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Currently, there is a lack of biomarkers to identify individuals in the early
stages of Alzheimer’s disease (AD). A preponderance of evidence suggests that
neurodegenerative processes that affect the brain, may also affect the retina. Using
optical coherence tomography (OCT), a non-invasive approach, many have shown
thinning of the retina in AD and the developmental precursor to AD, mild cognitive
impairment (MCI). However, the relationship between retinal thickness and cognitive
function is not entirely clear. This is likely due to the disparity in diagnostic criteria used
to determine MCI that does not fully probe the cognitive domains that are particularly
vulnerable to aging. This study used a comprehensive neuropsychological assessment
involving multiple domains of cognition to determine if retinal thickness correlates
with cognitive performance in a normal aged population. In this study, 20 healthy
individuals between 60 and 90 years of age were administered neuropsychological
assessments probing various domains of cognitive function, and OCT to measure
peripapillary retinal nerve fiber layer (RNFL) thickness. We found that RNFL thickness
is correlated with neuropsychological performance in multiple cognitive domains (e.g.,
working memory, psychomotor speed, and executive function). Our work demonstrates
a positive correlation between RNFL thickness and several, but not all, domains of
cognitive function in a normative aging population. By determining which cognitive
domains retinal thickness can predict, this work can help identify individuals at risk or in
preclinical stages of AD and other neurodegenerative diseases.

Keywords: retina, retinal nerve fiber layer, optical coherence tomograhy, cognitive function, executive function

INTRODUCTION

Alzheimer’s disease (AD) is clinically characterized by a progressive decline in episodic memory
and cognition, as well as deficits in executive functioning and learning (Gao et al., 2015). Currently,
clinical diagnosis and staging of AD requires invasive or expensive techniques that have been
contraindicated due to a high risk/benefit ratio, whereas definitive diagnosis of AD can only be
made at brain autopsy (Beach et al.,, 2012). Thus, along with continued efforts to understand
disease mechanisms, and provide therapies at the earliest stage of the disease process, there is a
need to develop sensitive and less invasive diagnostic approaches to identify individuals at risk
for AD. Thus, there is clinical and epidemiological emphasis on the developmental precursor to
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AD, entitled mild cognitive impairment (MCI) due to AD, as a
way to identify early changes in subjects at risk for AD (Knoll
et al., 2016). MCI, specifically the amnestic subtype, consists
of isolated cognitive deficits on neuropsychological assessment
of anterograde memory, but no impairment of daily activities,
thus representing the pre-clinical phase of AD (Knoll et al,
2016). Prominent visual deficits including contrast sensitivity
and poor visual memory performance have been reported in
AD patients years before clinical diagnosis, with increasing
evidence of pathology at several levels of the visual pathway
(Gao et al, 2015). Optical coherence tomography (OCT) has
emerged as a non-invasive and readily available approach to
observe changes in retinal structure, providing high-resolution
cross-sectional images of the macula, and retinal nerve fiber
layer (RNFL) (Cheung et al., 2017; Doustar et al, 2017).
The RNFL is formed by retinal ganglion cells axons and
represents the innermost layer of the retina. To date, many
groups have used OCT to demonstrate thinning of the RNFL
in patients with AD (Lu et al, 2010; Kesler et al., 2011;
Moschos et al, 2012; Ascaso et al., 2014; Liu et al, 2015;
Thomson et al., 2015; Den Haan et al., 2017). While meta-
analyses demonstrate consistent retinal thinning in patients
with AD, the relationship between retinal change and MCI
is not as clear. This may perhaps be due to methodological
differences in the diagnostic criteria used to determine MCI
that are currently restricted to brief screening tests such as
the Mini Mental Status Examination (MMSE), and therefore
do not fully probe cognitive skills vulnerable to aging (i.e.,
episodic memory, language, and others) (Folstein et al., 1975;
Buckner, 2004; Petersen et al.,, 2014). Few studies have used
comprehensive neuropsychological assessments to describe an
association between retinal structure and cognitive function in
population-based samples of healthy subjects. Van Koolwijk
et al. (2009) assessed several domains of cognitive functioning
in a large population of healthy individuals, and reported
a significant association between a thicker RNFL and better
cognitive performance. More recently, Ko et al. (2018) reported
a significant correlation between RNFL thickness, derived
using OCT, and cognitive function in a normative population
(range, 40-69 years of age). This work used a range of tests
to assess gemeral cognitive functions including reaction time
or processing speed, and numeric and verbal reasoning (Ko
et al, 2018). However, Ko et al. (2018) did not investigate
a correlation between specific cognitive domains and RNFL
thickness. Identification of the specific cognitive domain(s)
correlated with retinal thickness will help to determine the utility
of retinal measurements in predicting cognitive decline. In this
study, we use a comprehensive neuropsychological assessment
involving multiple domains of cognition (working memory,
psychomotor speed, executive function, visuospatial abilities,
intellect, language, and memory) and OCT to determine if
retinal thickness correlates with cognitive performance in specific
domains, in a normal aging sample. By determining how retinal
thickness correlates with cognitive function in a healthy aging
population, we address the limitations of previous studies in
regard to methodology and reliability of biomarkers to identify
individuals at risk for MCI and AD.

MATERIALS AND METHODS

Participants

As part of a larger, ongoing project, healthy older adults (N = 20;
Mediangg = 73.4 £ 5.0; range = 60-90 years; 50% female) were
recruited from churches, synagogues, and senior organizations
and clubs. All participants lived independently in the community.
A semi-structured interview, which assessed neurological status,
current medications, alcohol/drug consumption, and mood
(Tranel et al., 1997), was conducted individually with each
participant to ensure all were healthy. Participants in the current
study were independently living, community-dwelling, and
cognitively intact, with no history of neurological or psychiatric
disease as determined secondary to extensive clinical interview
(Tranel et al., 1997). More specifically, prior to participation in
this study, all participants were administered a health interview to
exclude individuals with any outstanding medical or psychiatric
conditions (e.g., stroke, head injury with extended loss of
consciousness, Type I diabetes, neurosurgery, seizure disorder,
demyelinating disorder, substance abuse, uncontrolled medical
condition, vision/hearing loss, psychiatric illness necessitating
inpatient treatment, and self-reported depression and/or anxiety
exceeding mild severity). Additionally, neuropsychological data
was used to screen out individuals with cognitive impairments,
secondary to falling outside the normal range (1.5 standard
deviations) for their age, level of education, and premorbid
intellect (Lezak et al., 2012). Participants were compensated for
their participation in the study at an hourly rate.

Neuropsychological Assessment and

Retinal Measurements

Mental status screening was conducted with the Mini-Mental
State Examination (Folstein et al., 1975), a 30-point, verbally
administered questionnaire sensitive to impairment in
orientation, word recall, attention, calculation, language,
and visuospatial ability. Current intellectual ability was measured
using the Wechsler Abbreviated Scale of Intelligence-Second
Edition (WASI) (Wechsler, 1997, 2008; Wechsler and Hsiao-pin,
2011). Full scale IQ, which consists of four subtests (two verbal
and two non-verbal): Vocabulary, Similarities, Block Design,
and Matrix Reasoning. Language was assessed with The Boston
Naming Test (Goodglass et al., 2000) and the Delis-Kaplan
Executive Function System Verbal Fluency (Delis et al., 2001).
The Boston Naming Test was used to systemically examine
the fast and accurate oral production of words necessary for
the naming of simple line drawings. The D-KEFS Verbal
Fluency consists of three conditions. We utilized Letter Fluency
(Condition 1), which required the participant to name as many
words as they could beginning with a particular letter (first F, then
A, and then S), during a one-minute interval. We also utilized
Category Fluency (Condition 2), which required the participant
to name as many words as they could that fulfilled a category rule
(first animals, then boy names) during a one-minute interval.
Anterograde memory was assessed with the Rey-Osterrieth
Complex Figure (Lezak et al., 1995), which was used to evaluate
non-verbal memory during the 30-min delay condition. The Rey
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Auditory Verbal Learning Test (Rey, 1941) was administered as a
measure of verbal learning and memory, providing a measure of
30-min delayed memory. Attention and concentration, but more
specifically working memory were assessed with the Digit Span
Forward and Backward subtests, respectively, of the Wechsler
Adult Intelligence Scale-Fourth Edition (WAIS) (Wechsler,
1997). Visuospatial skills were assessed with the copy condition
of the Rey-Osterrieth Complex Figure test (Lezak et al., 2004)
and the Judgment of Line Orientation Test (Benton et al., 1994),
a measure of visuospatial judgments. Psychomotor speed was
assessed with the Coding subtest of the WAIS-IV (Wechsler,
1997) a measure of clerical speed and accuracy, and with the
Trail Making Test 2 of the Delis-Kaplan Executive Functioning
System (Delis et al., 2001), identical to the classic Trail Making
Test Form A. We utilized Number Sequencing (Condition 2,
akin to the well-known Trails A), a measure of simple motor
speed, in which the participant draws a line to connect numbers
1-16 in numerical order, as quickly and accurately as possible.
Executive functioning was assessed with the Trail Making Test
4 of the Delis-Kaplan Executive Functioning System (Delis
et al., 2001). We utilized time (in seconds) taken to complete
TMT 4 of the D-KEFS, which is identical to the classic Trail
Making Test Form B, a measure of speeded set-shifting. The
TMT consists of five conditions. We utilized Number-Letter
Switching (Condition 4, akin to the well-known Trails B), a
measure of executive functioning, in which the participant
switches back and forth between connecting numbers and
letters (i.e., 1 to A, A to 2, and 2 to B, etc.), as quickly and
accurately as possible. Outcome for the WASI Coding and
DKEFS Trails 2 and 4 assessments is the time to complete
the tasks, therefore lower values indicate better performance.
The D-KEFS Tower Test provides the participant with five
discs of different sizes, and three “towers” (vertical rods). The
participant is given instructions to move the discs from the
start position to the finish position in as few moves as possible
and following certain rules (e.g., cannot place a larger disc on
a smaller disc).

In brief, high-resolution spectral-domain OCT imaging of
undilated eyes was performed by a trained technician and
reviewed by a neuro-ophthalmologist using the Zeiss Cirrus 5000
HD-OCT (Version 7.5.0.56), on the same day as other physical
measurements. RNFL thicknesses were obtained using the Optic
Disc Cube 200 x 200 program, with 200A scans from 200
linear B-scans evenly distributed in a 6 mm? distance over the
center of the optic nerve head. The minimum acceptable signal
strength score was 6. Based on specific RNFL layer boundaries,
the RNFL thickness at each point along the calculation circle
was calculated. Using this, Cirrus OCT provided the 12-clock-
hour thicknesses, four quadrant thicknesses, a global 360° average
thickness, and TSNIT thickness profiles (described in Jeoung
and Park, 2010). One-tailed partial correlations were conducted
to examine the associations between RNFL thickness and the
neuropsychological variables, while controlling for age. No post
hoc test was conducted to correct for multiple comparisons. A p-
value less than 0.05 was considered statistically significant. All
statistical data analyses were performed using SPSS version 25.0
(IBM Corp, 2017).

RESULTS

To assess the correlation between RNFL thickness and
cognitive function, 20 healthy older adults were administered
a neuropsychological battery (see section “Materials and
Methods”) and OCT yielding a measurement for each of four
quadrants (superior, temporal, inferior, and nasal) for both eyes
and a “total” average of all quadrants. The mean age of this sample
was 73.4 £ 5.0 years, mean education was 16.1 £ 2.8 years, and
mean Mini Mental Status Exam (MMSE) score was 29.2 & 1.2.
Table 1 represents regression coefficients/p-values from all
cognitive domains tested. Our results showed significant positive
correlations between RNFL thickness of the right and left eyes and
neuropsychological performance in multiple cognitive domains.
WAIS Digit Span B. refers to the Digit Span Backward subtest
of the WAIS-IV used to assess working memory. There was a
significant correlation between WAIS Digit Span Backward and
the RNFL temporal quadrants of both eyes (Table 1). D-KEFS
Trails 2 was used to assess psychomotor speed and visuomotor
tracking, while Trails 4 is sensitive to executive functioning and
visuomotor tracking (Reitan and Wolfson, 1985). There was a
significant correlation between psychomotor speed and executive
functioning, and the RNFL inferior quadrants of both eyes, as
well as the average regression coeflicients of all four quadrants in
both eyes (Table 1).

DISCUSSION

Our results demonstrate significant correlations between
thickness of the RNFL and specific cognitive functions in
a healthy aging population, which has not been previously
reported. In this study we take into consideration the limitation
of the small sample size, as well as not statistically correcting
for multiple comparisons. However, while we report regression
coefficients/p-values for all comparisons, we only highlight
planned comparisons (i.e., regression coeflicients/p-values
that were significant in similar quadrants in the right and
left eyes) as a way of ameliorating the issue of multiple
comparisons (Rothman, 1990; Saville, 1990). We show a positive
correlation between RNFL thickness of the right and left eyes
and neuropsychological performance in the WAIS Digit Span
Backward subtest and the D-KEFS Trails 2 and 4. The WAIS
Digit Span Backward subtest was used to assess working memory
and selective attention, while D-KEFS Trails 2 and 4 were used
to assess psychomotor speed, cognitive flexibility and executive
function, respectively. Cognitive performance in these three
tests is sensitive to prefrontal cortex function, therefore these
findings may suggest an association between thinning of the
RNFL and cognitive decline with involvement of the prefrontal
cortex. We also note that there was not a significant positive
correlation between RNFL thickness of the right and left eyes
and neuropsychological performance in the D-KEFS Tower
Test, which probes spatial planning and rule learning that are
also sensitive to prefrontal cortex function. Additionally, we
found no significant correlations between RNFL thickness and
other domains of cognitive function, primarily visuospatial
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TABLE 1 | Regression coefficients (R) and P values in parentheses correlating peripapillary RNFL thickness to cognitive function in a healthy aging population, N = 20.

RNFL quadrant regression coefficients (P values)

Right eye Left eye

Cognitive test Superior Temporal Inferior Nasal Average Superior Temporal Inferior Nasal Average

Cognitive domain: Working memory

WAIS digit span F 0.101 0.132 0.074 0.125 0.071 0.449 0.308 0.055 0.078 0.326
(0.346) (0.301) (0.386) (0.310) (0.390) (0.031) (0.107) (0.415) (0.380) (0.093)

WAIS digit span B 0.146 0.428 0.026 0.087 0.155 0.217 0.497 0.032 0.031 0.252
(0.281) (0.038)* (0.459) (0.365) (0.269) (0.193) (0.018)* (0.449) (0.451) (0.156)

Cognitive domain: Psychomotor speed/visuomotor tracking

WASI coding 0.456 0.386 0.001 0.068 0.273 0.280 0.440 0.025 0.103 0.276
(0.029) (0.057) (0.498) (0.395) (0.136) (0.130) (0.034) (0.460) (0.342) (0.133)

DKEFS trails 2 0.407 0.193 0.519 0.437 0.511 0.162 0.117 0.686 0.225 0.437
(0.042) (0.215) (0.011)* (0.031) (0.013)* (0.254) (0.316) (0.001)* 0.177) (0.031)*

Cognitive domain: Executive function/visuomotor tracking

DKEFS trails 4 0.314 0.454 0.415 0.001 0.403 0.227 0.235 0.552 0.068 0.434
(0.095) (0.025) (0.038)* (0.498) (0.044)* (0.175) (0.166) (0.007)* (0.391) (0.032)

DKEFS tower_total 0.132 0.375 0.141 0.326 0.011 0.288 0.117 0.135 0.649 0.296
(0.307) (0.069) (0.295) (0.101) (0.483) (0.131) (0.328) (0.302) (0.002) (0.124)

Cognitive domain: Visuospatial

JOLO (#correct) 0.145 0.053 0.150 0.005 0.006 0.106 0.226 0.008 0.078 0.111
(0.289) (0.420) (0.282) (0.492) (0.490) (0.342) (0.192) (0.487) (0.383) (0.335)

Rey-O copy 0.176 0.240 0.000 0.087 0.138 0.152 0.090 0.107 0.185 0.191
(0.242) (0.168) (0.499) (0.365) (0.292) (0.273) (0.361) (0.336) (0.231) (0.224)

Cognitive domain: Intellect

WASI Full Scale IQ 0.178 0.331 0.065 0.254 0.057 0.037 0.189 0.007 0.316 0.016
(0.240) (0.090) (0.339) (0.155) (0.411) (0.442) (0.226) (0.489) (0.101) (0.475)

Cognitive domain: Language

Boston naming test 0.127 0.148 0.306 0.116 0.257 —0.052 0.076 0.281 —-0.179 0.107
(0.314) (0.286) (0.116) (0.262) (0.160) (0.421) (0.386) (0.137) (0.246) (0.341)

DKEFS VerbFlu —0.001 0.143 0.024 0.094 0.069 0.172 0.112 —0.027 —0.026 0.107
(0.498) (0.292) (0.464) (0.359) (0.396) (0.254) (0.334) (0.459) (0.461) (0.341)

Cogpnitive domain: Memory

CFT delay 0.182 0.034 —0.191 0.110 0.007 —0.142 —0.168 —-0.171 —-0.157 —0.221
(0.235) (0.447) (0.224) (0.332) (0.448) (0.287) (0.253) (0.248) (0.267) (0.189)

AVLT 30 min delay 0.418 0.402 0.328 0.228 0.437 0.027 0.189 0.396 —0.169 0.240
(0.038) (0.044) (0.085) (0.174) (0.031) (0.456) (0.220) (0.047) (0.245) (0.161)

*Correlation is statistically significant (<0.05). Shaded values represent p-values that are significant in similar quadrants of the right and left eyes.

skills, general, and verbal intelligence as well as episodic memory
commonly associated with functioning of the temporal parietal
junction. Having said that, we take into consideration the
limitation of the small sample size, and reiterate that the more
fine-grained nature of the relationship between RNFL thickness
and cognitive function needs to be further investigated.

Retinal thinning, specifically thinning of the RNFL, in MCI
and AD patients has been demonstrated by several studies,
however, there are discrepancies regarding whether there is a
correlation between retinal changes and the severity of dementia
(Lu et al., 2010; Kesler et al., 2011; Ascaso et al., 2014; Gao
et al.,, 2015; Liu et al,, 2015; Thomson et al., 2015; Den Haan
et al, 2017). There is also no consensus regarding MCI or
AD associated RNFL thinning of specific retinal quadrants,
however, majority of reports show selective thinning of the RNFL
in the superior and/or inferior quadrant (Berisha et al., 2007;
Chi et al., 2010; Kirbas et al., 2013). While there is a lot of

interest in establishing the relationship between dementia and
retinal thickness as a tool for early diagnosis, there is a lack of
consistent or predictive data in current literature. A hindrance
to the development of therapies to prevent dementias is the lack
of biomarkers that can predict individuals at risk. Moreover,
cognitive function tests in many studies are often restricted to
the MMSE, which does not probe the full extent of cognitive
domains, that are vulnerable to aging, that may also be affected
in MCI or AD. This work assesses the relationship between
RNFL thickness of specific quadrants and multiple cognitive
domains in a normal aging population, using a comprehensive
neuropsychological assessment (Table 1). Van Koolwijk et al.
(2009) assessed the relationship between several domains of
cognitive functioning (i.e, general cognitive ability using a
reading test, short-term memory and delayed recall, executive
functioning, and visuospatial abilities) and retinal structure
(evaluated using scanning laser polarimetry) in a large population
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of healthy individuals (range, 18-85 years of age) (Van Koolwijk
et al.,, 2009), and reported a significant association between a
thicker RNFL and better cognitive performance, however, this
correlation diminished in individuals beyond 40 years of age.
More recently, another study used OCT to identify a positive
correlation between RNFL thickness and current and future
cognitive decline in a large community cohort of healthy people,
however, an association of specific domains of cognition was
not identified (Ko et al., 2018). Overall, this collection of studies
suggests the potential for OCT to predict future cognitive
impairment, however, further studies with larger sample sizes
are necessary to understand the underlying etiology, to support
the use of evolving retinal imaging techniques as a useful tool in
predicting individuals at risk for MCI and AD.
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