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AUDIOMETRIC hearing loss has recently been found 
to be independently associated with incident all-cause 

dementia in the Baltimore Longitudinal Study of Aging (1). 
Mechanistic pathways hypothesized to explain this observed 
association include a shared pathologic etiology, the effects 
of hearing loss on cognitive load and cognitive reserve, and/
or mediation through social isolation and loneliness. These 
hypothesized pathways are not mutually exclusive, and co-
existent pathways could contribute to the development of 
cognitive impairment.

A first step in further exploring the association of hearing 
loss with dementia is to investigate the association of hearing 
loss with cognition in other independent data sets. Declines 
in measures of memory (2–5) and executive function (5–9) 
typically precede dementia by 7 and 3 years, respectively 
(5,10,11). In the present study, we investigate the associa-
tion between hearing loss and cognitive function in the 
nationally representative data set of the National Health and 
Nutritional Examination Survey (NHANES) using the Digit 
Symbol Substitution Test (DSST). The DSST is a nonverbal 
measure of executive function and psychomotor speed (12), 

and it is one of the first tests to decline prior to dementia 
onset (8,13). We hypothesized a priori that greater hearing 
loss would be associated with poorer cognitive performance 
on the DSST.

Methods

Study participants
Subjects were participants (age 60–69 years) in the 1999–

2002 cycles of NHANES who underwent both audiometric 
and cognitive testing. During this period, audiometry was 
administered to a half sample of all adults aged 20–69 years, 
and cognitive testing with the DSST was administered to all 
adults aged 60 years and older. The NHANES is an ongoing 
program of studies designed to assess the health, functional, 
and nutritional status of the civilian noninstitutionalized 
U.S. population. Each sequential cross-sectional study uses 
a complex sampling design to survey a sample of the popu-
lation, with selective oversampling of low-income individuals, 
racial minorities, and older adults (14). Sampling weights 
allow for analyses that account for the complex sampling 
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survey and yield results that are generalizable to the U.S. 
population.

Audiometric Assessment
Audiometry was performed by a trained examiner  

according to established NHANES protocols (15). Briefly, air 
conduction hearing thresholds were obtained from both ears 
in a dedicated sound-isolating room in the mobile examina-
tion center. Testing was conducted according to a modified 
Hughson–Westlake procedure using the automated testing 
mode of the audiometer (Interacoustics AD226) and/or 
manually as per the testing protocol. Quality assurance and 
quality control were established through daily calibration of 
equipment and monitoring of ambient noise levels using a  
sound-level meter. The audiometric test room met or exceeded 
ANSI S3.1-1991 guidelines for maximum permissible 
ambient noise levels. Air conduction stimuli were presented 
primarily through supra-aural earphones (TDH 39P). Insert 
earphones (ER3A) were reserved for cases of collapsing 
ear canals or for a crossover retesting protocol in cases of 
asymmetric hearing loss (masking was not performed). As 
an additional quality measure, thresholds were measured 
twice at 1 kHz in both ears, and audiometry was repeated  
if there was greater than 10 dB discrepancy between the 
threshold measurements.

We utilized hearing thresholds from 0.5 to 4 kHz, using 
the first threshold tested at 1 kHz and incorporating manual 
retest thresholds as needed. Hearing loss was defined as a 
speech-frequency pure tone average of thresholds at 0.5, 1, 
2, and 4 kHz in the better hearing ear as per the definition of 
hearing loss adjudicated by the World Health Organization 
(16). Categories of hearing loss severity were based on 
American Speech-Language Hearing Association guidelines 
(17), but several of the categories were collapsed to simplify 
analyses (normal hearing ≤ 25 dB, mild loss > 25 and ≤ 4 0 dB, 
moderate loss > 40 and ≤ 70 dB, severe loss > 70 dB). All 
hearing thresholds are reported as dB HL (ANSI, 2004)

Cognitive Testing
The DSST, a component of the Wechsler Adult Intelli-

gence Test (18), was administered as per NHANES protocol 
(19). Participants were asked to correctly code a series  
of numbers with the corresponding symbol. Testing was 
administered in a quiet setting with minimal distractions, 
and tests were scored as the number of correct responses 
generated in 120 seconds (maximal score 133).

Other Study Variables
Data on demographic variables and medical history 

were obtained from interviews. Self-reported race/ethnic-
ity was grouped as Mexican American/other Hispanic 
(Hispanic), non-Hispanic white (white), non-Hispanic black 
(black), or other race. Education and household income 

Table 1. Demographic Characteristics of Participants Aged 60–69 
Years With Both Cognitive and Audiometric Testing, National Health 

and Nutritional Examination Surveys, 1999–2002

Characteristic Cohort (n = 605)

Age, mean years (SD) 64.1 (2.9)
Hearing loss, mean dB HL (SD) 20.9 (11.6)
Hearing loss category, n (%)
 Normal (≤25 dB) 433 (71.6)
 Mild (26–40 dB) 128 (21.2)
 Moderate (41–70 dB) 43 (7.1)
 Severe (≥71 dB) 1 (0.2)
Hearing aid use, n (%) 13 (2.2)
Sex, n (%)
 Female 320 (52.9)
Race/ethnicity, n (%)
 White 292 (48.3)
 Black 120 (19.8)
 Hispanic 182 (30.1)
 Other 11 (1.8)
Education
 <12th grade 245 (40.5)
 High school graduate 133 (22.0)
 Some college 128 (21.2)
 College graduate 99 (16.4)
Smoking, n (%)
 Never 273 (45.1)
 Former 240 (40.0)
 Current 92 (15.2)
Hypertension, n (%) 257 (42.8)
Diabetes, n (%) 119 (19.7)
Stroke, n (%) 28 (4.6)

were both collapsed into a four level variable. Hearing aid 
use was based on whether an individual reported using a 
hearing aid at least once a day over the preceding year. 
Variables related to medical history included diabetes 
(based on self-reported diagnosis and/or current use of  
insulin or other diabetic medications), smoking (current/
former/never), hypertension (told by physician on two or 
more visits about hypertension diagnosis), and stroke (self-
reported history).

Statistical Methodology
We accounted for the complex sampling design in all 

analyses by using sample weights according to National 
Center for Health Statistics guidelines (20) except for Table 1. 
The purpose of Table 1 was only to give descriptive statis-
tics on the characteristics of the study cohort rather than 
nationally generalizable estimates, and hence, weights were 
not used. Locally weighted scatterplot smoothing (lowess) 
was used to graphically explore the association of hearing 
loss and age with cognitive scores and to identify nonlinear 
data trends. Linear regression was then used to model the 
association between cognitive scores and hearing loss while 
adjusting for age and other covariates. The b-coefficients 
from these regressions are interpreted as the average differ-
ence in DSST scores (+ values indicate higher cognitive 
scores) per 10 dB of hearing loss or with hearing aid use. As 
per National Center for Health Statistics guidelines, the 
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Taylor Series Linearization method was used for variance 
estimation. All analyses were conducted using STATA 11.1 
(StataCorp, College Station, TX), and two-sided p values < .05 
were considered statistically significant.

Results
Demographics for the study population are presented in 

Table 1. From 1999 to 2002, 605 participants aged 60–69 
years had concurrent audiometric and cognitive testing in 
NHANES. Hearing loss more than 25 dB was prevalent in 
29% of these participants, and among those with hearing 
loss, hearing aids were used in 6.7%. The vast majority of 
participants had hearing loss thresholds in the normal-to-
mild range with only 7.3% of participants having a moder-
ate or greater hearing loss.

Exploratory analysis of the cross-sectional association 
between hearing loss and cognitive scores demonstrated 
that increasing hearing loss was negatively associated with 
DSST scores (r = −.18, p < .001; Figure 1). A similar asso-
ciation between age and lower DSST scores was also  
observed (data not shown). After adjusting for age, sex, 
and hearing aid use, greater hearing loss was significantly 
associated with lower DSST scores (DSST score difference 

Table 2. Stepwise Regression Models of the Association of Hearing Loss and Hearing Aid Use With Digit Symbol Substitution Scores,  
National Health and Nutritional Examination Survey 1999–2002

N Hearing Loss, b per 10 dB (95% CI) Hearing Aid Use, b (95% CI)

Base model (hearing loss, hearing aid use, age, sex) 605 −3.3*** (−5.0 to −1.6) 17.1*** (8.8 to 25.3)
Base + demographic factors† 605 −2.0** (−3.4 to −0.53) 8.8* (1.2 to 16.5)
Base + demographic factors + cardiovascular risk factors‡ 600 −1.5* (−2.9 to −0.23) 7.4+ (−0.62 to 15.4)
Base + demographic factors + cardiovascular risk factors + restricted  
 to participants with hearing loss ≤ 40 dB

557 −1.6* (−3.3 to −0.03) 11.9* (0.26 to 23.6)

Notes: b-Coefficients represent the average difference in cognitive scores associated with a 10 dB increase in hearing loss or with hearing aid use. Negative bs 
indicate poorer cognitive function.

† Demographic factors include race/ethnicity, education, and income.
‡ Cardiovascular risk factors include smoking status, diabetes mellitus, hypertension, and stroke.
+p< .10; *p < .05; **p < .01; ***p < .001.

Figure 1. Cross-sectional association of hearing loss and Digit Symbol 
Substitution Scores, National Health and Nutritional Examination Survey 1999– 
2002.

of −3.3 per 10 dB of hearing loss, p < .001; Table 2). Further 
adjustment for both demographic (income, education, race) 
and cardiovascular risk factors (diabetes, hypertension, 
smoking, stroke) did not substantially affect these results. 
In this latter model adjusting for all covariates, a 10 dB 
increase in hearing loss was associated with a DSST score 
difference of −1.5 (95% confidence interval: −2.9 to −0.23). 
Restricting the analytical cohort to only those participants 
with hearing loss less than 40 dB (thereby excluding those 
with a moderate or severe hearing loss) did not affect the 
magnitude of our results (Table 2).

We investigated the association of hearing aid use with 
cognitive function. Hearing aid use was significantly asso-
ciated with higher cognitive scores on the DSST after ad-
justment for hearing loss severity, age, sex, race, education, 
and income (DSST score difference of 8.8, p = .03). After 
further adjustment for cardiovascular risk factors, hearing 
aid use remained associated with higher cognitive scores 
but with a wider confidence interval (DSST score difference 
of 7.4, 95% confidence interval: −0.6 to 15.4, p = .07). 
However, these results are based on a small number of 
participants who reported hearing aid use (n = 13).

To assess the magnitude of the reduction in cognitive 
performance associated with hearing loss, we estimated the 
difference in chronological age that would be equivalent to 
the cross-sectional association of a 25 dB increase in hear-
ing thresholds (analogous to shifting from normal hearing 
to a mild hearing loss) with cognitive scores. In a fully 
adjusted model accounting for age, sex, race, education, 
income, diabetes, smoking, hypertension, stroke, and hear-
ing aid use, a 1-year difference in age was associated with a 
DSST score difference of −0.55 (95% confidence interval: 
−0.92 to −0.18, p = .005) and a 25 dB hearing loss was 
associated with a DSST score difference of −3.86 (95% 
confidence interval: −7.15 to −0.56, p = .02). Therefore, the 
difference in age equivalent to the cognitive reduction asso-
ciated with a 25 dB increase in hearing loss is 7 years.

Conclusions
In this nationally representative study of 60- to 69-year-old 

adults, greater hearing loss was independently associated 
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with poorer cognitive functioning using a nonverbal test of 
executive function and psychomotor speed. These results 
were robust to analyses accounting for multiple confounders 
and excluding participants with moderate or severe hearing 
loss. The magnitude of the reduction in cognitive perfor-
mance associated with hearing loss is clinically significant 
with the reduction associated with a 25 dB hearing loss 
being equivalent to an age difference of 7 years. Hearing aid 
use was associated with higher cognitive scores, but these 
results were based on a small number of individuals using 
hearing aids.

Our results contribute to the literature examining the as-
sociation between hearing loss and cognition. Our findings 
are consistent with prior research, demonstrating significant 
associations between greater hearing loss and poorer cognitive 
function on both verbal (21–29) and nonverbal cognitive 
tests (23,25,28) and in both cross-sectional and prospective 
studies (23,30). In contrast, other studies have not found 
similar associations (31,32). One key limitation across these 
prior studies is the variability in how hearing loss was 
measured and how audiometric data were analyzed (eg, 
choice of pure tone thresholds used to define hearing loss). 
Most studies utilized portable or screening audiometers 
(23,27,28,32) or tested participants under varying environ-
mental conditions (eg, home-based testing) (28), whereas 
some did not adequately describe their audiometric testing 
protocol (24,26,31). The effect of biased or imprecise  
assessments of hearing thresholds would likely decrease 
sensitivity to detect associations due to increased variance. 
These prior studies have also generally been conducted in 
nonrepresentative study populations in which the observed 
results may not be generalizable. Strengths of our current 
study are that our results are based on a nationally represen-
tative sample, and a standardized audiometric testing proto-
col using a definition of hearing loss adjudicated by the World 
Health Organization (16) was applied to all individuals.

A number of mechanisms could explain the observed 
association between hearing loss and cognition. Poor verbal 
communication associated with hearing loss may confound 
cognitive testing or vice-versa there may be an overdiagnosis 
of hearing loss in individuals with subclinical cognitive 
impairment. Confounding by poor verbal communication is 
unlikely since the DSST does not rely heavily on the pre-
sentation of verbal information, and mild–moderate hearing 
loss minimally impairs face-to-face communication in quiet 
environments (ie, during cognitive testing) (33) particularly 
in the setting of testing by experienced examiners who 
are accustomed to working with older adults. We also con-
ducted a sensitivity analysis excluding individuals with  
moderate or severe hearing loss, and a previous study has 
demonstrated that artificially induced hearing loss (through 
the use of occlusive headphones) did not acutely affect the 
results of neurocognitive testing using both verbal and non-
verbal cognitive tests (34). An overdiagnosis of hearing loss 
in those with preexisting cognitive impairment is also a 

possibility but unlikely given that reliable audiometric 
thresholds have been obtained even in patients with early 
dementia (22), and pure tone audiometry is routinely per-
formed even in children as young as 4 years.

A shared neuropathologic etiology underlying both 
hearing loss and cognitive function may explain our results, 
but the neuropathologic mechanism is unknown. Pure 
tone audiometry is considered to be a measure of the  
auditory periphery because detection of pure tones relies 
on cochlear transduction and neuronal afferents to brain-
stem nuclei without requiring significant higher auditory 
cortical processing (35). Neuropathology associated with 
Alzheimer’s disease has not been found in the peripheral 
auditory pathways (36,37). The likelihood of another 
neurobiological process such as microvascular disease 
causing both hearing loss and dementia is a possibility, 
but known cardiovascular risk factors were adjusted for 
in our models.

Finally, hearing loss may be associated with cognitive 
decline through a causal pathway, possibly mediated by 
social isolation or cognitive load, or through a direct neuro-
biologic mechanism. Communication impairments caused 
by hearing loss can lead to social isolation in older adults 
(38,39), and epidemiologic (40,41) and neuroanatomic 
studies (42) have demonstrated associations between poor 
social networks and cognitive decline and dementia. The 
effect of hearing loss on cognitive load is suggested by studies 
demonstrating that under conditions where auditory perception 
is difficult (ie, hearing loss), greater cognitive resources are 
dedicated to auditory perceptual processing to the detriment of 
other cognitive processes such as working memory (43–45). 
Finally, previous animal studies have also demonstrated a pos-
sible direct neurobiological link between hearing loss and/or 
environmental enrichment (possibly analogous in humans to 
having access to auditory and environmental stimuli) with hip-
pocampal neurogenesis and cognitive functioning (46,47).

In the current study, self-reported hearing aid use was 
associated with higher scores on the DSST, but these results 
must be interpreted with caution because of the small num-
ber (n = 13) of participants using hearing aids. The direction 
of the observed association also cannot be established in 
this cross-sectional study. For example, although hearing 
aids could plausibly improve cognitive functioning through 
decreased social isolation or reduced cognitive load, indi-
viduals with better cognitive function may also be more 
likely to obtain hearing aids. Ultimately, investigating causal-
ity between hearing aid use and improved cognitive function-
ing will require a randomized control trial. Interestingly, one 
small randomized study of hearing aids performed in older 
military veterans has been performed, and this study demon-
strated improved cognition in veterans using hearing aids 
(48). However, these results have not been subsequently stud-
ied or confirmed in larger and more representative cohorts.

A key limitation of our study is that our results are based 
on cross-sectional data rather than on longitudinal trajectories 
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of hearing loss and cognitive function over time. Therefore, 
our estimates of the expected change in cognitive scores 
associated with hearing loss and age may be subject to bias 
by cohort effects or obscured by interindividual heterogene-
ity in participant characteristics. However, the restricted age 
range of our study population (60- to 69-year-olds) may 
help limit potential biases introduced by cohort effects. In 
addition, interindividual heterogeneity in participant char-
acteristics would tend to bias any results toward the null 
hypothesis, whereas our results demonstrated a robust asso-
ciation between hearing loss and cognitive scores.

Residual confounding by other medical or environmental 
factors is also possible, but known risk factors for hearing 
loss and cognitive decline were adjusted for in our models.

If our results are confirmed longitudinally and in other 
independent studies, our findings potentially have signifi-
cant implications for public health. Hearing loss is highly 
prevalent (49,50), and hearing loss may be both potentially 
preventable and treatable with rehabilitative devices and 
strategies that remain grossly underutilized (50,51). Further 
research into whether such interventions could impact cog-
nition and dementia are critically needed.
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