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Background: To determine the association of the retinal capillary plexus (RCP)
and ganglion cell complex (GCC) with cognitive impairment using optical coherence
tomography angiography (OCTA).

Methods: A cross-sectional, community-based study utilizing data from the participants
enrolled between August 2019 and January 2020 in the Jidong Eye Cohort Study. We
assessed the vessel density in RCP and GCC thickness using OCTA, and cognitive
testing using the Montreal Cognitive Assessment (MoCA). Cognitive impairment in this
study was defined as MoCA score < 24. We used multivariable analysis to evaluate the
association of RCP and GCC with cognitive impairment after adjusting for confounders.

Results: This study analyzed 1555 participants. The mean age of participants was
52.3 (8.4) years, and 861 (55.4%) were women. Cognitive impairment was observed
in 268 (17.2%) participants. The adjusted odds ratio (OR) with 95% confidence interval
(95% Cl) for parafovea vessel density in the deep RCP with cognitive impairment was
1.20 (1.03-1.39). For vessel area and length density surrounding foveal avascular zone
with cognitive impairment, the ORs with 95% Cls were 1.23 (1.07-1.41) and 1.30
(1.13-1.49), respectively. For thickness in the superior GCC with cognitive impairment,
the OR with 95% Cl was 1.16 (1.01-1.32).

Conclusion: Lower vessel density in the RCP and thinner GCC were associated
with cognitive impairment. Our results suggest that alterations in the RCP and GCC
could provide further evidence when assessing the cognitive function and may even be
potentially useful biomarkers in the detection of cognitive impairment.

Keywords: cognitive impairment, optical coherence tomography angiography, retinal capillary plexus, ganglion
cell complex, imaging
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INTRODUCTION

Dementia has become a worldwide public health issue because of
rapidly aging populations (Reitz et al., 2011). In 2015, dementia
reportedly affected approximately 46 million people worldwide,
and this number is estimated to reach 130 million people
by 2050 (Baumgart et al, 2015). Mild cognitive impairment
is deemed as the prodromal stage of dementia and persons
with mild cognitive impairment are more likely to convert to
dementia (Ding et al., 2015; Jack et al., 2018). Thus, identifying
individuals in the early stage of cognitive impairment is necessary
for the prevention of dementia (Koepsell and Monsell, 2012;
Livingston et al., 2020).

Currently, there remain unmet needs for biological markers
for identifying individuals in the early stage of cognitive
impairment (Snyder et al,, 2020). Amyloid positron emission
tomography neuroimaging and cerebrospinal fluid testing are
limited by their availability, invasiveness, time requirement, and
high costs (Snyder et al., 2020). Moreover, although substantial
progress has been made for blood-based biomarkers in the
past decade, issues related to standardization and replication
persist (O’Bryant et al., 2017; Hampel et al., 2018; Shi et al,,
2018). There is homology between cerebral system and retina
due to the shared diencephalic origin, and the retina has been
deemed as an extension of the central nervous system (London
et al, 2013). One potential screening test is retinal imaging
using optical coherence tomography (OCT) (Gupta et al., 20205
Snyder et al., 2020). OCT is a non-invasive, rapid imaging tool
that can produce cross-sectional retinal images and accurately
measure the thickness of retinal components (Huang et al,
1991; Jiang et al, 2018a; Ito et al., 2020). Recently, OCT has
evolved from structural OCT to OCT angiography (OCTA),
which enables better visualization and quantitative analysis of
the retinal capillaries (Spaide et al., 2018; Wang et al., 2021).
Furthermore, OCTA images can be obtained in parallel with OCT
images using the same instrument.

Numerous studies using OCT have shown that a relatively
thinner ganglion cell complex (GCC) or retinal nerve fiber
layer (RNFL) was associated with cognitive impairment (Cheung
et al., 2015; Jones-Odeh and Hammond, 2015; Ko et al., 2018;
Ito et al, 2020). However, only case-control and hospital-
based studies using OCTA have investigated the vascular
alternations in patients with AD using OCTA (Zhang et al,
2020; Cheung et al, 2021; Peng et al, 2021). Findings from
those studies were inconsistent and the effects of important
sub-categorizations (i.e., sex, diabetes, hypertension) remain
unknown (Rifai et al., 2021). Studies have shown that vascular
health factors, such as sex, diabetes, and hypertension, may

Abbreviations: AD, Alzheimer’s disease; Al, acircularity index; BMI, body mass
index; Cis, confidence intervals; FAZ, foveal avascular zone area; FBG, fasting
blood glucose; FD300 AD, vessel area density within a 300 pm width ring
surrounding the FAZ; FD300 LD, vessel length density within a 300 wm width
ring surrounding the FAZ; GCC, ganglion cell complex; HDL-C, high density
lipoprotein; LDL-C, low-density lipoprotein; MoCA, the Montreal Cognitive
Assessment; OCT, optical coherence tomography; OCTA, optical coherence
tomography angiography; ORs, odds ratios; PERIM, foveal avascular zone
perimeter; RCP, retinal capillary plexus; RNFL, retinal nerve fiber layer; TC, total
cholesterol; TG, triglyceride.

also affect the retina-brain association, as they are crucial
determinants of both retinal vascular changes and dementia risk
(You et al., 2019; Livingston et al., 2020).

Therefore, this study aimed to investigate the association
of the retinal capillary plexus (RCP) and GCC with cognitive
impairment in a community-based setting using OCTA.

MATERIALS AND METHODS

Study Design and Participants

In this study, we analyzed data of the Jidong Eye Cohort Study.
Details of the design and methods have been previously described
(Yang et al, 2020). Participants in this study were recruited
from the Jidong communities (Tangshan city, northern China)
from August 2019 to January 2020. In this study, we only
entry the participants aged over 40 in this study, because the
cognitive impairment occurrence in participants aged below 40
is rare (16/1380). A total of 1833 participants aged over 40
underwent both detailed ophthalmic examination and cognitive
function testing (Song et al., 2020). The following participants
were excluded from the study: 153 for ocular disorders and vision
loss; 125 for suboptimal OCTA images. And no participants in
our study had a history of dementia. The analyses ultimately
included data of 1555 participants (Figure 1). Among these, 268
(17.2%) displayed poor performance on the Montreal Cognitive
Assessment (MoCA) and were categorized into the cognitive
impairment group. The remaining 1287 (82.8%) participants
were included in the normal group.

This study followed the Declaration of Helsinki guidelines and
was approved by the Ethics Committee of Staff Hospital of Jidong
oil-field of Chinese National Petroleum (approval document 2018
YILUNZI 1). All participants provided written informed consent.

[ 3,377 participants in JECS from August 2019 to January 2020

-

( N\
3,213 participants underwent both detailed ophthalmic examination and

L cognitive function testing
/

—

J

164 participants with no cognitive testing ]

1380 participants aged below 40 ]

N

1,833 subjects included in initial study

J

4’[ 153 participants with ocular disorders and vision loss ]

—'[ 125 participants with suboptimal OCTA images ]

[ A total of 1,555 participants included in the final analysis ]

FIGURE 1 | Flow Chart of the Study Population. JECS, Jidong Eye Cohort
Study; OCTA, optical coherence tomography angiography.
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General Variable Assessment

In this study, we obtained the basic information on the
participants using laboratory tests, clinical examinations, and
standardized questionnaires for age, sex, income, education level,
current smoker status, and current drinker status (Zhang et al.,
2013; Xia et al., 2020). Face-to-face interviews were performed by
well-trained examiners. We divided the average monthly income
into “<¥3000,” “¥3000-5000,” and “>¥5000.” We categorized
the education levels as “illiteracy or primary;,” “middle school,”
and “college graduate or above.” In our study, hypertension was
defined as systolic blood pressure > 140 mmHg, or diastolic
blood pressure > 90 mmHg, or current use of antihypertension
medication, or self-reported history of hypertension. Diabetes
was defined as fasting blood glucose (FBG) > 7.0 mmol/L, or
current use of antidiabetic medication, or self-reported history
of diabetes. Dyslipidemia was defined as low-density lipoprotein
(LDL-C) > 3.37mmol/L, or high-density lipoprotein (HDL-
C) < 1.04mmol/L, or total cholesterol (TC) > 5.18mmol/L,
or triglyceride (TG) > 1.7mmol/L, or current use of lipid-
lowering therapy, or self-reported history of dyslipidemia
(Chen et al., 2019).

Ophthalmic Examination

We measured best-corrected visual acuity using standard
logarithmic visual acuity charts at a distance of 5 m from
participants. Vision loss in this study was defined as best-
corrected visual acuity < 0.5 logMAR. We obtained the refractive
status using an auto refractometer (KR800; Topcon; Tokyo,
Japan). We calculated the refraction as the spherical equivalent
(spherical value and half of the cylindrical value). We acquired
the digital fundus photographs of both eyes using a 45° non-
mydriatic fundus camera (CR2AF; Canon; Tokyo, Japan). At least
two independent ophthalmologists identified ocular disorders
(i.e,, nerve fiber layer defects, macular degeneration, retinal
vascular occlusion, and diabetic retinopathy) and vision loss.
We excluded participants with ocular disorders and vision loss
from the analyses.

Optical Coherence Tomography

Angiography Assessment

We acquired OCTA images using a spectral-domain OCTA
(RTVue XR Avanti with AngioVue; Optovue; Fremont, CA,
United States). OCTA technology has been previously described
in greater detail (Spaide et al., 2018). OCTA image acquisition
was performed using a 3 x 3 mm? scan in the macula at a
scan density of 304 x 304 A-scans with no pupillary dilation.
We used the Early Treatment Diabetic Retinopathy Study grid
as follows: two concentric circles with diameters of 1 and
3 mm divided into six quadrants (fovea, parafovea, superior,
inferior, nasal, and temporal). The regionals of parafovea served
as representatives of average RCP vessel density and average
GCC thicknesses in this report due to the special structure
of foveal area, although we also presented other regionals.
The commercially available AngioAnalytics software (version
2017.1.0.155) automatically provided the vessel density (the
proportion of the flow signals within the range of predefined

area and depth) of superficial RCP (vessels between the internal
limiting membrane and inner plexiform layer) and deep RCP
(vessels between the inner and outer plexiform layer) in the
macula. We also acquired the foveal avascular zone area (FAZ)
and perimeter (PERIM), acircularity index (AI), vessel area
density (FD300 AD), and length density (FD300 LD) within
a 300 wm width ring surrounding the FAZ from the software
automatically. The internally installed software automatically
provided the GCC thickness (layer from the internal limiting
membrane to the inner plexiform layer), as well.

The OCTA device included a three-dimensional projection
artifact removal algorithm to reduce motion artifacts and increase
image quality (Kraus et al., 2012). We only included the OCTA
images with a signal strength index > 8 and excluded the images

TABLE 1 | Baseline characteristics of eligible participants in the studly.

Characteristics Total Cognitive Normal P-value

(n =1555) impairment (n = 1287)

(n = 268)

Age, y, mean (SD) 52.3(8.4) 583(8.3) 51.0(7.8) <0.001
Sex, n (%) 0.55
Male 694 (44.6) 124 (46.3) 570 (44.3)
Female 861 (65.4) 144 (63.7) 717 (65.7)
Educational level, n (%) <0.001
llliteracy/Primary School 66 (4.2) 37 (13.8) 29 (2.3)
Middle School 698 (44.9) 151 (66.3) 547 (42.5)
College/University 791 (50.9) 80 (29.9) 711 (565.2)
Income, n (%) <0.001
<¥3,000 192 (12.4) 70 (26.1) 122 (9.5)
¥3,000-5,000 1336 (85.9) 197 (73.5) 1139 (88.5)
> ¥5,000 27 (1.7) 1(0.4) 26 (2.0)
Current Smoking, n (%) 300 (19.4) 58 (21.6) 242 (18.9) 0.30
Current Drinking, n (%) 232 (15.1) 46 (17.3) 186 (14.7) 0.28
Hypertension, n (%) 575 (37.0) 125 (46.6) 450 (35.0) <0.001
Diabetes, n (%) 193 (12.4) 47 (17.5) 146 (11.3) 0.005
Dyslipidemia, n (%) 1119 (72.0) 216 (80.6) 903 (70.2) <0.001

Systolic pressure, mmHg, 128.1 (17.5) 183.5 (18.4) 127.0 (17.0) <0.001

mean (SD)

Diastolic pressure, mmHg, 81.7 (12.7) 82.2(12.6) 81.6(12.8) 0.51
mean (SD)

FBG, mmol/L, mean (SD) 5.7 (1.6) 6.0 (1.7) 5.7 (1.5) 0.003
BMI, kg/m?, mean (SD) 24.7(32) 25.0(38.1) 246(3.2) 0.11
TC, mmol/L, mean (SD) 5.2 (1.0) 5.3 (1.0) 52(1.00 0.10
Triglycerides, mmol/L, 1.8 (1.3) 1.8(1.2) 1.8(1.3) 095
mean (SD)

HDL-C, mmol/L, mean (SD) 1.2 (0.3) 1.2 (0.9) 1.2(0.3) 032
LDL-C, mmol/L, mean (SD) 2.2 (0.8) 2.2 (0.8) 22(0.8) 0.46
Refraction, diopter, mean (SD) —-1.0(2.3) -0.1(1.8) —-1.2(2.4) <0.001
OCT signal index, mean (SD) 8.6 (0.5) 8.5 (0.5) 8.6 (0.5) 0.002
MoCA, score, mean (SD) 26.2(3.0) 20924 272(1.8) <0.001
MoCA, range 11-31 11-23 24-31

Data were presented as mean (SD) for continuous variables and number
(percentage) for category variables. Cognitive impairment was defined as
MoCA score < 24. FBG, fasting blood glucose; BMI, body mass index; TC,
total cholesterol; HDL-C, high density liptein cholesterol; LDL-C, low density
lipoprotein cholesterol; OCT, Optical coherence tomography; MoCA, Montreal
Cognitive Assessment.
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with defects (i.e., significant motion artifacts, local weak signal,
and incorrect segmentation) from the study. If available, we used
the measurement of the right eye for each individual, whereas we
used the left eye in the absence of valid data for the right eye (Ito
et al., 2020; Ward et al., 2020).

Assessment of Cognitive Function

To test for cognitive function, all participants underwent
standardized neurological assessments by experienced
neuropsychologists using the Montreal Cognitive Assessment
(MoCA) and Mini-Mental State Examination. In this study, we
use the MoCA to evaluate cognitive impairment as the MoCA
is more sensitive and the specificity is not significantly different
from others (Kasten et al., 2010; Dong et al., 2012). MoCA is a
scale that evaluates visuospatial and executive functions, naming,
language, attention, confrontation, memory, and abstraction
(Nasreddine et al., 2005). Participants can obtain a maximum
of 30 points; lower scores indicate lower cognitive function. If
the participant had <12 years of education, we increased the
total test score by one point. In this study, a score of >24 points
was used to indicate normal cognitive function (Potocnik et al.,
2020). We expressed cognitive function as a continuous MoCA
score or a dichotomization of MoCA score as being cognitive
impairment or normal.

Statistical Analysis

We calculated the means and standard deviations for the
continuous variables. We tested the differences in continuous
variables between the groups using the t-test for normally
distributed variables. We described the categorical variables
using frequencies and percentages and examined them using the
chi-square or Fisher’s exact test. Missing data were deemed as
missing at random.

We performed multivariable models to estimate the
association between vessel densities in the RCP and GCC
thicknesses and cognitive impairment. Multivariable logistic
regression model was used for binary cognitive impairment or
normal MoCA score and multivariable linear regression model
for continuous MoCA score. We adjusted all multivariable
models for age, sex, educational status, income, refraction,
hypertension, diabetes, and dyslipidemia. We also tested the
interaction effects for the association of the RCP and GCC
with cognitive impairment within the subgroups (sex, diabetes,
hypertension, age) by including interaction terms in the adjusted
model using all subjects in our study.

We measured the association as odds ratios (ORs) or
Betas and 95% confidence intervals (CIs) per standard
deviation decrease. We considered statistical significance
as a P-value < 0.05. We performed all statistical analyses
using the SAS software, version 9.4 (SAS Institute Inc., Cary,
NC, United States).

RESULTS

Baseline Characteristics of Participants

A total of 1555 participants were included in the analyses.
The mean age of the included participants was 52.3 (8.4)
years, and 861 (55.4%) were women. Cognitive impairment was
observed in 268 (17.2%) participants. Table 1 shows the baseline
characteristics of the cognitive impairment (MoCA < 24) and
normal (MoCA > 24) groups.

Participants in the cognitive impairment group were older
(P < 0.001) and less educated (P < 0.001), with lower incomes
(P < 0.001), less myopia (P < 0.001), and more prevalent
hypertension (P < 0.001), diabetes (P = 0.005), and dyslipidemia

A Superficial RCP
Norma

Superficial RCP

FIGURE 2 | Example of OCTA-generated retinal measurements. (A) The color-coded vessel density maps of superficial RCP and deep RCP in participants with
normal cognitive function and cognitive impairment. (B) B-scan of GCC in participants with normal cognitive function and cognitive impairment. RCP, retinal capillary
plexus; GCC, ganglion cell complex; OCTA, optical coherence tomography angiography; S, superior; |, inferior; T, temporal; N, nasal.

Deep RCP
Normal

Deep RCP
Cognitive impairment

B
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(P < 0.001). However, there were no significant differences
between the two groups in terms of sex, current smoker and
drinker status, their body mass index (BMI), and levels of TC,
TG, HDL-C, and LDL-C.

Ocular Characteristics of Participants

Figure 2 and Table 2 show the RCP and GCC characteristics
measured using OCTA on the baseline survey. We observed
significant differences between the two groups in terms of
superficial RCP vessel density (parafovea: P = 0.003; temporal:
P = 0.02; superior: P = 0.002; nasal: P = 0.007; inferior:
P = 0.006), deep RCP vessel density (parafovea: P < 0.001;
temporal: P < 0.001; superior: P < 0.001; nasal: P < 0.001;
inferior: P < 0.001), FD300 AD (P < 0.001), and FD300 LD
(P < 0.001). There were no significant differences between the
groups for FAZ, PERIM, and AI. For GCC thickness, there
were significant differences between groups (parafovea: P = 0.01;
temporal: P = 0.04; superior: P = 0.003; nasal: P = 0.02; inferior:
P = 0.01). Figure 3 shows the distributions of the RCP vessel
density and GCC thickness according to the MoCA score.

Proportions of Cognitive Impairment in
Participants Stratified by Sex, Diabetes,

and Hypertension

Cognitive impairment was respectively observed in 16.7% and
17.9% of female and male participants, 24.4% and 16.2% of
patients with and without diabetes, and 21.7% and 14.6% of
patients with and without hypertension, and 14.9% and 43.8% of
participants aged <65 and >65 (Supplementary Figure 1).

Association of Retinal Capillary Plexus
and Ganglion Cell Complex With

Cognitive Impairment

We show the unadjusted and adjusted ORs of the RCP and
GCC for cognitive impairment in Table 3. The adjusted OR with
95% CI for parafovea vessel density in deep RCP with cognitive
impairment was 1.20 (1.03-1.39). Moreover, in regionals of
temporal, superior, and inferior, the adjusted ORs with 95% Cls
were 1.18 (1.01-1.37), 1.21 (1.05-1.40), and 1.17 (1.01-1.36),
respectively. The adjusted ORs with 95% CIs for FD300 AD and
FD300 LD with cognitive impairment were 1.23 (1.07-1.41) and
1.30 (1.13-1.49), respectively. The adjusted OR with 95%CI for
thickness in the superior GCC with cognitive impairment was
1.16 (1.01-1.32).

In addition, we show the unadjusted and adjusted Betas of the
RCP and GCC for cognitive function in Supplementary Table 1.
The adjusted Betas with 95% Cls for each standard deviation
decrease in vessel density of superficial and deep RCP (parafovea)
with continuous MoCA score were —0.160 (-0.304 to -0.016)
and -0.251 (-0.409 to —0.093), respectively. The adjusted Betas
with 95% ClIs for FD300 AD and FD300 LD with continuous
MoCA score were -0.225 (-0.372 to -0.078) and -0.318 (-0.465
to —0.170), respectively. Further, the adjusted Beta with 95% CI
for thickness in the parafovea GCC with continuous MoCA score
was —0.205 (-0.351 to -0.059).

TABLE 2 | Ocular characteristics of eligible participants in the study.

Characteristics Total Cognitive  Normal P-value

(n =1555) impairment (n = 1287)

(n = 268)

Superficial RCP, %, mean (SD)
Fovea 156 (6.7) 1569(6.8) 1565(5.7) 0.35
Parafovea 50.0 (2.9) 495(2.8) 50.0(2.9) 0.003
Temporal 48.1 (3.0) 47.7(3.0) 48.2(3.0) 0.02
Superior 51.6(3.1) 51.0(3.1) 51.7(3.1) 0.002
Nasal 49.1 (3.1) 48.6(3.0) 49.2(3.2) 0.007
Inferior 50.9(8.2) 50.5(3.1) 51.0(3.3) 0.006
Deep RCP, %, mean (SD)
Fovea 28.7(7.0) 289(7.0) 287 (7.0) 0.79
Parafovea 52.8(3.0) 52.2(3.3) 53.0(2.9) <0.001
Temporal 52.8(3.0) 52.2(3.3) 53.0(2.9) <0.001
Superior 52.7 (35) 52.0(3.7) 52.8(3.4) <0.001
Nasal 53.2(3.1) 525(3.4) 53.3(3.0) <0.001
Inferior 526 (3.5) 51.9(8.7) 52.7(3.4) <0.001
FAZ, mm?2, mean (SD) 0.3 (0.1) 0.3 (0.1) 0.3(.1) 0.14
PERIM, mm, mean (SD) 2.3 (0.4) 2.3(0.4) 23(0.4) 0.16
Al, mean (SD) 1.1 (0.0 1.1 (0.0) 1.1(0.0) 0.20
FD300 AD, %, mean (SD) 50.3 (3.5) 49.4(3.8) 50.5(3.4) <0.001
FD300 LD, %, mean (SD) 18.1(1.2) 17.7(1.3) 182 (1.2) <0.001
GCC, pm, mean (SD)
Fovea 43.0(8.4) 43.3(8.3) 429(84) 048
Parafovea 109.5(8.9) 108.2 (9.5) 109.7 (8.8) 0.01
Temporal 102.6 (8.3) 101.7(8.9) 102.8(8.2) 0.04
Superior 112.9(9.5) 111.3(10.2) 113.2(9.3)  0.003
Nasal 109.2 (9.7) 107.9 (10.3) 109.5 (9.6)  0.02
Inferior 113.2(9.6) 111.9(10.2) 113.5(9.4) 0.01

Data were presented as mean (SD) for continuous variables and number
(percentage) for category variables. Cognitive impairment was defined as MoCA
score < 24. RCR retinal capillary plexus; FAZ, foveal avascular zone area;
PERIM, foveal avascular zone perimeter; Al, acircularity index; FD300 AD, vessel
area density within a 300 wm width ring surrounding the FAZ;& FD300 LD,
vessel length density within a 300 wm width ring surrounding the FAZ; GCC,
ganglion cell complex.

Subgroup Analysis

We observed significant interactions of diabetes with GCC for
cognitive impairment (Table 4). The ORs of the GCC items in
participants with or without diabetes for cognitive impairment
were 1.77 vs. 1.07 (P for interaction = 0.02) for parafovea,
1.71 vs. 1.05 (P for interaction = 0.02) for temporal, 1.74 vs.
1.07 (P for interaction = 0.01) for superior, 1.75 vs. 1.06 (P
for interaction = 0.02) for nasal, and 1.70 vs. 1.08 (P for
interaction = 0.04) for inferior. We did not find significant
interactions of the GCC with sex, hypertension, or age for
cognitive impairment. In addition, no interactions between
RCP and sex, diabetes, hypertension, or age were observed for
cognitive impairment (Tables 4, 5).

DISCUSSION

To our knowledge, this was the first study to identify an
association between the RCP and cognitive impairment in a large

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 872466


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Yang et al.

RC

P and GCC With Cognitive

Fovea
A a0-

Vessel Density (%)

MoCA

Fovea

T T T
10 15 20 25 30

Vessel Density (%)

ParaFovea

T T T
10 15 20 25 30

MoCA

ParaFovea

Vessel Density (%)

Temporal

St—T—T—T T
0 15 20 25 30

MoCA

Temporal

Superior

Vessel Density (%)

MoCA

Superior

I
10 15 20 25

30

Vessel Density (%)

Nasal

Vessel Density (%)

Inferior

@
u
T

——T——T
10 20 30

B ¢ S g
2 2 2
H H H
@ T °
H g ]
> - >

| B N

10 20 30

MoCA
£ £
= 4
z @
10 20 30
MoCA
Fovea ParaFovea

Thickness (pm)
Thickness (um)
Thickness (pm)

10 20 30
MoCA

FIGURE 3 | Scatter diagrams of the retinal measurements and cognitive function. (A) Superficial RCP vessel density. (B) Deep RCP vessel density. (C) FAZ, PERIM,
Al, FD300 AD, and FD300 LD. (D) GCC thickness. RCP, retinal capillary plexus; FAZ, foveal avascular zone area; PERIM, foveal avascular zone perimeter; Al,
acircularity index; FD300 AD, vessel area density within a 300 wm width ring surrounding the FAZ; FD300 LD, vessel length density within a 300 wm width ring
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community-based population using OCTA. We found that lower
RCP vessel densities, lower FD300 AD and LD, and thinner
GCC were associated with cognitive impairment. Furthermore,
the magnitude of the association between lower RCP and
thinner GCC with cognitive impairment showed consistent
connections to subgroups based on sex, hypertension, and age,
although diabetes only impacted the association of the GCC with
cognitive impairment.

Collectively, studies to date have not shown a clear association
between the RCP and cognitive impairment using OCTA
(Cheung et al., 2021; Rifai et al., 2021). Our findings showed that
the vessel densities in the deep RCP, but not in the superficial
RCP, were significantly associated with cognitive impairment.
These findings were consistent with those of several previous
studies that found a reduction in the RCP in AD groups (Bulut
et al., 2018; Jiang et al., 2018b); however, several studies have
reported conflicting results (Haan et al., 2019; Querques et al.,
2019; Yoon et al., 2019; van de Kreeke et al., 2020). Furthermore,
it is interesting to note that FD300 AD and LD were associated
with cognitive impairment in our study. FD300 AD and LD
represent the vascular conditions surrounding the FAZ. Their
associations with cognitive impairment were firstly revealed in

our study and should be further verified in future studies.
However, in our study, we found that FAZ, PERIM, and Al
were not associated with cognitive impairment. This is in line
with previous results showing that the FAZ is not significantly
associated with cognitive impairment (Haan et al., 2019; Chua
et al., 2020; van de Kreeke et al, 2020), and these results
contradict other findings (Bulut et al.,, 2018; O’Bryhim et al,,
2018). This pattern of inconsistent findings may be explained by
previous studies not accounting for the different disease stages or
having included relatively small samples with limited adjustment
for potential confounders (Zhang et al., 2020). However, it is
important to point out that the difference of the RCP vessel
density thickness between cognitive impairment and normal was
mild, although it was statistically significant. Potentially, the
reduced RCP in participants with cognitive impairment may be
explained by pathogenic AP deposits and pericyte loss in retinal
blood vessels (Shi et al., 2020). Furthermore, the association
found in the deep RCP, rather than in the superficial RCP, may
be explained by the superficial RCP blood supply comprising
larger diameter vessels compared with deep RCP vessels; the deep
RCP might be affected earlier and to a greater extent than the
superficial RCP (Wang et al., 2018).
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TABLE 3 | Association of retinal capillary plexus and ganglion cell complex with cognitive impairment in the logistic regression model.

Characteristics

OR (95%Cl)

Adjusted OR (95%Cl)

Superficial RCP, per 1 SD Decrease

Fovea 0.94 (0.83-1.06)
Parafovea 1.21 (1.06-1.37)
Temporal 1.17 (1.03-1.33)
Superior 1.22 (1.07-1.38)
Nasal 1.19(1.05-1.35)
Inferior 1.19 (1.05-1.36)
Deep RCP, per 1 SD Decrease

Fovea 0.98 (0.86-1.12)
Parafovea 1.29 (1.14-1.47)
Temporal 1.29 (1.13-1.46)
Superior 1.28 (1.12-1.45)
Nasal 1.28 (1.13-1.46)
Inferior 1.26 (1.10-1.43)
FAZ, per 1 SD Decrease 1.11(0.97-1.27)
PERIM, per 1 SD Decrease 1.10 (0.96-1.25)
Al, per 1 SD Increase 0.92 (0.81-1.05)
FD300 AD, per 1 SD Decrease 1.33 (1.17-1.62)
FD300 LD, per 1 SD Decrease 1.47 (1.29-1.68)
GCC, per 1 SD Decrease

Fovea 0.95 (0.84-1.09)
Parafovea 1.18 (1.04-1.34)
Temporal 1.15 (1.01-1.30)
Superior 1.21 (1.07-1.37)
Nasal 1.17 (1.03-1.33)
Inferior 1.17 (1.03-1.33)

0.90 (0.78-1.04) e
1.13(0.98-1.29) +—eo—i
1.10 (0.96-1.26) H-o—i
1.14 (0.99-1.31) | o
1.11 (0.96-1.27) e
1.13 (0.99-1.30) +—eo—i
0.93 (0.80-1.07) e
1.20 (1.03-1.39) e
1.18 (1.01-1.37) | e
1.21 (1.05-1.40) e
1.16 (1.00-1.35) o
1.17 (1.01-1.36) —o—
1.14 (0.98-1.31) e
1.13 (0.98-1.30) +—eo—i
0.93 (0.81-1.06) el
1.23 (1.07-1.41) e
1.30 (1.13-1.49) e
0.94 (0.82-1.09) - e|
1.15(1.00-1.32) —eo—
1.13 (0.98-1.30) 1—eo—
1.16 (1.01-1.32) o
1.13 (0.99-1.30) +—eo—i
1.14 (1.00-1.31) o —
—_——

0.7 1 13 1.6

Adjusted for age, sex, educational status, income, refraction, hypertension, diabetes, and dyslipidemia. OR, odds ratio; Cl, confidence interval; RCR, retinal capillary plexus;
FAZ, foveal avascular zone area; PERIM, foveal avascular zone perimeter; Al, acircularity index; FD300 AD, vessel area density within a 300 wm width ring surrounding
the FAZ; FD300 LD, vessel length density within a 300 wm width ring surrounding the FAZ; GCC, ganglion cell complex.

In our study, the thinning thickness of the superior GCC was
associated with cognitive impairment. In support of our findings,
Hinton et al. (1986) previously showed an association between
a thinner RNFL and dementia, and several large community-
based cohort studies have also reported an association between
a thinner RNFL or GCC and cognitive impairment (Ko et al.,
2018; Ito et al, 2020; Ward et al, 2020). In our study, we
also showed that the thickness of the GCC was associated
with cognitive impairment, further adding to the literature. As
we know, the connection between the integrity of the retina
and functionality of its vasculature is linked intimately, as
greater vascular risks could increase the risk for ocular diseases,
such as glaucoma (Choi and Kook, 2015). However, the exact
mechanisms by which the retinal vascular exerts its benefits
in the retinal structure are not established. Therefore, further
studies should assess the association between the RCP and GCC
to interpret the effect of impaired retinal microvasculature on
retinal neurodegeneration.

The stronger association of cognitive impairment was
observed in our study with GCC in the subgroup of participants
with diabetes. The associations of the RCP and GCC with
cognitive impairment were consistent across the subgroups based

on sex, hypertension, and age. Therefore, the study raised the
possibility that diabetes enhances the association of the GCC
with cognitive impairment but not RCP. This should be further
assessed in future studies.

The main strengths of this study were the use of detailed
ophthalmic examinations and testing cognitive function in a
community-based sample. In this study, the JECS is advantageous
in that it included a relatively large sample size; thus, our
study has the strength of adjusting for several potential
confounding factors (e.g., hypertension, diabetes, and refraction)
and performing subgroup analyses. Nevertheless, there are
some limitations to our study. First, this cross-sectional study
cannot indicate a causal inference. It would be of interest
to explore the alterations of cognitive function in relation to
vascular and ganglion cells over time, and this may be a
future study objective as a follow-up to the current cohort.
Second, the study sample was from the Jidong communities,
and this cannot adequately represent other populations. Third,
no markers of neurodegenerative disease was a limitation
of our study. Due to their invasive, time consuming, and
high cost, biomarker tests like amyloid PET neuroimaging or
CSF testing are limited in their availability in a community.
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TABLE 4 | Subgroup analyses of association of RCP and GCC with cognitive impairment based on sex, diabetes, and hypertension.

Characteristics Sex Diabetes Hypertension
Male (n = 694) Female Diabetes Non-Diabetes Hypertension Non-Hypertension
(n = 861) (n =193) (n=1362) (n = 575) (n =980)
Adjusted OR Adjusted OR P-value Adjusted OR Adjusted OR P-value Adjusted OR Adjusted OR (95%CI) P-value
(95%Cl) (95%Cl) interaction (95%Cl) (95%Cl) interaction (95%Cl) interaction
Superficial RCP, per 1 SD Decrease
Fovea 0.89 (0.71-1.10)  0.91 (0.75-1.10) 0.94 1.18(0.78-1.79) 0.87 (0.74-1.01) 0.15 0.93 (0.74-1.17) 0.88 (0.73-1.07) 0.77
Parafovea 1.26 (1.03-1.54)  1.01(0.83-1.23) 0.13 1.22 (0.87-1.72) 1.11 (0.96-1.29) 0.60 1.22 (0.98-1.51) 1.07 (0.89-1.29) 0.35
Temporal 1.17 (0.96-1.42) 1.01 (0.83-1.24) 0.35 1.15(0.83-1.61) 1.08 (0.93-1.26) 0.62 1.10 (0.90-1.36) 1.09 (0.91-1.31) 0.90
Superior 1.30 (1.07-1.58) 1.01 (0.82-1.23) 0.09 1.27 (0.91-1.77) 1.13(0.97-1.31) 0.61 1.30 (1.05-1.61) 1.04 (0.87-1.26) 0.11
Nasal 1.26 (1.03-1.54)  0.98 (0.80-1.19) 0.09 1.19 (0.83-1.69) 1.09 (0.94-1.27) 0.66 1.22 (0.98-1.51) 1.03 (0.86-1.24) 0.24
Inferior 1.22 (1.01-1.48) 1.04 (0.85-1.27) 0.24 1.23(0.87-1.73) 1.12 (0.96-1.30) 0.63 1.17 (0.94-1.45) 1.11(0.93-1.33) 0.66
Deep RCP, per 1 SD Decrease
Fovea 0.92 (0.73-1.16)  0.93 (0.77-1.13) 0.94 1.23(0.81-1.85) 0.89 (0.76-1.04) 0.14 1.05 (0.83-1.33) 0.86 (0.72-1.04) 0.21
Parafovea 1.33 (1.08-1.63) 1.06 (0.84-1.33) 0.17 1.00 (0.69-1.45) 1.24 (1.05-1.47) 0.25 1.27 (1.02-1.59) 1.13(0.92-1.39) 0.31
Temporal 1.27 (1.03-1.55) 1.07 (0.85-1.34) 0.31 1.09 (0.75-1.57) 1.19 (1.01-1.40) 0.61 1.20 (0.96-1.50) 1.15(0.94-1.41) 0.56
Superior 1.34(1.10-1.63)  1.07 (0.86-1.34) 0.15 0.99 (0.67-1.45) 1.25 (1.07-1.47) 0.21 1.33 (1.07-1.65) 1.11 (0.91-1.36) 017
Nasal 1.28 (1.05-1.57) 1.03 (0.82-1.29) 0.18 1.01 (0.70-1.46) 1.20 (1.02-1.42) 0.32 1.22 (0.98-1.51) 1.11 (0.90-1.37) 0.38
Inferior 1.28 (1.05-1.56) 1.06 (0.85-1.32) 0.23 0.91 (0.62-1.33) 1.23 (1.04-1.44) 0.15 1.23 (0.99-1.54) 1.12(0.92-1.37) 0.35
FAZ, per 1 SD Decrease 1.15(0.91-1.45)  1.12(0.92-1.35) 0.93 0.89 (0.61-1.31) 1.18 (1.01-1.38) 0.19 0.98 (0.78-1.25) 1.24 (1.02-1.50) 0.16
PERIM, per 1 SD Decrease 1.13 (0.92-1.40) 1.12 (0.92-1.36) 0.94 0.88 (0.60-1.30) 1.17 (1.00-1.36) 0.19 0.96 (0.76-1.21) 1.25 (1.04-1.50) 0.08
Al, per 1 SD Decrease 0.94 (0.79-1.12)  0.92 (0.74-1.13) 0.90 0.97 (0.67-1.41) 0.92 (0.80-1.06) 0.74 0.95 (0.78-1.15) 0.92 (0.77-1.11) 0.92
FD300 AD, per 1 SD Decrease 1.32 (1.09-1.60) 1.12(0.91-1.37) 0.32 1.18 (0.82-1.69) 1.23 (1.06-1.43) 0.94 1.12 (0.90-1.40) 1.29 (1.08-1.55) 0.47
FD300 LD, per 1 SD Decrease 1.35(1.11-1.63) 1.24 (1.01-1.53) 0.62 1.43 (1.02-2.01) 1.28 (1.10-1.50) 0.52 1.29 (1.04-1.61) 1.30 (1.08-1.56) 0.81
GCC, per 1 SD Decrease
Fovea 0.94 (0.77-1.15)  0.95 (0.77-1.17) 0.88 1.36 (0.91-2.02) 0.89 (0.76-1.04) 0.07 1.06 (0.84-1.33) 0.87 (0.72-1.06) 0.24
Parafovea 1.16 (0.96-1.41)  1.12 (0.91-1.36) 0.71 1.77 (1.21-2.59) 1.07 (0.92-1.25) 0.02 1.31 (1.06-1.62) 1.04 (0.86-1.26) 0.15
Temporal 1.17 (0.97-1.42) 1.05 (0.85-1.30) 0.41 1.71 (1.17-2.51) 1.05 (0.90-1.23) 0.02 1.29 (1.04-1.59) 1.02 (0.84-1.24) 0.15
Superior 1.17 (0.97-1.41) 1.13(0.93-1.39) 0.83 1.74 (1.21-2.50) 1.07 (0.92-1.25) 0.01 1.31 (1.06-1.61) 1.06 (0.88-1.28) 0.18
Nasal 1.15(0.95-1.40)  1.11(0.91-1.35) 0.71 1.75 (1.20-2.55) 1.06 (0.91-1.24) 0.02 1.31 (1.06-1.62) 1.02 (0.85-1.24) 0.11
Inferior 1.13(0.93-1.37) 1.13(0.93-1.39) 0.91 1.70 (1.16-2.49) 1.08 (0.93-1.26) 0.04 1.27 (1.03-1.55) 1.06 (0.87-1.28) 0.23

Adjusted for age, sex, educational status, income, refraction, hypertension, diabetes, and dyslipidemia. Subgroup associations were calculated from models that included interaction terms of factor x retinal
measurements, and were adjusted for age, sex, educational status, income, refraction, hypertension, diabetes, and dyslipidemia. OR, odds ratio, Cl, confidence interval; RCR retinal capillary plexus; FAZ, foveal
avascular zone area; PERIM, foveal avascular zone perimeter; Al, acircularity index; FD300 AD, vessel area density within a 300 wm width ring surrounding the FAZ; FD300 LD, vessel length density within a 300 wm
width ring surrounding the FAZ; GCC, ganglion cell complex.
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TABLE 5 | Subgroup analyses of association of RCP and GCC with cognitive

impairment based on age.

Characteristics Age

<65 (n=1427) >65(n=128)

Adjusted OR Adjusted OR P-value

(95%Cl) (95%Cl) interaction

Superficial RCP, per 1 SD Decrease
Fovea 0.91 (0.78-1.06) 0.87 (0.59-1.28) 0.75
Parafovea 1.10 (0.95-1.28) 1.28 (0.82-1.99) 0.34
Temporal 1.06 (0.91-1.23) 1.26 (0.84-1.89) 0.27
Superior 1.14(0.99-1.32) 1.12(0.72-1.74)  0.94
Nasal 1.07 (0.92-1.24) 1.34 (0.86-2.10) 0.20
Inferior 1.11(0.96-1.29) 1.19(0.79-1.79) 0.48
Deep RCP, per 1 SD Decrease
Fovea 0.91(0.77-1.06) 1.07 (0.71-1.61) 0.39
Parafovea 1.21(1.03-1.43) 1.08 (0.72-1.62) 0.99
Temporal 1.19 (1.01-1.40) 1.01 (0.68-1.49) 0.90
Superior 1.23 (1.05-1.44) 1.09 (0.74-1.60) 0.86
Nasal 1.16 (0.98-1.37) 1.14 (0.79-1.66) 0.78
Inferior 1.19 (1.01-1.40) 1.04 (0.70-1.55) 0.94
FAZ, per 1 SD Decrease 1.15(0.98-1.35) 1.02 (0.70-1.50) 0.61
PERIM, per 1 SD Decrease 1.15(0.99-1.34) 0.99 (0.68-1.45) 0.47
Al, per 1 SD Decrease 0.94 (0.81-1.10) 0.90 (0.65-1.24) 0.54
FD300 AD, per 1 SD Decrease 1.20 (1.04-1.40) 1.26 (0.86-1.83) 0.59
FD300 LD, per 1 SD Decrease  1.28 (1.10-1.48) 1.37 (0.89-2.09) 0.52
GCC, per 1 SD Decrease
Fovea 0.93 (0.79-1.09) 1.08 (0.72-1.61) 0.61
Parafovea 1.10 (0.95-1.28) 1.51(0.97-2.36) 0.18
Temporal 1.08 (0.93-1.26) 1.36 (0.91-2.03) 0.27
Superior 1.11 (0.96-1.29) 1.59 (0.97-2.60) 017
Nasal 1.09 (0.94-1.27) 1.52 (0.93-2.50) 0.16
Inferior 1.11(0.95-1.29) 1.33(0.91-1.92) 0.38

Adjusted for age, sex, educational status, income, refraction, hypertension,
diabetes, and dyslipidemia. Subgroup associations were calculated from models
that included interaction terms of factor x retinal measurements, and were adjusted
for age, sex, educational status, income, refraction, hypertension, diabetes, and
dyslipidemia. OR, odds ratio; ClI, confidence interval; RCR retinal capillary plexus;
FAZ, foveal avascular zone area;, PERIM, foveal avascular zone perimeter; Al,
acircularity index; FD300 AD, vessel area density within a 300 wm width ring
surrounding the FAZ; FD300 LD, vessel length density within a 300 wm width ring
surrounding the FAZ; GCC, ganglion cell complex.

Although, there is no doubt that markers of neurodegenerative
disease are of great importance to support our findings. Finally,
we recognize that statistical significance is not equivalent
to clinical relevance. Thus, the study findings should be
interpreted carefully for application in clinical practice, and
further studies using artificial intelligence or combining other
biomarkers are necessary.

CONCLUSION

We found a significant association between lower RCP vessel
density and thinner GCC thickness with cognitive impairment.
These associations were not altered by sex, hypertension, or
age, but strengthened in participants with diabetes. Our results

support the potential use of OCT/OCTA measurement, which is
a low-cost, widely available, non-invasive, rapid method for the
detection of cognitive impairment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Staff Hospital of Jidong oil-
field of Chinese National Petroleum (approval document 2018
YILUNZI 1). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

ML, JQ, and FL designed and conceptualized the study and
interpreted the data. KY, XC, and JZ analyzed the data. KY, CY,
XZ, YX, BS, CL, and KS had a major role in the acquisition of
data. KY, LC, and XC drafted the manuscript. CY, ML, JQ, and FL
revised the manuscript for intellectual content. All authors read
and approved the final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (No. 81900903), Zhejiang Provincial
Natural Science Foundation of China (No. LY22H120007),
National Key R&D Program of China (Nos. 2020YFC2008200
and 2019YFC0840708), Wenzhou Science and Technology
Program (No. Y20210984), and the Medical and Health Science
and Technology Program of Zhejiang Province (Nos. 2017KY113
and 2018KY543). The funding bodies played no role in the study
design, collection, analysis, and interpretation of data.

ACKNOWLEDGMENTS

We are grateful to the Jidong community for its collaboration,
especially the dedicated participants and all research staft
involved in the study. We thank Xianwei Wang who
provided insightful methodological advice and wisdom
throughout the study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.
872466/full#supplementary- material

Supplementary Figure 1 | Proportions of cognitive impairment in participants
stratified by sex, diabetes, hypertension, and age.

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 872466


https://www.frontiersin.org/articles/10.3389/fnagi.2022.872466/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.872466/full#supplementary-material
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Yang et al.

RCP and GCC With Cognitive

REFERENCES

Baumgart, M., Snyder, H. M., Carrillo, M. C., Fazio, S., Kim, H., and Johns,
H. (2015). Summary of the evidence on modifiable risk factors for cognitive
decline and dementia: A population-based perspective. Alzheimers Dement. 11,
718-726. doi: 10.1016/j.jalz.2015.05.016

Bulut, M., Kurtulus, F., Gozkaya, O., Erol, M. K., Cengiz, A., Akidan, M., et al.
(2018). Evaluation of optical coherence tomography angiographic findings in
Alzheimer’s type dementia. Br. J. Ophthalmol. 102, 233-237. doi: 10.1136/
bjophthalmol-2017-310476

Chen, Y., Huang, Q., Ai, P, Liu, H, Chen, X, Xu, X, et al. (2019).
Association between Serum Uric Acid and Non-Alcoholic Fatty Liver Disease
according to Different Menstrual Status Groups. Can. J. Gastroenterol. Hepatol.
2019:2763093. doi: 10.1155/2019/2763093

Cheung, C. Y., Mok, V., Foster, P. ]., Trucco, E., Chen, C., and Wong, T. Y. (2021).
Retinal imaging in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 92,
983-994. doi: 10.1136/jnnp-2020-325347

Cheung, C. Y., Ong, Y. T., Hilal, S., Ikram, M. K., Low, S., Ong, Y. L., et al. (2015).
Retinal Ganglion Cell Analysis Using High-Definition Optical Coherence
Tomography in Patients with Mild Cognitive Impairment and Alzheimer’s
Disease. JAD 45, 45-56. doi: 10.3233/JAD-141659

Choi, J., and Kook, M. S. (2015). Systemic and Ocular Hemodynamic Risk Factors
in Glaucoma. BioMed. Res. Int. 2015:141905. doi: 10.1155/2015/141905

Chua, ], Hu, Q., Ke, M., Tan, B,, Hong, J., Yao, X,, et al. (2020). Retinal
microvasculature dysfunction is associated with Alzheimer’s disease and mild
cognitive impairment. Alz. Res. Ther. 12:161. doi: 10.1186/s13195-020-00724-0

Ding, D., Zhao, Q., Guo, Q., Meng, H., Wang, B., Luo, J., et al. (2015). Prevalence
of mild cognitive impairment in an urban community in China: A cross-
sectional analysis of the Shanghai Aging Study. Alzheimers Dement. 11:300.
doi: 10.1016/j.jalz.2013.11.002

Dong, Y., Lee, W. Y., Basri, N. A, Collinson, S. L., Merchant, R. A,
Venketasubramanian, N., et al. (2012). The Montreal Cognitive Assessment
is superior to the Mini-Mental State Examination in detecting patients at
higher risk of dementia. Int. Psychogeriatr. 24, 1749-1755. doi: 10.1017/
$1041610212001068

Gupta, V. B., Chitranshi, N., den Haan, J., Mirzaei, M., You, Y., Lim, J. K. H,,
et al. (2020). Retinal changes in Alzheimer’s disease— integrated prospects of
imaging, functional and molecular advances. Prog. Retinal Eye Res. 82:100899.
doi: 10.1016/j.preteyeres.2020.100899

Haan, J., Kreeke, J. A., Berckel, B. N., Barkhof, F., Teunissen, C. E., Scheltens, P.,
et al. (2019). Is retinal vasculature a biomarker in amyloid proven Alzheimer’s
disease? Alzheimers Dement. 11, 383-391. doi: 10.1016/j.dadm.2019.
03.006

Hampel, H., O’Bryant, S. E., Molinuevo, J. L., Zetterberg, H., Masters, C. L., Lista, S.,
et al. (2018). Blood-based biomarkers for Alzheimer disease: mapping the road
to the clinic. Nat. Rev. Neurol. 14, 639-652. doi: 10.1038/s41582-018-0079-7

Hinton, D. R., Sadun, A. A., Blanks, J. C., and Miller, C. A. (1986). Optic-nerve
degeneration in Alzheimer’s disease. N. Engl. J. Med. 315, 485-487. doi: 10.1056/
NEJM198608213150804

Huang, D., Swanson, E. A,, Lin, C. P., Schuman, J. S., Stinson, W. G., Chang,
W., et al. (1991). Optical coherence tomography. Science 254, 1178-1181. doi:
10.1126/science.1957169

Ito, Y., Sasaki, M., Takahashi, H., Nozaki, S., Matsuguma, S., Motomura, K., et al.
(2020). Quantitative Assessment of the Retina Using OCT and Associations
with Cognitive Function. Ophthalmology 127, 107-118. doi: 10.1016/j.ophtha.
2019.05.021

Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein, S. B.,
et al. (2018). NIA-AA Research Framework: toward a biological definition of
Alzheimer’s disease. Alzheimers Dement. 14, 535-562. doi: 10.1016/j.jalz.2018.
02.018

Jiang, H., Chen, W., Delgado, S., Liu, Y., Lin, Y., and Wang, J. (2018a). Altered
birefringence of peripapillary retinal nerve fiber layer in multiple sclerosis
measured by polarization sensitive optical coherence tomography. Eye Vis. 5:14.
doi: 10.1186/s40662-018-0108-z

Jiang, H., Wei, Y., Shi, Y., Wright, C. B, Sun, X, Gregori, G., et al.
(2018b). Altered Macular Microvasculature in Mild Cognitive Impairment
and Alzheimer Disease. J. NeuroOphthalmol. 38, 292-298. doi: 10.1097/WNO.
0000000000000580

Jones-Odeh, E., and Hammond, C. J. (2015). How strong is the relationship
between glaucoma, the retinal nerve fibre layer, and neurodegenerative diseases
such as Alzheimer’s disease and multiple sclerosis? Eye 29, 1270-1284. doi:
10.1038/eye.2015.158

Kasten, M., Bruggemann, N., Schmidt, A., Klein, C., Weintraub, D., Siderowf, A. D.,
et al. (2010). VALIDITY OF THE MoCA AND MMSE IN THE DETECTION
OF MCI AND DEMENTTIA IN PARKINSON DISEASE. Neurology 75, 478-479.
doi: 10.1212/WNL.0b013e3181e7948a

Ko, F., Muthy, Z. A., Gallacher, J., Sudlow, C., Rees, G., Yang, Q., et al. (2018).
Association of Retinal Nerve Fiber Layer Thinning With Current and Future
Cognitive Decline: A Study Using Optical Coherence Tomography. JAMA
Neurol. 75:1198. doi: 10.1001/jamaneurol.2018.1578

Koepsell, T. D., and Monsell, S. E. (2012). Reversion from mild cognitive
impairment to normal or near-normal cognition: risk factors and prognosis.
Neurology 79, 1591-1598. doi: 10.1212/WNL.0b013e31826e26b7

Kraus, M. F., Potsaid, B., Mayer, M. A., Bock, R,, Baumann, B., Liu, J. J, et al.
(2012). Motion correction in optical coherence tomography volumes on a per
A-scan basis using orthogonal scan patterns. Biomed. Opt. Express 3:1182. doi:
10.1364/BOE.3.001182

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al.
(2020). Dementia prevention, intervention, and care: 2020 report of the Lancet
Commission. Lancet 396, 413-446. doi: 10.1016/S0140-6736(20)30367-6

London, A., Benhar, 1., and Schwartz, M. (2013). The retina as a window to the
brain—from eye research to CNS disorders. Nat. Rev. Neurol. 9, 44-53. doi:
10.1038/nrneurol.2012.227

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead,
V., Collin, I, et al. (2005). The Montreal Cognitive Assessment, MoCA:
A Brief Screening Tool For Mild Cognitive Impairment: MOCA: A BRIEF
SCREENING TOOL FOR MCIL. J. Am. Geriatr. Soc. 53, 695-699. doi: 10.1111/
j.1532-5415.2005.53221.x

O’Bryant, S. E., Mielke, M. M., Rissman, R. A., Lista, S., Vanderstichele, H.,
Zetterberg, H., et al. (2017). Blood-based biomarkers in Alzheimer disease:
current state of the science and a novel collaborative paradigm for advancing
from discovery to clinic. Alzheimers Dement. 13, 45-58. doi: 10.1016/j.jalz.2016.
09.014

O’Bryhim, B. E., Apte, R. S., Kung, N., Coble, D., and Van Stavern, G. P.
(2018). Association of Preclinical Alzheimer Disease With Optical Coherence
Tomographic Angiography Findings. JAMA Ophthalmol. 136:1242. doi: 10.
1001/jamaophthalmol.2018.3556

Peng, S. Y., Wu, . W,, Sun, C. C,, Lee, C. C, Liu, C. F, Lin, Y. Z,, et al.
(2021). Investigation of Possible Correlation Between Retinal Neurovascular
Biomarkers and Early Cognitive Impairment in Patients With Chronic Kidney
Disease. Trans. Vis. Sci. Tech. 10:9. doi: 10.1167/tvst.10.14.9

Potocnik, J., Ovcar Stante, K., and Rakusa, M. (2020). The validity of the
Montreal cognitive assessment (MoCA) for the screening of vascular cognitive
impairment after ischemic stroke. Acta Neurol. Belg. 120, 681-685. doi: 10.1007/
s13760-020-01330-5

Querques, G., Borrelli, E., Sacconi, R., De Vitis, L., Leocani, L., Santangelo, R.,
et al. (2019). Functional and morphological changes of the retinal vessels in
Alzheimer’s disease and mild cognitive impairment. Sci. Rep. 9:63. doi: 10.1038/
$41598-018-37271-6

Reitz, C., Brayne, C., and Mayeux, R. (2011). Epidemiology of Alzheimer disease.
Nat. Rev. Neurol. 7, 137-152. doi: 10.1038/nrneurol.2011.2

Rifai, O. M., McGrory, S., Robbins, C. B., Grewal, D. S., Liu, A., Fekrat, S.,
et al. (2021). The application of optical coherence tomography angiography
in Alzheimer’s disease: A systematic review. Alzheimers Dement. 13:¢12149.
doi: 10.1002/dad2.12149

Shi, H., Koronyo, Y., Rentsendorj, A., Regis, G. C., Sheyn, J., Fuchs, D. T,
et al. (2020). Identification of early pericyte loss and vascular amyloidosis
in Alzheimer’s disease retina. Acta Neuropathol. 139, 813-836. doi: 10.1007/
s00401-020-02134-w

Shi, L., Baird, A. L., Westwood, S., Hye, A., Dobson, R., Thambisetty, M., et al.
(2018). A Decade of Blood Biomarkers for Alzheimer’s Disease Research: an
Evolving Field, Improving Study Designs, and the Challenge of Replication. JAD
62, 1181-1198. doi: 10.3233/JAD-170531

Snyder, P.]J., Alber, J., Alt, C., Bain, L. ]., Bouma, B. E., Bouwman, F. H,, et al. (2020).
Retinal imaging in Alzheimer’s and neurodegenerative diseases. Alzheimers
Dement. 17,103-111. doi: 10.1002/alz.12179

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 872466


https://doi.org/10.1016/j.jalz.2015.05.016
https://doi.org/10.1136/bjophthalmol-2017-310476
https://doi.org/10.1136/bjophthalmol-2017-310476
https://doi.org/10.1155/2019/2763093
https://doi.org/10.1136/jnnp-2020-325347
https://doi.org/10.3233/JAD-141659
https://doi.org/10.1155/2015/141905
https://doi.org/10.1186/s13195-020-00724-0
https://doi.org/10.1016/j.jalz.2013.11.002
https://doi.org/10.1017/S1041610212001068
https://doi.org/10.1017/S1041610212001068
https://doi.org/10.1016/j.preteyeres.2020.100899
https://doi.org/10.1016/j.dadm.2019.03.006
https://doi.org/10.1016/j.dadm.2019.03.006
https://doi.org/10.1038/s41582-018-0079-7
https://doi.org/10.1056/NEJM198608213150804
https://doi.org/10.1056/NEJM198608213150804
https://doi.org/10.1126/science.1957169
https://doi.org/10.1126/science.1957169
https://doi.org/10.1016/j.ophtha.2019.05.021
https://doi.org/10.1016/j.ophtha.2019.05.021
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1186/s40662-018-0108-z
https://doi.org/10.1097/WNO.0000000000000580
https://doi.org/10.1097/WNO.0000000000000580
https://doi.org/10.1038/eye.2015.158
https://doi.org/10.1038/eye.2015.158
https://doi.org/10.1212/WNL.0b013e3181e7948a
https://doi.org/10.1001/jamaneurol.2018.1578
https://doi.org/10.1212/WNL.0b013e31826e26b7
https://doi.org/10.1364/BOE.3.001182
https://doi.org/10.1364/BOE.3.001182
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/j.jalz.2016.09.014
https://doi.org/10.1016/j.jalz.2016.09.014
https://doi.org/10.1001/jamaophthalmol.2018.3556
https://doi.org/10.1001/jamaophthalmol.2018.3556
https://doi.org/10.1167/tvst.10.14.9
https://doi.org/10.1007/s13760-020-01330-5
https://doi.org/10.1007/s13760-020-01330-5
https://doi.org/10.1038/s41598-018-37271-6
https://doi.org/10.1038/s41598-018-37271-6
https://doi.org/10.1038/nrneurol.2011.2
https://doi.org/10.1002/dad2.12149
https://doi.org/10.1007/s00401-020-02134-w
https://doi.org/10.1007/s00401-020-02134-w
https://doi.org/10.3233/JAD-170531
https://doi.org/10.1002/alz.12179
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Yang et al.

RCP and GCC With Cognitive

Song, D.-Y., Wang, X.-W., Wang, S., Ge, S.-Q., Ding, G.-Y., Chen, X.-Y, et al.
(2020). Jidong cognitive impairment cohort study: objectives, design, and
baseline screening. Neural Regen. Res. 15:1111. doi: 10.4103/1673-5374.26
6070

Spaide, R. F., Fujimoto, J. G., Waheed, N. K., Sadda, S. R, and Staurenghi, G.
(2018). Optical coherence tomography angiography. Prog. Retinal Eye Res. 64,
1-55. doi: 10.1016/j.preteyeres.2017.11.003

van de Kreeke, J. A., Nguyen, H.-T., Konijnenberg, E., Tomassen, J., den Braber,
A, ten Kate, M., et al. (2020). Optical coherence tomography angiography in
preclinical Alzheimer’s disease. Br. J. Ophthalmol. 104, 157-161. doi: 10.1136/
bjophthalmol-2019-314127

Wang, L., Murphy, O., Caldito, N. G., Calabresi, P. A., and Saidha, S. (2018).
Emerging Applications of Optical Coherence Tomography Angiography
(OCTA) in neurological research. Eye Vis. 5:11. doi: 10.1186/s40662-018-
0104-3

Wang, X., Zhao, Q., Tao, R, Lu, H., Xiao, Z., Zheng, L., et al. (2021). Decreased
Retinal Vascular Density in Alzheimer’s Disease (AD) and Mild Cognitive
Impairment (MCI): an Optical Coherence Tomography Angiography (OCTA)
Study. Front. Aging Neurosci. 12:572484. doi: 10.3389/fnagi.2020.572484

Ward, D. D., Mauschitz, M. M., Bonniger, M. M., Merten, N., Finger, R. P., and
Breteler, M. M. B. (2020). Association of retinal layer measurements and adult
cognitive function: A population-based study. Neurology 95, e1144-e1152. doi:
10.1212/WNL.0000000000010146

Xia, X., Chen, X.,, Wu, G, Li, F,, Wang, Y., Chen, Y., et al. (2020). Three-
dimensional facial-image analysis to predict heterogeneity of the human ageing
rate and the impact of lifestyle. Nat. Metab. 2, 946-957. doi: 10.1038/542255-
020-00270-x

Yang, K., Cui, L., Zhang, G., Wang, X., Zhu, X,, Xiao, Y., et al. (2020). The Jidong
Eye Cohort Study: objectives, design, and baseline characteristics. Eye Vis. 7:58.
doi: 10.1186/540662-020-00223-1

Yoon, S. P., Grewal, D. S., Thompson, A. C., Polascik, B. W., Dunn, C., Burke,
J. R,, et al. (2019). Retinal Microvascular and Neurodegenerative Changes in

Alzheimer’s Disease and Mild Cognitive Impairment Compared with Control
Participants. Ophthalmol. Retina 3, 489-499. doi: 10.1016/j.oret.2019.02.002
You, Q. S., Chan, J. C. H,, Ng, A. L. K,, Choy, B. K. N,, Shih, K. C., Cheung,
J.J. C., etal. (2019). Macular Vessel Density Measured With Optical Coherence
Tomography Angiography and Its Associations in a Large Population-Based
Study. Invest. Ophthalmol. Vis. Sci. 60:4830. doi: 10.1167/iovs.19-28137

Zhang, J.-F., Wiseman, S., Valdés-Herniandez, M. C., Doubal, F. N., Dhillon, B.,
Wu, Y.-C,, et al. (2020). The Application of Optical Coherence Tomography
Angiography in Cerebral Small Vessel Disease, Ischemic Stroke, and Dementia:
A Systematic Review. Front. Neurol. 11:1009. doi: 10.3389/fneur.2020.01009

Zhang, Q., Zhou, Y., Gao, X., Wang, C., Zhang, S., Wang, A,, et al. (2013). Ideal
Cardiovascular Health Metrics and the Risks of Ischemic and Intracerebral
Hemorrhagic Stroke. Stroke 44, 2451-2456. doi: 10.1161/STROKEAHA.113.
678839

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yang, Cui, Chen, Yang, Zheng, Zhu, Xiao, Su, Li, Shi, Lu, Qu and
Li. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

11

April 2022 | Volume 14 | Article 872466


https://doi.org/10.4103/1673-5374.266070
https://doi.org/10.4103/1673-5374.266070
https://doi.org/10.1016/j.preteyeres.2017.11.003
https://doi.org/10.1136/bjophthalmol-2019-314127
https://doi.org/10.1136/bjophthalmol-2019-314127
https://doi.org/10.1186/s40662-018-0104-3
https://doi.org/10.1186/s40662-018-0104-3
https://doi.org/10.3389/fnagi.2020.572484
https://doi.org/10.1212/WNL.0000000000010146
https://doi.org/10.1212/WNL.0000000000010146
https://doi.org/10.1038/s42255-020-00270-x
https://doi.org/10.1038/s42255-020-00270-x
https://doi.org/10.1186/s40662-020-00223-1
https://doi.org/10.1016/j.oret.2019.02.002
https://doi.org/10.1167/iovs.19-28137
https://doi.org/10.3389/fneur.2020.01009
https://doi.org/10.1161/STROKEAHA.113.678839
https://doi.org/10.1161/STROKEAHA.113.678839
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Decreased Vessel Density in Retinal Capillary Plexus and Thinner Ganglion Cell Complex Associated With Cognitive Impairment
	Introduction
	Materials and Methods
	Study Design and Participants
	General Variable Assessment
	Ophthalmic Examination
	Optical Coherence Tomography Angiography Assessment
	Assessment of Cognitive Function
	Statistical Analysis

	Results
	Baseline Characteristics of Participants
	Ocular Characteristics of Participants
	Proportions of Cognitive Impairment in Participants Stratified by Sex, Diabetes, and Hypertension
	Association of Retinal Capillary Plexus and Ganglion Cell Complex With Cognitive Impairment
	Subgroup Analysis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


