
UCSF
UC San Francisco Previously Published Works

Title
Examining the Combined Estimated Effects of Hearing Loss and Depressive Symptoms 
on Risk of Cognitive Decline and Incident Dementia

Permalink
https://escholarship.org/uc/item/6xg2632j

Journal
The Journals of Gerontology Series B, 77(5)

ISSN
1079-5014

Authors
Powell, Danielle S
Brenowitz, Willa D
Yaffe, Kristine
et al.

Publication Date
2022-05-05

DOI
10.1093/geronb/gbab194
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6xg2632j
https://escholarship.org/uc/item/6xg2632j#author
https://escholarship.org
http://www.cdlib.org/


839

Journals of Gerontology: Psychological Sciences
cite as: J Gerontol B Psychol Sci Soc Sci, 2022, Vol. 77, No. 5, 839–849

https://doi.org/10.1093/geronb/gbab194
Advance Access publication October  16, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com.

Research Article
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Abstract
Objectives: Late-life depression is a comorbidity that may co-occur in older adults with hearing loss—each has prevalent 
and independent modifiable risk factors for dementia.
Methods: Using data from 1,820 Health, Aging and Body Composition study participants (74 ± 2.8 years, 38% Black race), 
we compared the hearing loss–dementia/cognitive decline relationship between those with normal hearing/mild hearing loss 
and those with moderate or greater hearing loss. Using linear mixed-effects and Cox proportional hazard models, we in-
vestigated if the associations between hearing loss and cognitive decline or dementia (Modified Mini-Mental State [3MS] 
Examination and Digit Symbol Substitution Test [DSST]) differed by the presence or absence of depressive symptoms. 
Depressive symptoms were defined as Center for Epidemiologic Study—Depression scale 10 ≥10 at one or more visits from 
Years 1–5. Algorithmic incident dementia was defined using medication use, hospitalizations, and cognitive test scores. 
Audiometric hearing loss was measured at Year 5 and categorized as normal/mild versus moderate or greater hearing loss.
Results: Having both hearing loss and depressive symptoms (vs. having neither) was associated with faster rates of decline 
in 3MS Examination (β = −0.30; 95% confidence interval [CI]: −0.78, −0.19) and DSST (β = −0.35; 95% CI: −0.67, −0.03) 
over 10 years of follow-up. Having both hearing loss and depressive symptoms (vs. neither) was associated with increased 
risk (hazard ratio [HR]: 2.91; 95% CI: 1.59, 5.33 vs. HR: 1.54; 95% CI: 1.10, 2.15 hearing loss only and HR: 2.35; 95% 
CI: 1.56, 3.53 depressive symptoms only) of incident dementia in multivariable-adjusted Cox proportional hazards models.
Discussion: Comorbid conditions among hearing-impaired older adults should be considered and may aid in dementia 
prevention and management strategies.

Keywords:  Cognition, Depression, Hearing loss, Mental health
  

E
d

ito
r’s ch

o
ice

https://orcid.org/0000-0003-3447-4450
https://orcid.org/0000-0002-2479-1076
mailto:dpowel33@jhu.edu?subject=


With the growing prevalence of dementia worldwide, 
there is a pressing need to identify potential avenues for 
prevention of dementia and cognitive decline. Globally, 
an estimated 43.8 million individuals were living with de-
mentia in 2016, more than double that estimated in 1990 
at 20.2 million (GBD 2016 Dementia Collaborators, 
2019). Hearing loss (HL) is an independent and poten-
tially modifiable risk factor for dementia (Livingston et al., 
2020). Approximately two thirds of adults aged 70 years 
and older have an HL (Goman & Lin, 2016). Moreover, 
around 67% of older adults 65  years of age and older 
have multimorbidity (Salive, 2013); therefore, HL is likely 
present in older adults along with other health conditions. 
Given the high prevalence of HL in older adults, identifica-
tion of differences in dementia risk by subgroups of older 
adults with concurrent modifiable risk factors for cognitive 
decline could have a meaningful public health benefit.

Diagnosed late-life depression is a potential comorbidity 
that may co-occur in older adults with HL. Previous work 
suggests the prevalence of even depressive symptomatology 
is approximately 15% in a community sample of older 
adults (Fiske et al., 2009). Depressive symptomatology in 
older adults may present as a heterogeneous course, sus-
ceptible to variation over time or acute instances from 
life events (Fiske et  al., 2009). Furthermore, depressive 
symptomatology itself has been identified as another po-
tentially independent modifiable risk factor for dementia 
(Livingston et al., 2020).

While the independent effect of HL, clinical depres-
sion, and increased depressive symptomatology on cogni-
tive decline and dementia in older adults has been reported 
(Rutherford et  al., 2018; Livingston et  al., 2020; Wiels 
et al., 2020), the estimated effect from the presence of each 
condition as either a mediator or moderator in the rela-
tionship has received little study. A  prior study of 8,529 
participants aged 60  years or older from the National 
Alzheimer’s Coordinating Center Uniform Data Set, one of 
the few studies to consider both HL and depression, in-
vestigated the potential mediating effect of depression and 
found no evidence of suggested change in the HL–dementia 
association (Brewster et al., 2021). While mediation ana-
lyses have benefits for understanding mechanisms, analyses 
of modification (i.e., interaction) have important public 
health relevance for the identification of high-risk groups. 
As HL and depression are both potentially modifiable, un-
derstanding if the risk presented by each condition in isola-
tion differs from the risk in the presence of both conditions 
may allow for more targeted dementia intervention efforts 
in older adults.

Our study objectives, using data from the Health, Aging 
and Body Composition (Health ABC) study, are to test if 
(a) rates of cognitive decline and (b) risk of incident de-
mentia differ for participants with both HL and depres-
sive symptoms, compared to what would be expected 
given their independent effects. We hypothesized that the 
additional presence of depressive symptomatology among 

hearing-impaired older adults demonstrates faster rates of 
cognitive decline and greater risk of incident dementia.

Method

Study Population

Participants were enrolled in the Health ABC study, a bi-
racial prospective study of 3,075 community-dwelling 
older adults, aged 70–79 years at study initiation in 1997–
1998 (Visit 1), recruited from Pittsburgh, Pennsylvania 
or Memphis, Tennessee (Simonsick et  al., 2001). As the 
Health ABC Study was designed to assess differences in 
function, disability, and longevity across race (Black vs. 
White) and gender, participants enrolled in the study were 
free of difficulty walking ¼ mile or difficulty climbing up 
10 steps at study initiation. This study was approved by 
the Institutional Review Boards of all participating insti-
tutions. Audiometric hearing was assessed at study Year 5 
(2001–2002).

Analytic sample: rates of cognitive decline
From an initial sample of 3,075, a total of 2,198 partici-
pants had completed audiologic measures (872 excluded), 
completed the baseline Center for Epidemiologic Study—
Depression (CES-D) scale, and self-reported depression 
medication use measured at baseline (five excluded). We 
excluded 137 participants who were missing baseline 
covariates or had less than 2 measures of the Modified 
Mini-Mental State (3MS) Examination or the Digit Symbol 
Substitution Test (DSST) during the 10 years of follow-up. 
Our final analytic sample was 2,061.

Analytic sample: incident dementia
Of the 2,034 study participants who had completed 
audiologic measures in 2001–2002 (872 excluded), were 
dementia-free at Visit 1 (1997–1998; 159 excluded), and 
had completed baseline CES-D scores (10 excluded), an 
additional 214 participants were missing covariate data 
leading to an analytic sample in our secondary analysis of 
1,820 participants.

Cognitive Decline

Two neurocognitive tests, the 3MS Examination (Teng 
& Chui, 1987) and the DSST (Weschler, 1981), were col-
lected 6 times during the study: Year 1 (1997–1998), Year 
3 (1999–2000), Year 5 (2001–2002), Year 8 (2004–2005), 
Year 10 (2006–2007), and Year 11 (2007–2008).

As a test of global cognitive function, the 3MS 
Examination (Teng & Chui, 1987) provides an assessment 
of an individual’s orientation, registration, attention, calcu-
lation, recall, and visual–spatial skills similar to the 30-item 
Mini-Mental State Examination (MMSE; Folstein et  al., 
1975) it was adapted from. Expanded from the 30-item 
MMSE and scored from 0 to 100, this modification from 
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the 30-item scale is designed for enhanced reliability and 
validity.

The DSST (Weschler, 1981) tests attention, processing 
speed, and executive function requiring the participant to 
use a key of symbols and matched numbers to translate 
the corresponding number and symbol as fast as possible. 
Scoring is completed as the total number of symbols cor-
rectly matched within 90 seconds time—higher scores indi-
cate better performance.

Incident Dementia

As has been implemented in prior work (Deal et al., 2017; 
Yaffe et al., 2013), incident dementia was defined in one or 
more of the following ways: (a) as initiating use of a pre-
scribed dementia medication (galantamine, rivastigmine, 
memantine, donepezil, or tacrine) determined via medica-
tion inventory at annual visits; (b) a dementia diagnosis 
from adjudicated hospital records reviewed every 6 months 
at interim follow-ups for dementia-related hospital event or 
a primary or secondary diagnosis of dementia; or (c) decline 
on the 3MS Examination of 1.5 SD or more, based on race-
specific SDs at baseline. Within our sample, the majority of 
participants diagnosed with incident dementia were done 
so via more than one of the described ways. Only 32% of 
participants were noted for incident dementia by a change 
in 3MS Examination score alone, with a mean change in 
3MS Examination score for this group of a decrease of 25.4 
points and SD of 12.4.

Hearing Loss

Hearing acuity measures were performed via audiometry 
in a sound-proof booth at Year 5 (2001–2002). Air con-
duction thresholds, as measured in decibels hearing level 
(dB HL), were completed in each ear from 250 Hz to 8,000 
Hz with TDH 39 headphones using an MA40 audiometer 
(Maico Diagnostics, Eden Prairie, MN) calibrated to the 
American National Standards Institute standards (ANSI 
S3.6-1996).

For comparison of hearing levels, we calculated a 
commonly used metric of the speech frequency pure tone 
average (PTA) using thresholds at 500, 1,000, 2,000, 
and 4,000 Hz in the better hearing ear in agreement 
with the World Health Organization’s definition of HL 
(World Report on Hearing, 2021). We created a binary 
variable of HL according to common clinical cutpoints 
(normal hearing or mild HL, PTA <40 dB HL; moderate 
or greater HL, ≥40 dB HL). Moderate or greater HL is 
recognized as a level at which HL begins to adversely 
affect communication ability, thereby may be referred to 
here as a significant HL (Olusanya et al., 2019), whereas 
a mild HL or those with normal hearing are commonly 
minimally affected by their hearing ability in specific 
situations.

Depressive Symptoms

Depressive symptoms were assessed using the CES-D scale 
(Lewinsohn et  al., 1997), including both the full 20-item 
scale (Year 1) and abbreviated 10-item scale (Years 3–11). 
All scores were converted to the CES-D 10 scale. For our 
analysis, we utilized CES-D 10 scores from the start of 
follow-up until when hearing was assessed (Years 1, 3, 4, 
and 5)  and defined significant depressive symptoms as a 
CES-D 10 score ≥10 (Andresen et al., 1994; Irwin et al., 
1999). A history of having ever been treated for depression 
was ascertained at Year 1.  Baseline depressive symptoms 
were therefore defined as a CES-D 10 score ≥10 at Year 
1 or the presence of medication intended for depression. 
To better understand how the potential variability in de-
pressive symptom presentation over time might modify the 
hearing–dementia relationship, we modeled repeated de-
pressive symptoms as any repeated instance (consecutive 
or not) of clinically significant depressive symptoms (>1 el-
evated CES-D 10 score at Years 1, 3, 4, or 5).

Additional Covariates

We included age, gender (determined from sex identi-
fied at birth; women/men), race (Black/White), study 
center (Memphis or Pittsburgh), and education (less than 
postsecondary vs. postsecondary or greater) at Year 1 
(1997–1998). We include the term gender as we intend for 
this to represent the social construct of gender rather than 
the biological influences of sex; however, our measure col-
lected within the data set was sex as reported at birth. We 
also included a number of health-related factors. Diabetes 
was considered present if prevalent at Year 1, defined as 
physician-diagnosed diabetes (reported by the partici-
pant), use of diabetes drug, or a fasting glucose ≥126 mg/
dL. Hypertension was considered present if prevalent at 
baseline (systolic blood pressure ≥140 mmHg, or diastolic 
blood pressure >90 mmHg, or by participant self-report of 
a diagnosis by a physician with or without antihypertensive 
medication use). History of stroke was assessed at base-
line by the question, “Has a doctor ever told you that you 
had a stroke, mini-stroke, or TIA?” Smoking status (ever 
vs. never) was assessed at baseline by the questions: “Do 
you smoke cigarettes now?” and “Have you smoked at 
least 100 cigarettes in your life?” Body mass index (BMI, 
continuous kg/m) was evaluated at baseline. Marital status 
(never married, married, widowed/divorced/separated) was 
evaluated with the question: “What is your marital status?” 
Living alone (yes/no) was defined as reported presence of 
living with one or more individuals versus none. As it is 
possible hearing aid use for the management of HL may 
influence the estimated risk presented by HL alone or in 
the presence of other conditions, in a sensitivity analysis, 
we additionally adjusted for self-reported hearing aid use at 
baseline. All covariates were measured at baseline, except 
for hearing aid use, which was measured at Year 5.
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Statistical Analysis

Descriptive analysis compared demographic information 
and clinical characteristics across levels of hearing status. 
Baseline characteristics were compared using means and 
standard deviations and analysis of variance tests for contin-
uous measures. Categorical variables were described using 
frequencies with differences tested using chi-square tests.

We used linear mixed-effects models with person-specific 
slopes and intercepts to assess differences in rates of cog-
nitive decline by hearing and depressive symptom status. 
Cognitive decline on the DSST and 3MS Examination was 
modeled separately. The linear mixed-effects model ac-
counts for the correlation between repeated measures over 
time within an individual (Laird & Ware, 1982). We as-
sumed an unstructured correlation matrix. We used Cox 
proportional hazard models to investigate risk of incident 
dementia by depressive symptom status and category of 
hearing acuity over 9  years of follow-up. We confirmed 
the proportionality assumption via Schoenfield’s residuals 
(Grambsch & Therneau, 1994) and included an interaction 
between our exposure and time. As most participants were 
not at risk for incident dementia until the second adminis-
tration of the 3MS Examination at Year 3, our time origin 
was modeled as Year 3 (1999–2000) and time on study was 
used as the time scale. For our analysis, follow-up for inci-
dent dementia continued until Year 11 (2007–2008) at the 
last time the 3MS Examination was administered to our 
study sample.

We described differences in the association of hearing 
and cognition by depressive symptom status in two ways, 
as has been recommended for observational studies (Knol 
& VanderWeele, 2012; von Elm et al., 2007): (a) modeling 
the joint risk of dementia using four exposure categories—
(i) normal hearing or mild HL and no depressive symptoms 
(reference group), (ii) depressive symptoms only, (iii) HL 
only, and (iv) both HL and depressive symptoms and (b) 
inclusion of an interaction term between HL and depres-
sive symptoms in the regression model. In our analysis of 
incident dementia, we also stratified results of the hazard of 
incident dementia from HL by depressive symptoms status, 
as well as the hazard from depressive symptoms by hearing 
status. This framework enabled us to assess the presence of 
both joint effects (i.e., four exposure categories) and het-
erogeneity of effects (i.e., interaction term) of depressive 
symptoms and HL on cognitive outcomes.

Model fit for both analyses was assessed using re-
sidual plots and through statistical methods including 
the Bayesian Information Criterion, Akaike Information 
Criterion, and likelihood ratio tests. As the additive scale 
has important public health implications (Knol et al., 2011) 
for our analysis of incident dementia, we present the inde-
pendent and combined estimated effect of exposures on the 
additive scale using the relative excess risk of interaction 
(RERI) and the synergy index (ratio between the combined 
effect of an exposure and the individual effects; Assmann et 
al., 1996; de Mutsert et al., 2009; Richardson & Kaufman, 

2009) and include a 95% confidence interval (CI) calcu-
lated via the delta method (Knol & VanderWeele, 2012; de 
Mutsert et al., 2009).

We adjusted for gender, education (postsecondary vs less 
than postsecondary), age, race (Black vs. White), smoking 
(ever vs. never), the presence or absence of hypertension or 
diabetes, BMI, marital status (never married, married, wid-
owed/divorced/separated), and living alone. All analyses 
were completed using Stata 15.0 (StataCorp., 2017).

In a secondary analysis, we additionally adjusted for 
self-reported hearing aid use at baseline to understand if the 
management of HL may alter the effect estimates observed. 
We further completed a sensitivity analysis evaluating the 
combined estimated effects of HL and depressive symptoms 
on cognitive decline and incident dementia using Year 5 as 
the study baseline, at the time when hearing was measured. 
Additionally, to consider the influence of any HL on rates 
of cognitive change, in a sensitivity analysis, we defined the 
presence of HL as mild or greater HL (n = 1,295) compared 
to those clinically considered to have normal hearing (PTA 
<25 dB HL; n = 913).

Results

Descriptive Analysis

In our analytic sample of 2,061 participants, 20.7% had 
a moderate or greater HL, and 7.1% had clinically signif-
icant depressive symptoms at baseline, while 220 (10.7%) 
had repeated depressive symptoms over the first 4 years of 
follow-up. Categorizing participants based on both hearing 
status and baseline depressive symptoms, 1,529 (74.2%) 
had normal hearing or mild HL and no baseline depressive 
symptoms, 385 (18.7%) had a moderate or greater HL only, 
104 (5.0%) had clinically meaningful depressive symptoms 
at baseline only, and 43 (2.1%) had both significant HL 
and depressive symptoms. Those without significant HL or 
depressive symptoms were generally younger and female 
compared to those with HL and/or depressive symptoms 
(Table 1). Participants not included in our sample due to 
exclusion criteria or missing data were more likely to be 
slightly older (mean age 74.5 years), Black, be widowed/
divorced/separated, live alone, have greater prevalence of 
health conditions, have higher CES-D 10 scores (median 
3.0), and lower 3MS Examination (median 90.0) or DSST 
(mean 31.1) scores.

Baseline Cognitive Test Performance and Rates of 
Cognitive Decline

Compared to participants with neither significant HL nor 
baseline depressive symptoms, participants with a mod-
erate or greater HL (without depressive symptoms) on av-
erage had lower baseline test scores (β = −0.86; 95% CI: 
−1.53, −0.18 on 3MS Examination; β  = −0.81; 95% CI: 
−2.08, 0.47 on DSST) and faster rates of decline on both 
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the 3MS Examination (β = −0.14; 95% CI: −0.26, −0.02) 
and DSST (β = −0.17; 95% CI: −0.29, −0.05). Results were 
consistent across both ways of measuring depressive symp-
toms (Table 2).

The association between depressive symptoms alone, 
without HL, varied by how depressive symptoms were 
measured. We found no evidence of an association between 
baseline depressive symptoms and baseline test perfor-
mance or rates of cognitive decline. Depressive symptoms 
at repeated visits (depressive symptoms at more than one 
time point between Year 1 and Year 5)  was consistently 
associated with poorer baseline scores (β = −1.34; 95% CI: 
−2.30, −0.38 on 3MS Examination; β  = −1.94; 95% CI: 
−3.77, −0.11 on DSST) and faster rates of cognitive decline 
for both tests (β = −0.21; 95% CI: −0.37, −0.05 on 3MS 
Examination; β = −0.21; 95% CI: −0.40, −0.03 on DSST; 
Figure 1).

When considering the estimated joint effect for both HL 
and depressive symptoms, moderate or greater HL and re-
peated depressive symptoms (i.e., >1 elevated CES-D 10 
score at Years 1, 3, 4, or 5), compared to no HL or mild 
loss and no depressive symptoms, were associated with 

lower average baseline test scores on the 3MS Examination 
(β  = −1.91; 95% CI: −3.74, −0.09) but not the DSST at 
baseline (β = −0.26; 95% CI: −3.29, 2.77). We found no 
associations for HL plus measures of depressive symp-
toms (baseline, repeated) on baseline 3MS Examination 
or DSST scores. However, faster rates of cognitive decline 
were observed across all measures and tests, significantly 
faster with repeated depressive symptoms on the DSST 
(β  =  −0.35; 95% CI: −0.67, −0.03.) No interactions be-
tween HL and depressive symptoms at baseline or for rate 
of cognitive decline were significant.

Incident Dementia

Over 9 years, 223 (12.2%) participants developed incident 
dementia, those with dementia demonstrated significantly 
lower scores on the DSST (mean 34.7 no dementia/mean 
20.5 dementia) and 3MS Examination (mean 91.9 no de-
mentia/mean 76.7 dementia) as expected. Relative to those 
without significant HL (i.e., normal hearing or mild HL) 
or clinically meaningful depressive symptoms, those with 
moderate or greater HL alone demonstrated a significantly 

Table 1. Baseline Characteristic of the Analytic Sample in the Health ABC Study (N = 2,061)

Normal or mild 
hearing loss or 
depressive symptoms

Moderate+ 
hearing loss 
only

Depressive 
symptoms 
only

Moderate+ hearing 
loss and depressive 
symptoms

Characteristic Overall N (%) N (%) N (%) N (%) p

N 2,061 1,529 385 104 43  
Baseline age, mean (SD) 74.0 (2.8) 73.7 (2.8) 74.9 (2.9) 73.8 (2.8) 74.7 (2.8) <.001
PTA, mean (SD) 30.3 (13.5) 25.0 (8.6) 50.7 (9.1) 26.7 (7.7) 47.5 (8.5) <.001
BMI, kg/m2, mean (SD) 27.4 (4.7) 27.4 (4.8) 27.1 (4.1) 27.8 (4.4) 26.9 (4.2) .52
Black 776 (37.7) 630 (41.2) 95 (24.7) 39 (37.5) 12 (27.9) <.001
Women 1072 (52.0) 849 (55.5) 131 (34.0) 74 (71.2) 18 (41.9) <.001
Postsecondary education 1136 (55.1) 828 (54.2) 218 (56.6) 59 (56.7) 31 (72.1) .11
Memphis 1009 (49.0) 731 (47.8) 214 (55.6) 46 (44.2) 18 (41.9) .025
Marital status      .11
 Never married 103 (5.0) 79 (5.2) 18 (4.7) 3 (2.9) 3 (7.0)  
 Married 1201 (58.3) 882 (57.7) 242 (62.9) 51 (49.0) 26 (60.5)  
 Widowed/divorced/separated 757 (36.7) 568 (37.1) 125 (32.5) 50 (48.1) 14 (32.6)  
Live alone 594 (28.8) 437 (28.6) 104 (27.0) 40 (38.5) 13 (30.2) .14
Diabetes 714 (34.6) 531 (34.7) 144 (37.4) 22 (21.2) 17 (39.5) .018
Smoking 1119 (54.3) 799 (52.3) 238 (61.8) 51 (49.0) 31 (72.1) <.001
Hypertension 1018 (49.4) 763 (49.9) 173 (44.9) 60 (57.7) 22 (51.2) .11
Stroke 158 (7.7) 121 (7.9) 25 (6.5) 9 (8.7) 3 (7.0) .79
Baseline CES-D 10, median (IQR) 2.0 (0.0–4.0) 2.0 (0.0–4.0) 2.0 (0.0–4.0) 10.0 

(10.0–13.0)
11.0 (2.0–12.0) <.001

Repeated depressive symptoms 220 (10.5) 0 (0.0) 0 (0.0) 167 (8.1) 53 (2.6)  
Antidepressant use 50 (2.4) 0 (0.0) 0 (0.0) 31 (29.8) 19 (44.2) <.001
DSST, mean (SD) 37.5 (14.1) 37.9 (14.1) 36.3 (13.7) 37.8 (15.7) 32.3 (14.7) .018
3MS, median (IQR) 93.0 

(88.0–96.0)
93.0 (88.0–97.0) 92.0 

(87.0–96.0)
94.0 
(88.0–97.0)

93.0 (84.0–96.0) .013

Note: Health ABC = Health, Aging and Body Composition study; PTA = pure tone average; BMI = body mass index; CES-D 10 = Center for Epidemiologic 
Study—Depression scale short form; repeated depressive symptoms = more than one CES-D 10 score ≥10 during the first 4 years of follow-up; DSST = Digit Sym-
bol Substitution Test; 3MS = Modified Mini-Mental State Examination; IQR = interquartile range; Moderate+ hearing loss = moderate or greater hearing loss.
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greater risk of incident dementia across both ways of meas-
uring depressive symptoms (hazard ratio [HR]: 1.42; 95% 
CI: 1.03, 1.95 baseline symptoms, and 1.54; 95% CI: 1.10, 
2.15 repeated symptoms; Table 3).

The association in those with high depressive symptoms 
alone without HL is suggestive of greater risk for baseline 
depressive symptoms (HR: 1.70; 95% CI: 0.92, 3.15) and 
indicates a greater risk for incident dementia with repeated 
depressive symptoms over the first 4  years of follow-up 
(HR: 2.35; 95% CI: 1.56, 3.53; Figure 2).

The strongest estimated risk for incident dementia was 
observed for the presence of both HL and depressive symp-
toms across both measures of depressive symptoms used 
(HR: 3.81; 95% CI: 1.90, 7.62 baseline; HR: 2.91; 95% 
CI: 1.59, 5.33 repeated).

To present results on an additive scale, the RERI for 
baseline depressive symptoms is suggestive of an interac-
tion (RERI: 1.69; 95% CI: −1.10, 4.47), though not sig-
nificant, but not for repeated depressive symptoms (RERI: 
0.02; 95% CI: −1.93, 1.97). A measure of the excess risk 
from exposure to both exposures relative to the risk from 
no exposure interaction (Richardson, 2009) (Synergy 
Index) again suggests a departure from additivity (S: 2.51; 
95% CI: −0.87, 5.88) for baseline depressive symptoms but 
not repeated (S: 1.01; 95% CI: 0.03, 2.04). Our investiga-
tion of the heterogeneity of the effects of each exposure on 
incident dementia, while not statistically significant, sug-
gests heterogeneity in the degree of risk, with the greater 
risk presented by the presence of both comorbid conditions 
(Figure 2).

Sensitivity and Secondary Analysis

In a sensitivity analysis using Year 5 as the analytic baseline, 
the estimated effects were slightly attenuated, but inferences 
were unchanged. In the investigation of cognitive decline by 
exposure group, we continued to observe the fastest rate of 
cognitive change in DSST score among those with both con-
ditions (β = −0.39; 95% CI: −0.74, −0.03 baseline depressive 
symptoms; β = −0.44; 95% CI: −0.78, −0.10 repeated depres-
sive symptoms). However, no significant difference in the rate 
of cognitive changes was observed on the 3MS Examination. 
Poorest baseline test scores were observed in those with both 
HL and baseline depressive symptoms on either DSST or 3MS 
Examination, or for HL and repeated depressive symptoms 
on the 3MS Examination compared to each condition inde-
pendently (Supplementary Table 1). Our investigation of inci-
dent dementia using Year 5 as baseline (Supplementary Table 
2) suggests smaller samples for those with depressive symp-
toms (with or without HL) compared to Year 1 as baseline and 
fewer cases of incident dementia given the shorter follow-up 
period, leading to smaller samples within our exposure group, 
particularly those with combined HL and depressive symp-
toms. The greatest hazard for incident dementia when consid-
ering baseline depressive symptoms at Year 5 continued to be 
among those with both conditions (HR: 2.30; 95% CI: 1.21, Ta
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4.34) compared to each in isolation or neither condition. When 
evaluating repeated depressive symptoms, the hazard for in-
cident dementia was not significantly greater among those 
with both HL and repeated depressive symptoms. However, 
the small sample in the combined exposure groups when using 
Year 5 as baseline limits inferences.

In a sensitivity analysis considering the influence of the 
independent or combined effect of depressive symptoms 
with the presence of any HL, results are similar, suggesting 
overall significantly poorer baseline performance on the 3MS 
Examination and DSST for those with repeated depressive 
symptoms and any HL at baseline. Results suggest overall sig-
nificantly faster rates of cognitive change on both the 3MS 
Examination (rate of change = −0.32; 95% CI: −0.55, −0.08) 
and DSST (rate of change = −0.27; 95% CI: −0.46, −0.08) for 
the combined presence of each risk factor, and a marginally 
faster rate of change on the 3MS Examination (−0.18; 95% 
CI: −0.39, 0.02) for the presence of both baseline depressive 
symptoms and any HL compared to those with neither con-
dition. In the investigation of incident dementia, while all esti-
mates were slightly attenuated when considering the presence 

of any HL and/or depressive symptoms, the greatest risk for 
incident dementia continued to be observed among those with 
the presence of both a mild or greater HL and baseline depres-
sive symptoms (HR: 2.77; 95% CI: 1.60, 4.79) or repeated 
depressive symptoms (HR: 2.65; 95% CI: 1.69, 4.17).

In our secondary analyses, models adjusted for self-
reported hearing aid use demonstrated results similar in 
magnitude and inferences overall did not change for anal-
ysis of cognitive decline over time. For incident dementia, 
results suggest similar inferences for baseline (HR: 4.37; 
95% CI: 2.15, 8.90 HL and depressive symptoms; HR: 
1.57; 95% CI: 1.12, 2.21 HL alone) and repeated depres-
sive symptoms (HR: 3.22; 95% CI: 1.73, 5.99 HL and 
depressive symptoms; HR: 1.70; 95% CI: 1.19, 2.42 HL 
alone).

Discussion
In a longitudinal investigation of 2,061 older adults over 
11 years of follow-up, moderate or greater HL (vs. normal 
or mild loss) was associated with faster rates of cognitive 

Figure 1. Estimated mean scores on cognitive test by exposure and measure of depressive symptom in the Health ABC Study over 11 years of fol-
low-up (N = 2,061). (A) Estimated mean 3MS score over follow-up by hearing loss and baseline depressive symptoms status. (B) Estimated mean 
3MS score over follow-up by hearing loss and repeated depressive symptoms status. (C) Estimated mean DSST score over follow-up by hearing 
loss and baseline depressive symptoms status. (D) Estimated mean DSST score over follow-up by hearing loss and repeated depressive symptoms 
status. Notes: BL depressive symptoms = CES-D 10 score ≥10 at baseline of Visit 1; Rep Depressive Symptoms = repeated depressive symptoms, 
CES-D 10 ≥10 at more than one visit between Visits 1–5; HL = moderate or greater hearing loss; Referent = normal or mild hearing loss and no depres-
sive symptoms (CES-D 10 score <10); 3MS = Modified Mini-Mental State Examination; DSST = Digit Symbol Substitution Test.
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decline and greater risk of incident dementia independent 
of depressive symptoms. The presence of elevated depres-
sive symptoms alone was associated with faster rates of 
cognitive change and incident dementia, particularly when 
symptomatology was repeated at more than 1 year of fol-
low-up. While each independent condition demonstrates 
elevated risk for cognitive impairment, individuals with HL 
who also had depressive symptoms overall presented the 
greatest estimated risk for both rates of cognitive decline 
and risk of incident dementia—highlighting potential de-
mentia prevention opportunities. Findings suggest depres-
sive symptomatology among hearing-impaired older adults 
may play a modifying role in the hearing–dementia rela-
tionship. Intervention on both HL and depressive symp-
toms may have the potential to improve quality of life for a 
significant number of older adults in our population.

While many other studies have looked at the hearing–
dementia or depression–dementia link in isolation (Abrams 
et al., 2006; Brewster et al., 2018; Gopinath et al., 2009; 
Rutherford et al., 2018), few have considered the risk pre-
sented by the joint presence of these two independent risk 
factors for dementia (Brewster et  al., 2021). Our results 
uniquely consider both the individual estimated effects of 
hearing and depressive symptoms as well as the combined 
presence of depressive symptoms among those with HL. 
As significant variability in the length of depressive symp-
toms exists, our study investigated differences in risk by the 
longevity of depressive symptom status. Findings suggest 
that those with clinically meaningful HL at levels that may 
impair communication ability are at risk for significantly 
faster rates of cognitive change as well as increased risk of 
incident dementia, especially among those who addition-
ally develop clinically meaningful depressive symptoma-
tology. The study of potential biological interaction or a Ta
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Figure 2. Stratified hazard ratio of incident dementia for heterogeneity 
of effect between hearing loss and measure of depressive symptom. 
A: Hazard ratio of incident dementia among strata of hearing loss. B: 
Hazard of incident dementia among strata of depressive symptoms. 
Note: Depressive symptoms = CES-D 10 score ≥10 at baseline of Visit 
1; Repeated Depressive Symptoms  =  CES-D; Hearing loss  =  mod-
erate or greater hearing loss. CES-D = Center for Epidemiologic 
Study—Depression.
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biological versus behavioral/social mechanism behind this 
relationship may further inform our dementia intervention 
efforts.

The findings presented complement prior research that 
performed a mediation analysis of HL, late-life depression, 
and dementia (Brewster et al., 2018). While this study did 
not find that depression mediated the hearing–dementia 
relationship, results indicated treated HL (defined as par-
ticipants who wore hearing aids resulting in perceived 
functionally normal hearing) was associated both with 
depression and conversion to dementia. In contrast, our 
analysis quantified how the combined presence of clini-
cally meaningful depressive symptoms among those with 
significant HL presents a differing risk for cognitive change 
or dementia than the presence of each condition in iso-
lation, highlighting a potential interrelated link between 
HL, depression, and dementia, which has notable clinical 
relevance.

Our study uniquely estimated effects among hearing-
impaired adults with the additional presence of depressive 
symptomatology using a variety of means to measure de-
pression. Across ways to measure depressive symptoms, the 
estimated effect on rates of cognitive decline was more con-
sistent with DSST measures than with 3MS Examination 
measures. However, our test scores were not standardized; 
therefore, we exercise caution in comparison of rates of 
change across cognitive tests. It is possible that the ob-
served estimated combined effect failed to reach signifi-
cance in our analysis due to our overall small sample size 
(i.e., 43 with baseline depressive symptoms and HL). These 
small sample sizes may have limited the power and width of 
confidence intervals obtained, therefore placing constraints 
on available inferences. However, the greater estimated ob-
served effect among those with both conditions presents 
public health and clinical opportunity. As the ability to hear 
and communicate effectively has a significant influence on 
quality of life and behaviors, it is possible that the addi-
tional development of depressive symptomatology—par-
ticularly that lasting longer than an acute event—among 
those with HL exacerbates psychosocial or neuropsycho-
logical buffers, leading to accelerated cognitive decline. 
Thus, consideration of low-risk strategies that could mini-
mize the adverse effects of each condition, such as the use 
of hearing aids to manage HL and cognitive behavioral 
therapy for depressive symptoms, could have downstream 
beneficial impacts for older adults. Given the importance 
of social isolation and loneliness as associated outcomes 
of HL as well as risk factors for depressive symptoma-
tology and dementia, further investigation of how these 
aspects of social connectedness may modify or mediate the 
hearing–depression–dementia association presented here. 
Furthermore, it is possible that those with significant HL 
who then develop depression may be less likely to seek 
or adhere to clinical or public health recommendations 
(Abrams et al., 2006; Brewster et al., 2018; Gopinath et al., 
2009). However, the use of hearing aids and management 

of HL have the potential to alter this risk landscape. We ob-
served that those with repeated depressive symptoms who 
developed incident dementia had nearly 10% lower preva-
lence (27% vs. 16%) of self-reported hearing aid use com-
pared to those who remained free of dementia at the end 
of follow-up. In exploratory models for those eligible for a 
hearing aid, those with depressive symptoms who reported 
hearing aid use showed a suggestion of, but not statisti-
cally significant, qualitatively protective effect of incident 
dementia and cognitive decline, although small sample size 
limited inference. However, differences in equitable access 
to hearing services, care, and assistive listening devices (i.e., 
hearing aids) must be acknowledged when investigating 
modification of outcomes by hearing aid use. Further study 
is required regarding personal, social, and societal factors 
that may influence how these individuals seek and obtain 
hearing care. Such factors should include investigation of 
potential differences by sex given prior work has demon-
strated differential risk of each risk factor and cognitive 
performance, an investigation not completed in our study 
due to sample size concerns and a focus on determining 
simply differences between combined and individual effects 
of each risk factor.

Our dementia definition is based on an algorithm and 
not a clinical diagnosis and therefore may lead to some 
misclassification of dementia status. Our study was lim-
ited in the ascertainment of the presentation of depressive 
symptoms via one evaluative scale, the CES-D 10. While 
the CES-D is not a comprehensive medical evaluation and 
is subject to episodic depression or may miss certain aspects 
of late-life depression in older adults, the CES-D has wide-
spread use and has demonstrated good reliability and va-
lidity of symptoms (Andresen et al., 1994; Irwin et al., 1999). 
The number of repeat measures of CES-D 10 over time is a 
strength of our study. Additionally, hearing was not meas-
ured until Year 5 of the study. However, hearing generally 
changes very gradually at 1–2 dB per year in adults (Echt 
et al., 2010; Wiley et al., 2008). We therefore would expect 
minimal misclassification of hearing status for our analysis. 
In our analysis, we can reclassify those (n  = 180) with a 
PTA measured at Year 5 between 40 and 48 dB and who 
then, on average, might be misclassified as with HL due to 
the later time point of measurement. Results using baseline 
depressive symptoms suggest reduced magnitude for the es-
timated effect of the joint effects of hearing and depression 
on incident dementia (HR = 2.22; 95% CI: 0.69, 7.11) and 
a similar magnitude of estimated effect for repeated depres-
sive symptoms (HR = 3.05; 95% CI: 1.41, 6.60). We opted 
to consider Year 1 as our study baseline to capitalize on 
a longer follow-up period and more detailed measures. As 
we are interested in both HL status as well as depressive 
symptom status, we carefully decided to capitalize on the 
more comprehensive depressive symptom definition during 
the early years of follow-up that more accurately accounts 
for use of depression medication and more frequent de-
pressive symptom measures. Additionally, results from our 
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sensitivity analysis using Year 5 as baseline, while reduced 
in magnitude, continued to suggest that the greatest risk 
for cognitive change and incident dementia was among 
those with both conditions. Our study sample overall dem-
onstrates a lower prevalence of depressive symptoms than 
the overall population. Therefore, our results are within a 
group of older adults with minimal symptomatology and 
overall good health and may not be generalizable to the 
overall population with a high prevalence of depressive 
symptoms. However, even in our sample with minimal de-
pressive symptoms, we continue to see an estimated effect 
of both depressive symptoms and increased effect of both 
depressive symptoms and HL; therefore, our estimates may 
be conservative compared to the broader population.

Our results highlight that how consideration of comorbid con-
ditions, each independent risk factor for dementia, could poten-
tially present pivotal intervention options for cognitive trajectory 
for older adults with modifiable risk factors. Management and 
consideration of HL in conjunction with other conditions may 
have beneficial effects beyond just communication ability. With 
the high prevalence of HL among older adults and underutiliza-
tion of treatment strategies such as hearing aids, a significant room 
for intervention and potential interruption of the hearing–depres-
sion–dementia relationship exists. While we completed sensitivity 
analyses with models adjusted for reported hearing aid use at base-
line, our measure of hearing aid use was via self-report, leaving a 
potential room for misclassification as many adults overreport on 
their hearing aid use (Taubman et al., 1999). Continued investiga-
tion of how the management of HL may influence downstream 
psychosocial outcomes using a more specific and valid assessment 
of hearing aid use may greatly improve our understanding of how 
intervention on these measures may reduce dementia risk. Current 
clinical trials of hearing aid use among older adults are underway 
and may further aid in our understanding and quantification of the 
broad benefits of hearing management.

In conclusion, in a longitudinal cohort study of 2,061 
older adults, the combined presence of moderate or greater 
HL and depressive symptoms demonstrated the highest 
estimated effect on the rates of cognitive decline and risk 
of incident dementia. While our results warrant further 
investigation, clinical providers of older adults, particu-
larly those with HL, may consider coexisting psychosocial 
conditions such as depression when considering recom-
mendations for dementia intervention and monitoring. 
Identification of low-risk intervention options for dementia 
among subgroups of older adults at a particularly greater 
risk for cognitive decline or dementia could vastly improve 
public health strategies as well as quality of life for older 
adults with improved intervention utilization.
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