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Abstract

Objective: Emerging evidence suggests low vision may be a modifiable risk factor for cognitive decline. We examined
effects of baseline visual acuity (VA) on level of, and change in, cognitive test performance over 9 years.
Method: A population-based sample of 1,621 participants (average age 77 years) completed a comprehensive
neuropsychological evaluation and VA testing at baseline and reassessed at nine subsequent annual visits. Linear
regression modeled the association between baseline VA and concurrent cognitive test performance. Joint modeling of a
longitudinal sub-model and a survival sub-model to adjust for attrition were used to examine associations between
baseline VA and repeated cognitive test performance over time. Results: Better baseline VA was associated cross-
sectionally with younger age, male sex, greater than high school education, and higher baseline neuropsychological test
scores on both vision-dependent (B coefficient range −0.163 to −0.375, p = .006 to <.001) and vision-independent tests
(−0.187 to −0.215, p = .003 to .002). In longitudinal modeling, better baseline VA was associated with slower decline
in vision-dependent tests (B coefficient range −0.092 to 0.111, p = .005 to <.001) and vision-independent tests (−0.107
to 0.067, p = .007 to <.001). Conclusions: Higher VA is associated with higher concurrent cognitive abilities and
slower rates of decline over 9 years in both vision-dependent and vision-independent tests of memory, language, and
executive functioning. Findings are consistent with emerging literature supporting vision impairment in aging as a
potentially modifiable risk factor for cognitive decline. Clinicians should encourage patient utilization of vision
assessment and correction with the added aim of protecting cognition.

Keywords: Cognition disorders, Ocular vision, Cognitive aging, Epidemiology, Risk factors, Vision disorders

As the post-WorldWar II generations age, the number of people
aged 65 years and older living in theUnited States is projected to
reach 74 million, around 20% of the total US population, by the
year 2030 (Vespa et al., 2018). Increased age is associated with
an elevated risk for cognitive decline and dementia (Tucker-
Drob, 2019). Preventing or mitigating cognitive decline could
reduce the individual, family, and societal burdens associated
with dementia. Evidence suggests some modifiable health fac-
tors, such as management of cardiovascular health (Litke et al.,
2021; Livingston et al., 2020; Kivipelto et al., 2001; Launer
et al., 2000; Whitmer et al., 2005) and diet (Singh et al., 2014;

Solfrizzi et al., 2003), may reduce the risk or delay the onset of
cognitive decline or dementia.

Emerging research suggests that sensory impairments,
also modifiable and highly prevalent in aging, are associated
with cognitive impairment (de la Fuente et al., 2019; Deal
et al., 2017; Maharani, Dawes, Nazroo et al., 2018, 2020).
According to the 2018 summary of the American
Geriatrics Society-National Institute on Aging Bench to
Bedside Conference on Sensory Impairment and Cognitive
Decline in Older Adults, high priority research questions
include whether sensory impairment, predominantly vision
and hearing loss, has a causal role in cognitive decline
(Whitson et al., 2018). The 2017 and 2020 Lancet
Commission on Dementia Prevention, Intervention and
Care reports evaluated evidence to date and included hearing
impairment among the 12 currently identified modifiable risk
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factors for dementia. Use of hearing aids after hearing loss is
among the Commission’s recommended “targeted strategies”
for dementia risk reduction (Livingston et al., 2017;
Livingston et al., 2020). As noted in the Lancet
Commission’s reports, the mechanisms underlying sensory
impairment and risk for cognitive decline are not yet well
understood. The “common cause theory” holds that other bio-
logic factors jointly influence decline in both sensory and
cognitive functioning, such as cardiovascular disease, diabe-
tes, inflammation, genetics, or even the aging process itself
(Roberts & Allen, 2016). The “information degradation”
theory posits that when the perceptual signal is poor, addi-
tional cognitive resources are required to decipher the signal
from the noise, leaving fewer neural or cognitive resources
available and taxing the cognitive system (Zekveld et al.,
2011). A further potential mechanism might be that vision
or hearing impairment leads to decreased engagement in daily
life activities, e.g., dropped hobbies, restricted socializing,
exercising, etc., which are protective activities in their own
right, thus indirectly contributing to risk for cognitive decline.
Increased depression or decreased quality of life might also
be involved in indirect pathways between sensory impair-
ment, restricted activities and cognitive outcomes.

Regarding vision, older adults are particularly susceptible
to changes in visual acuity (VA) and ophthalmic conditions,
including age-related cataracts, macular degeneration and
glaucoma (Chen et al., 2017; Chen et al., 2018; Ong et al.,
2012), with the prevalence of visual impairment projected
to increase 24% per decade over the next 35 years (Varma
et al., 2016). Cross-sectional studies have reported associa-
tions between low VA and worse cognitive performance
(Pham et al., 2006; Tay et al., 2006; Woo et al., 2012) and
higher odds of prevalent dementia (Chen et al., 2017).
However, longitudinal studies are needed to investigate the
direction of the association and determine whether visual
impairment as a risk factor for subsequent cognitive decline
over time. While some longitudinal studies have reported
supportive evidence thereof (Dearborn et al., 2018;
Valentijn et al., 2005), others reported no associations
(Hong et al., 2016). However, most studies were limited
by relatively brief follow up periods (≤2 years) (Anstey
et al., 2001; Lin et al., 2004) or limited cognitive outcome
measures, e.g., composed of a single cognitive screening test
(Hong et al., 2016; Lin et al., 2004; Zheng et al., 2018). An
advantage of comprehensive neuropsychological assessment
during follow-up is the capability to distinguish vision-de-
pendent tests from vision-independent tests as outcomes.
Effects of baseline VA on vision-independent tests which
decline would more strongly support the hypothesis that
VA is important to cognitive health in aging over and above
the potential confounding effect of poor vision on vision-de-
pendent tests (Anstey et al., 2001; Killen et al., 2013). That is,
is visual impairment a risk factor for general cognitive
decline, regardless of cognitive test modality?

The goal of the present study was to expand on previous
findings of VA predicting concurrent cognitive abilities and
subsequent cognitive decline. Leveraging data from a large,

longitudinal, population-based cohort, we assessed the con-
tribution of baseline visual impairment to cognitive decline
over a 9-year period. Comprehensive annual neuropsycho-
logical assessments provided temporal granularity which
allowed for detailed trajectory modeling of test performance
over time. This analysis had several aims: Testing the theory
that low VA is a risk factor for cognitive decline, we hypoth-
esized that low baseline VA would be associated with poorer
neuropsychological performance cross-sectionally on both
vision-dependent and vision-independent tests. Second, we
hypothesized that baseline visual impairment would predict
faster decline in both visual and non-visual neuropsychologi-
cal measures over time. Third, we took into account the
effects of attrition, which could bias estimates of the relation-
ship between vision and cognition, using a joint-modeling
approach in the longitudinal analyses. And fourth, we
adjusted for cardiovascular risk factors, depressive symptoms
and an index of overall health to control for possible con-
founding of sensory – cognition associations.

METHODS

Participants

Participants were enrolled in the Monongahela-
Youghiogheny Healthy Aging Team (MYHAT) study, a
large population-based study designed to assess outcomes
and predictors of outcomes in mild cognitive impairment
and dementia (Ganguli et al., 2010). Older adults were
recruited from publicly available voter registration lists for
a group of contiguous small towns in southwestern
Pennsylvania using during the years 2006–2008. Adults aged
65 and older were recruited using age-stratified random sam-
pling from the age groups 65–74, 75–84, and 85þ. (Ganguli
et al., 2009). Exclusionary criteria included, at study entry,
age <65 years, living in long-term care facilities, visual or
hearing impairment severe enough to preclude neuropsycho-
logical testing, decisional incapacity, and moderate to severe
cognitive impairment (age-education-correctedMMSE< 21)
(Folstein et al., 1975; Mungas et al., 1996) at the time of
recruitment (Ganguli et al., 2009). The 1,982 participants
underwent a detailed assessment at study entry, including
but not limited to sensory and neuropsychological evaluation,
and were invited back for reassessment at nine subsequent
annual visits.

All data were collected in compliance with the regulations
and oversight of the University of Pittsburgh Institutional
Review Board (IRB) and all participants provided written
informed consent

Assessments

Neuropsychological testing

Cognitive function was examined at baseline and each sub-
sequent annual data collection cycle using a comprehensive
neuropsychological evaluation, categorized according to the
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theoretical cognitive domain tapped by each task (Ganguli
et al., 2009). Population-based norms on these tests from
the MYHAT cohort have been previously published
(Ganguli et al., 2010). The test battery was as follows:

Attention: Trail Making Test, Part A (TMTA) (Reitan,
1955), Digit Span Forward (Digit) (Wechsler, 1987).

Executive Function: Trail Making Test Part B (TMTB)
(Reitan, 1955), Clock Drawing Test (Clock) (Freedman
et al., 1994), Verbal Fluency (letters) (Benton &
Hamsher, 1976).

Language: Boston Naming Test (BNT) (Kaplan et al.,
1978), Verbal Fluency Categories: animals (Animals)
(Benton & Hamsher, 1976), Indiana University (IU) Token
Test (IUTT) (Unverzagt et al., 1999).

Memory: Logical Memory WMS-R: Immediate (LM
Immediate) and delayed recall (LM DR) (Wechsler, 1987),
Visual Reproduction WMS-R: immediate (VR Immediate)
and delayed recall (VR DR) (Wechsler, 1987), and Fuld
Object Memory Evaluation (OME) with Semantic
Interference (Loewenstein et al., 2003).

Visuospatial Function: Block Design (Blocks) (WAIS-III)
(Wechsler, 1997).

Vision-dependent tests included Trail Making Tests A and
B, Clock drawing, Boston Naming Test, IU Token Test,
Visual Reproduction Immediate and delayed recall, and
Block Design. Vision-independent tests included Digit
Span, verbal fluency, Logical Memory immediate and
delayed recall and the Fuld OME. Note that while the
FULD OME is a multi-modal learning and recall task which
includes visual encoding of physical objects, auditory
(objects are named) and tactile (objects are felt) routes to
encoding are also involved and hence we considered perfor-
mance on this task to be vision-independent.

Assessment of VA

VA is the measure of clarity of vision. VA was tested using a
standard Snellen chart at a distance of five feet under standard
luminescence and with corrected vision (participants were
asked to wear their standard/prescribed corrective lenses dur-
ing visual and neuropsychological assessments). VA was
assessed separately in each eye and participants were
assigned a VA ratio (e.g., 20/40 indicating that an individual
can only see at a distance of 20 ft what a person with normal
vision can see at 40 ft).

Additional assessments

Participants provided demographic information (age, sex,
education, race), the number of prescription medications cur-
rently taken, and reported medical history in response to the
question “Has a health care professional ever told you that
you had XX condition.”Here we included history of diabetes
and hypertension which are important extra-ocular causes of
low vision in older adults, and also established risk factors for
cognitive impairment in their own right (Biessels et al., 2006;

McGrath et al., 2017; Semeraro et al., 2015). We also
assessed depressive symptoms with a modified Center for
Epidemiologic Studies Depression (mCES-D) scale
(Ganguli et al., 2004; Radloff, 1977) and independence in
instrumental activities of daily living (IADL) using the
OARS questionnaire (Fillenbaum, 1985).

Statistical Analysis

In this analysis, we first excluded thosemissing any of the VA
measures at baseline (n= 64); and then further excluded par-
ticipants without data for any of 14 neuropsychological tests
at baseline (n= 15) or at cycle 2 (n= 282). The final analytic
dataset included 1,621 participants.

Outcome variables

At each cycle, we standardized each neuropsychological
score by subtracting its baseline mean and dividing by its
baseline standard deviation. The outcome variables for the
cross-sectional models were the standardized scores for each
test at baseline. The outcome variables for the longitudinal
analyses were the repeated measures of standardized scores
at the 10 cycles.

Predictor variables

Baseline VA was the primary predictor. Covariates included
baseline age, sex (male/female), and education level (< high
school, = high school, > high school), baseline depression
symptoms, self-rated health, histories of diabetes and hyper-
tension, number of prescription medication, and ability to
independently perform instrumental activities of daily living
(IADLs).

Descriptive statistics

We grouped baseline VA into 3 categories based on the
cohort distribution as well as clinical relevance: Low (20/
800 – 20/50), Average (20/40 – 20/30), and High (20/25 –

20/20). For continuous baseline covariates and the baseline
neuropsychological test scores, we calculated the mean and
standard deviation for the total sample and by VA group.
Analysis of variance (ANOVA)was used to compare whether
there were significant differences among the three VA
groups. For categorical baseline covariates, we calculated
the frequencies and percentages and used chi-squared test
to compare whether there is a significant difference among
the three groups.

Attrition

We designated as informative attrition the loss of participants
who died or dropped out because of severe illness over the 9-
year period, using it as the outcome variable in the attrition
sub-model of the joint models described below.
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Models

For each neuropsychological test, we first examined the
cross-sectional association between baseline VA and baseline
neuropsychological test scores by fitting a linear regression
model adjusting for age, sex, education, hypertension, diabe-
tes mellitus, mCES-D depression score, and number of pre-
scription medications. We applied a Bonferroni corrected
alpha level= 0.05/8= 0.00625 for vision-dependent tests,
and 0.05/6= 0.00833 for vision-independent tests.

We then examined the effect of baseline VA on longitudinal
change of neuropsychological test scores, adjusting for inform-
ative drop out (e.g., death, too ill to undergo assessment) using a
joint modeling approach. Joint modeling addresses a common
challenge in longitudinal studies: that the same factors increas-
ing risk for attrition also increase risk for the outcome of interest,
here cognitive decline.Modeling both outcomes simultaneously
reduces bias due to attrition in the results. (Dong & Peng, 2013;
Hall et al., 2015; Ibrahim&Molenberghs, 2009) This approach
included two sub models linked by shared random effects: the
longitudinal sub-model of repeated standardized neuropsycho-
logical test scores on VA using linear mixed effects modeling,
and the dropout sub-model of time to attrition using Weibull
proportional hazards modeling. For each neuropsychological
test score, the longitudinal sub-model was modeled as outcome
y(t) = test score measured at time t, and x = time, time squared,
baseline age, sex, education, baseline VA, interaction between
baseline VA and time, and interaction between baseline VA and
time squared. Specifically, yi(t) = intercept þ time þ time2 þ
baseline VAþVA*time þ VA*time2 þ covariates þ b0iþ
b1i * t, where

b0i
b1i

� �
� MVN

0
0

� �
;

�11 0
0 �22

� �� �
are

the shared random effects. The test score decline was esti-
mated by the coefficient of time, and the change of decline
rate was estimated by coefficients of the derivatives of time.
Covariates for the longitudinal sub-model included baseline
neuropsychological test score, baseline age, sex, education,
hypertension, diabetes mellitus, mCES-D depression score,
and number of prescription medications (all health-related
variables measured at baseline). Covariates for the dropout
sub-model included baseline age, sex, education, baseline in-
dependent activities of daily living (IADL) score, and base-
line self-rated health.

The longitudinal model terms of interest were the VA× time
interaction and VA × time2 interaction terms, by which we
determined which tests show baseline VA differences in longi-
tudinal trajectories. If either of the two interaction terms were
significant (Bonferroni corrected), we considered the cognitive
trajectories significantly different across baseline VA levels.

The joint modeling approach was implemented using the
NLMIXED procedure in SAS. R version 3.6.1 and SAS 9.4
were used for data analysis.

RESULTS

As shown in Table 1, the cohort was 77 years old on average,
62 % women and 13 % were less than high-school educated.

N= 486, 635, and 500 participants had Low, Average, and
High VA, respectively. Over the 9 years, 653 participants
were lost to follow-up from death or illness, and this was
thereby classified as informative attrition (i.e., not missing
at random). Participants who were male, younger, and had
higher than high school education had better VA. Better base-
line VAwas associated with better baseline neuropsychologi-
cal test performance on all tests.

From the linear regression results (Table 2), the Low VA
group had significantly lower baseline test scores than the
High VA group on vision-dependent tests (Block Design,
clock drawing, Trail Making A and B, Visual
Reproduction immediate recall), and vision-independent
tests (Logical Memory immediate recall). The Average
VA group had significantly lower baseline scores than the
High VA group on vision-dependent tests (Trail Making
A and B, Visual Reproduction immediate recall) and
vision-independent (Digit Span and Logical Memory imme-
diate recall).

Regarding the effect of baseline VA on change in test
scores over time, the average duration of follow-up was
6.77 years, which did not differ by VA groups. The range
of annual observations in the longitudinal model was 2 to
5. The results of the longitudinal sub-model of the joint
modeling are summarized in Table 3, showing the four inter-
action terms of interest: Low VA × Time, Average VA ×
Time, Low VA × Time2, and Average VA × Time2. The
High VA group was the reference group. Significantly dif-
ferent group longitudinal trajectories over time were
observed for seven neuropsychological tests. Vision-depen-
dent tests included Boston Naming Test (Low VA × Time2,
−0.004, SE 0.002); clock drawing (Average VA × Time,
0.111, SE 0.023; Average VA × Time2, -0.011, SE
0.002); and IU Token Test (Average VA × Time, −0.092,
SE 0.024; Average VA × Time2, 0.006, SE 0.002).
Vision-independent tests included semantic verbal fluency
(Low VA × Time2, −0.006, SE 0.002); Fuld Object
Memory Evaluation (Low VA × Time, −0.107, SE
0.024); phonemic verbal fluency (Low VA × Time,
0.067, SE 0.021; Low VA × Time2, −0.008, SE 0.002);
and Logical Memory immediate recall (Average VA ×
Time2, −0.005, SE 0.002) (Table 3).

As seen in Figure 1, scores did not change in a linear
manner over the observation period; for many tests, scores
initially improved, most likely showing practice effects,
before declining. The lower VA groups (i.e., “Low” or
“Average”) generally declined at faster linear rates or with
faster acceleration of change over time, relative to the High
VA group. Of the 10 significant interaction terms, most (7)
had negative coefficients, meaning greater decline or less
practice gain, relative to the High VA group. The 3 positive
coefficients (clock drawing, linear term, Average VA;
Token Test, quadratic term, Average VA; phonemic verbal
fluency, linear term, Low VA), even though significant, do
not result in less decline or greater practice gain, relative to
the High VA group, as shown in Figure 1. (See
Supplementary Tables for full model results.)
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DISCUSSION

This study investigated associations of VA both with concur-
rent cognitive performance and with subsequent cognitive
decline in a large population-based cohort of older adults, with
a follow-up period of up to 9 years. The use of a comprehensive
neuropsychological test battery provided a range of both
vision-dependent and vision-independent tests. Longitudinal
modeling reflected non-linear cognitive trajectories and

incorporated joint modeling accounting simultaneously for
informative drop-out, which otherwise may bias results.

We found that lower VA was associated with concurrent
neuropsychological test performance on both vision-depen-
dent and vision-independent measures, consistent with find-
ings from previous cross-sectional studies (Pham et al., 2006;
Tay et al., 2006; Yamada et al., 2016). The longitudinal

Table 1. Baseline characteristics of study participants and duration of follow-up

Overall sample

Visual acuity group

Test statistics DF p-value*Low VA Average VA High VA

n 1,621 486 635 500
Duration of follow up (in years), mean (SD) 6.91 (3.04) 6.57 (3.03) 6.72 (3.13) 7.47 (2.86) 28.806 2 <0.001
Demographics
Age in year, mean (SD) 77.30 (7.31) 78.85 (7.22) 77.56 (7.37) 75.48 (6.93) 54.41 1, 1619 <0.001
Sex, n (%) 7.9898 2 0.018
Male 614 (37.9) 160 (32.9) 247 (38.9) 207 (41.4)
Female 1007 (62.1) 326 (67.1) 388 (61.1) 293 (58.6)
Education, n (%) 42.748 4 <0.001
Less than high school education 209 (12.9) 95 (19.5) 82 (12.9) 32 (6.4)
High school education 734 (45.3) 220 (45.3) 286 (45.0) 228 (45.6)
Higher than high school education 678 (41.8) 171 (35.2) 267 (42.0) 240 (48.0)
Clinical variables
Hypertension, n (%) 1048 (64.7) 330 (68.0) 421 (66.4) 297 (59.4) 9.3291 2 0.009
Diabetes, n (%) 352 (21.7) 121 (24.9) 127 (20.0) 104 (20.8) 4.196 2 0.123
Depression symptom � 3, n (%) 179 (11.1) 64 (13.2) 69 (10.9) 46 (9.2) 3.973 2 0.137
# Of Rx meds � 4, n (%) 880 (54.4) 283 (58.2) 349 (55.1) 248 (49.6) 7.6535 2 0.022
IADL> 0, n (%) 236 (15.0) 109 (23.2) 86 (13.9) 41 (8.4) 42.681 2 <0.001
Subjective Health, n (%) 22.182 4 <0.001
Poor or fair 261 (16.1) 100 (20.6) 102 (16.1) 59 (11.8)
Good 734 (45.3) 232 (47.7) 279 (44.1) 223 (44.6)
Very good or excellent 624 (38.5) 154 (31.7) 252 (39.8) 218 (43.6)
Neuropsychological tests**

Vision dependent
Block, mean (SD) 0.05 (1.00) -0.16 (0.98) 0.05 (1.02) 0.24 (0.98) 35.56 1, 1496 <0.001
BNT, mean (SD) 0.03 (1.01) -0.13 (1.13) -0.01 (1.01) 0.23 (0.84) 30.93 1, 1600 <0.001
Clock, mean (SD) 0.06 (0.95) -0.16 (1.17) 0.08 (0.85) 0.24 (0.79) 44.41 1, 1614 <0.001
IUTT, mean (SD) 0.04 (0.96) -0.14 (1.15) 0.06 (0.93) 0.19 (0.76) 28.58 1, 1612 <0.001
TMTA, mean (SD) 0.05 (0.99) -0.14 (1.05) -0.02 (0.94) 0.30 (0.93) 51.17 1, 1597 <0.001
TMTB, mean (SD) 0.04 (1.01) -0.21 (0.90) -0.01 (1.01) 0.34 (1.03) 72.07 1, 1538 <0.001
VR IR, mean (SD) 0.05 (0.99) -0.14 (1.03) 0.03 (1.00) 0.24 (0.89) 36.91 1, 1581 <0.001
VR DR, mean (SD) 0.05 (1.00) -0.11 (1.01) 0.03 (0.99) 0.22 (0.96) 26.43 1, 1564 <0.001
Vision independent
Animals, mean (SD) 0.06 (1.00) -0.10 (0.99) 0.06 (1.04) 0.23 (0.94) 27.92 1, 1595 <0.001
OME, mean (SD) 0.05 (0.98) -0.05 (1.03) 0.04 (0.98) 0.16 (0.91) 11.92 1, 1605 0.002
Digit, mean (SD) 0.03 (0.98) -0.08 (0.97) -0.02 (0.96) 0.19 (1.00) 19.68 1, 1612 <0.001
Letters, mean (SD) 0.03 (0.98) -0.11 (1.00) 0.02 (0.99) 0.17 (0.94) 21.05 1, 1597 <0.001
LM IR, mean (SD) 0.06 (1.00) -0.14 (0.96) 0.06 (1.03) 0.24 (0.97) 36.68 1, 1593 <0.001
LM DR, mean (SD) 0.05 (1.00) -0.11 (0.99) 0.07 (1.00) 0.18 (0.98) 20.83 1, 1586 <0.001

IADL = independent activities of daily living, Animals = Semantic Verbal Fluency (animals), OME= Fuld Object Memory Evaluation, Block = Block Design
(WAIS-III), BNT=Boston Naming Test, Clock = Clock Drawing Test, Digit = Digit Span Forward, Letters = Phonemic Verbal Fluency (letters P & S), LM
Immediate = WMS-R Logical Memory immediate recall, LM DR=WMS-R Logical Memory delayed recall, IUTT= Indiana University (IU) Token Test,
TMTA= Trail Making Test Part A, TMTB= Trail Making Test Part B, VR IR = WMS-R Visual Reproduction immediate recall, VR DR=WMS-R Visual
Reproduction delayed recall.
*For continuous variables (test scores and age), p-values were obtained from ANOVA. For duration of follow-up, p-value was obtained from Kruskal-Wallis
test. For categorical variables (sex and education), p-values were obtained from Pearson’s chi-squared test.
** Each neuropsychological test score was standardized by its mean and standard deviation.
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analyses indicated greater decline in the low baseline VA
group on vision-dependent neuropsychological tests as well
as vision-independent tests in episodic memory, language,
and executive functions. This is also consistent with previous
longitudinal studies (Anstey et al., 2001; Dearborn et al.,
2018; Hong et al., 2016; Lin et al., 2004; Valentijn et al.,
2005; Zheng et al., 2018). In the Maine-Syracuse
Longitudinal Study (Dearborn et al., 2018), which used a
multi-domain neuropsychological test battery, VA predicted
5-year change in verbal episodic memory and verbal working
memory, as well as in visuospatial organization. The current
study expands upon this literature with a longer 9-year follow
up, annual assessments with a comprehensive multi-domain
test battery, and accounting for informative attrition in a pop-
ulation-based cohort. While the collective longitudinal evi-
dence of these observational studies, including present
findings, does not prove causality, it supports the idea that

sensory impairments might bemodifiable risk factors for cog-
nitive decline, and possibly play a causal role.

Various general hypotheses have been proposed to
account for associations between sensory and cognitive
impairment in aging (Roberts & Allen, 2016). The “common
cause” hypothesis posits that another pathological process,
such as vascular disease, or even aging itself, influences both
sensory and cognitive functions (Baker et al., 2009). We
addressed this possibility by adjusting our models for age,
diabetes, hypertension, and number of prescription medica-
tions, and still observed significant effects of baseline VA,
indicating that at least these covariates cannot completely
account for the observed greater cognitive decline. The
“information degradation” hypothesis holds that a chroni-
cally incomplete or ambiguous perceptual signal, as in sen-
sory impairment, requires additional information
processing resources and thus limits those resources available

Table 2. Linear regression (unstandardized (B) coefficients, SE B, standardized (β) coefficients) of baseline neuropsychological test scores on
baseline visual acuity (VA) group (reference group = high VA, 20/25 to 20/20)

Test B coefficient SE B β coefficient p-value*

Vision dependent
Block Low VA -0.239 0.076 -3.145 0.002

Average VA -0.150 0.062 -2.419 0.016
BNT Low VA -0.132 0.073 -1.808 0.072

Average VA -0.102 0.061 -1.672 0.093
Clock Low VA -0.247 0.072 -3.430 0.001

Average VA -0.086 0.060 -1.433 0.152
IUTT Low VA -0.143 0.070 -2.042 0.043

Average VA -0.090 0.059 -1.525 0.123
TMTA Low VA -0.265 0.072 -3.680 <0.001

Average VA -0.233 0.059 -3.949 <0.001
TMTB Low VA -0.375 0.073 -5.136 <0.001

Average VA -0.294 0.059 -4.983 <0.001
VR IR Low VA -0.208 0.072 -2.888 0.004

Average VA -0.163 0.059 -2.762 0.006
VR DR Low VA -0.150 0.071 -2.112 0.036

Average VA -0.118 0.059 -2.000 0.044
Vision independent
Animals Low VA -0.182 0.071 -2.563 0.010

Average VA -0.036 0.059 -0.610 0.541
OME Low VA -0.150 0.073 -2.054 0.040

Average VA -0.027 0.060 -0.450 0.656
Digit Low VA -0.159 0.076 -2.092 0.037

Average VA -0.187 0.063 -2.968 0.003
Letter Low VA -0.159 0.073 -2.178 0.031

Average VA -0.096 0.061 -1.573 0.119
LM IR Low VA -0.215 0.070 -3.071 0.002

Average VA -0.108 0.059 -1.830 0.065
LM DR Low VA -0.130 0.072 -1.805 0.071

Average VA -0.061 0.060 -1.016 0.313

Note. Linear regression models adjusted for age, sex, education, diabetes, hypertension, depression and number of prescription medications. Reference group = High
VA. Animals = Semantic Verbal Fluency (animals), OME= Fuld Object Memory Evaluation, Block = Block Design (WAIS-III), BNT=Boston Naming Test,
Clock= Clock Drawing Test, Digit= Digit Span Forward, Letters= Phonemic Verbal Fluency (letters P & S), LM IR=WMS-R Logical Memory immediate recall,
LMDR=WMS-RLogicalMemory delayed recall, IUTT= IndianaUniversity (IU) Token Test, TMTA= TrailMaking Test Part A, TMTB= TrailMaking Test Part
B, VR IR = WMS-R Visual Reproduction immediate recall, VR DR=WMS-R Visual Reproduction delayed recall.
*Bonferroni corrected alpha level= 0.05/8= 0.00625 for vision-dependent tests, and 0.05/6= 0.00833 for vision-independent tests.
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for cognitive performance (Monge & Madden, 2016).
Another mechanism might be that sensory impairments lead
to reduced social, leisure or physical activity, which in turn
decrease the protective effects these lifestyle factors have
against cognitive decline (Yamada et al., 2016). Mood,
depressive symptoms, or social isolation may also play a
mediating role, as they appear to do with hearing impairment
(Maharani et al., 2019). In this study, models were adjusted
for baseline depressive symptoms. As this longitudinal obser-
vational cohort study was not designed to test these specific
hypotheses, further prospective work with focused study
designs is needed to test them directly (Whiston et al.,
2018). Few prospective interventional studies have investi-
gated whether treating vision or hearing loss has downstream
beneficial effects on cognitive functioning; however, there is
indirect support for this. For example, in the English
Longitudinal Study of Aging, episodic memory decline
was slower after cataract surgery than before surgery, and
at similar rates to a non-intervention group, using propen-
sity-weighting in this observational study (Maharani,
Dawes, Nazroo, et al., 2018). In the Maastricht Aging
Study, change in VA over 6 years was associated with change
in cognitive test performance over the same period (Valentijn
et al., 2005). In the Salisbury Eye Evaluation Study, although
association across time were bidirectional overall, crossed-
lag modeling over 8 years indicated that VA had a stronger
association with cognitive abilities 2 years later than did cog-
nitive abilities predicting VA (Zheng et al., 2018). There is

evidence for improvement in other health outcomes, such
as mood, after vision or hearing loss interventions (Choi
et al., 2016; Fraser et al., 2013). A population-based study
in France of adults age 78 and older reported a prevalence
estimate of uncorrected (i.e., correctable) refractive error of
38.8% (Nael et al., 2019). In the U.S., an estimated 36% of
vision impairment in adults age 45 and older is correctable
to 20/40 or better (Klein & Klein, 2013). However, of note,
the current U.S. Preventive Services Task Force determina-
tion is that evidence is insufficient to recommend vision or
hearing screening in the primary care setting in adults aged
50 and older (Chou et al., 2016; Moyer, 2012).

The population sampled was from under-served Rust Belt
small-town communities of relatively low socioeconomic
status not typically included in cognitive aging research.
These are study strengths, but there are also limitations.
While the assessment of cognitive outcomes was detailed
with a comprehensive multi-domain neuropsychological test
battery, the measure of VA was limited to the basic Snellen
chart assessment of distance acuity and does not capture other
important facets of vision impairment in older adults (Jin,
2016). Study visits most often took place in participant
homes, (i.e., their usual environs), and may have resulted
in some limits to control of the testing environment.
Exclusion criteria included visual impairment severe enough
to preclude neuropsychological testing but including them
would not have provided additional cognitive data. The
cohort was predominantly of European descent, representing

Table 3. Summary of longitudinal sub-model with unstandardized coefficients (SE) and p-values indicating differences in cognitive test
trajectories by baseline visual acuity group (reference group = high VA, 20/25 to 20/20)

Test

Low VA group (1) x Time
Average VA

group (2) x Time Low VA group (1) x Time2
Average VA

group (2) x Time2

Coef. SE p Coef. SE p Coef. SE p Coef. SE p

Vision dependent
Block 0.058 0.023 0.015 -0.038 0.021 0.073 -0.005 0.002 0.019 0.002 0.002 0.244
BNT -0.007 0.019 0.708 -0.004 0.018 0.813 -0.004 0.002 0.005 -0.001 0.001 0.390
Clock -0.018 0.025 0.476 0.111 0.023 <.001 -0.001 0.002 0.625 -0.011 0.002 <.001
IUTT -0.036 0.025 0.157 -0.092 0.024 <.001 0.0001 0.002 0.966 0.006 0.002 0.005
TMTA -0.030 0.023 0.187 -0.004 0.021 0.864 0.002 0.002 0.413 0.0002 0.002 0.885
TMTB -0.027 0.028 0.327 0.005 0.025 0.856 0.003 0.003 0.216 -0.0002 0.002 0.925
VR IM -0.005 0.024 0.838 0.011 0.022 0.623 -0.0002 0.002 0.909 -0.0006 0.002 0.760
VR DR -0.006 0.022 0.801 0.023 0.020 0.262 0.0003 0.002 0.898 -0.002 0.002 0.303
Vision independent
Animals 0.057 0.023 0.016 -0.003 0.022 0.884 -0.006 0.002 0.006 0.00008 0.002 0.965
OME -0.107 0.024 <.001 -0.032 0.023 0.157 0.003 0.002 0.177 0.002 0.002 0.282
Digit -0.015 0.022 0.496 0.016 0.018 0.388 0.0008 0.002 0.680 -0.002 0.002 0.292
Letter 0.067 0.021 0.001 -0.019 0.019 0.304 -0.008 0.002 <.001 0.0004 0.002 0.815
LM IR -0.022 0.023 0.331 0.045 0.021 0.032 0.0004 0.002 0.848 -0.005 0.002 0.007
LM DR -0.014 0.023 0.540 -0.024 0.021 0.253 0.0006 0.002 0.764 0.002 0.002 0.399

Note. Animals = Semantic Verbal Fluency (animals), OME= Fuld Object Memory Evaluation, Block = Block Design (WAIS-III), BNT=Boston Naming Test,
Clock=ClockDrawing Test, Digit=Digit Span Forward, Letters= PhonemicVerbal Fluency (letters P& S), LM Immediate=WMS-RLogicalMemory immediate
recall, LM DR=WMS-R Logical Memory delayed recall, IUTT= Indiana University (IU) Token Test, TMTA= Trail Making Test Part A, TMTB= Trail Making
Test Part B, VR IR = WMS-R Visual Reproduction immediate recall, VR DR=WMS-R Visual Reproduction delayed recall.
Bonferroni corrected alpha level= 0.05/8= 0.00625 for vision-dependent tests, and 0.05/6= 0.00833 for vision-independent tests.
All models adjusted for baseline neuropsychological test score, age, sex, education, and baseline hypertension, diabetes mellitus, CES-D depression score, and
number of prescription medications. Full model results in Supplementary Tables A – N.
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Fig. 1. Estimated longitudinal trajectories of neuropsychological test performance, by baseline visual acuity groups. Models are adjusted for
baseline neuropsychological test score, age, sex, education, and baseline hypertension, diabetesmellitus, CES-D depression score, and number
of prescription medications.

8 A. Runk et al.

https://doi.org/10.1017/S1355617721001363 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617721001363


the older population of the communities we studied; as such,
results should be replicated in other populations with greater
ethnic and racial diversity.

In sum, we found that baseline VA was associated with
both concurrent cognitive functions and subsequent cognitive
decline over 9-year follow-up in a population-based cohort,
after accounting for informative attrition. Greater decline in
episodic memory and attention/working memory among par-
ticipants with the lowest baseline VA supports the notion of a
predictive, possibly causal, role for sensory impairment in
cognitive decline. Sensory impairments should be considered
relevant modifiable risk factors for adverse cognitive out-
comes in aging and warrant further study regarding screening
and interventions.
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