our study has several limitations. Measures of hearing were only available concurrent or
before the baseline MRI scan rather than longitudinally over the course of the neuroimaging
study. We, therefore, cannot ascertain the duration of hearing impairment in study
participants. However, it is unlikely that this limitation would differentially bias our findings
given that hearing impairment is a chronic condition that is not reversible, and hearing only
gradually worsens with time. We also did not observe a dose-response effect between degree
of hearing impairment and rates of temporal lobe atrophy, but these analyses were likely
underpowered due to few individuals in our study with greater than mild hearing
impairment. Alternatively, this observation may indicate that there is a non-linear
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association of hearing impairment with rates of brain atrophy such that greater levels of
hearing impairment above a certain threshold are not necessarily associated with faster rates
of atrophy. In future analyses incorporating a larger dataset, we plan to explore using a data-
driven approach to identify whether other audiometric thresholds (rather than the 25dB
cutoff defined a priori in this study) may hold significance in identifying individuals who
differential rates of brain volume atrophy. The results from our study are also not fully
generalizable given the high socioeconomic status of the volunteer BLSA cohort. This
potential limitation to broad generalizability, however, may strengthen the internal validity
of our findings given the relative homogeneity of the study cohort in both observed and
likely unobserved characteristics.

In our present ROI analyses examining the association of hearing impairment with STG,
MTG, and ITG volumes, we did not perform adjustment for multiple comparisons because
these analyses were specifically performed based on our a priori hypothesis. The association
of other brain regions with hearing were also investigated and presented (other temporal
regions in Tables 2 and 3, extratemporal regions in Supplementary Table 1), but significant
findings in these tables may need to be interpreted with caution in light of multiple
comparisons. Our voxel-based analyses used a stringent threshold of p<.001 uncorrected
with a cluster size >50. The use of cluster size thresholding avoids issues due to voxel-wise
multiple comparisons based on random field theory (Friston, Worsley et al. 1993).

We were unable to explore whether hearing aid use could possibly moderate the association
of hearing impairment with declines in brain volume because of the few number of
participants with hearing impairment who reported use of a hearing aid (n=13). Importantly,
the results of any such analyses from an observational study would also be markedly
difficult to interpret given that data on other key variables (e.g. years of hearing aid use, type
of hearing aid, hours worn per day, etc.) that would affect the success of hearing
rehabilitative treatment and affect any possible association were not available. Individuals
with hearing impairment choosing to use hearing aids versus those who do not also likely
differ in multiple factors (e.g., education, health behaviors) that could possibly also affect
this association in an observational study. Consequently, determining the possible role of
hearing rehabilitative treatment in potentially mitigating brain volume declines will likely
require a randomized controlled trial.

4.2 Conclusion

Our findings demonstrate that peripheral hearing impairment is independently associated
with accelerated declines in whole brain volume and regional volumes concentrated in the
right temporal lobe. Further studies investigating the mechanistic basis of the observed
associations and whether rehabilitative interventions for hearing impairment could
potentially affect brain aging are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mean audiograms of individuals with normal hearing (n = 75) and hearing impair ment

(n=51)
Error bars denote 95% confidence intervals of the mean.
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Figure 2.
Axial slices displaying lobar volumes and temporal lobe ROIs used in this study
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Figure 3. Differencein average slopes of RAVENS gray matter maps between those with hearing
impairment versus normal hearing

Blue/green are regions in which individuals with hearing impairment compared to those
with normal hearing had a higher rate of gray matter decrease. Color bars denote regression
coefficient t-values (regression coefficient/standard error).
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Table 1

Baseline characteristics of study participants with normal hearing and hearing impairment

Normal Hearing (n = 75) Hearing Impairment® (n =51)  P-value

Women 39 (52.0) 11 (21.6) <.001
Age, mean (SD), y 67.0 (6.9) 73.8(7.3) <.001
Follow-up, mean (SD), y 6.7 (2.6) 6.1(3.0) .25
White race 67 (89.3) 50 (98.0) .08
Education, mean (SD), y 16.8 (2.3) 15.6 (3.2) .02
Diabetes 6 (8.0) 4(7.8) .99
Hypertension 32 (42.7) 19 (37.3) .54
Smoking

Never 31 (41.3) 15 (29.4) 01

Former 38(50.7) 22 (43.1)

Current 6 (8.0) 14 (27.5)

Hearing impairment classificationb

Mild 40 (78.4)
Moderate 9 (17.6)
Severe 2(3.9)

Values are expressed as number (percentage) unless otherwise indicated.

a Lo . ] . . . .
Hearing impairment is defined as a pure tone average (PTA) of air-conduction hearing thresholds at 0.5, 1, 2, and 4 kHz tones > 25 dB in the
better hearing ear

bHearing impairment classification based on PTA in the better hearing ear: Mild (>25-40 dB), Moderate (>40-70 dB), and Severe (>70 dB).
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