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Retinal ganglion cell-inner 
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Purpose: We explored the interaction of optical coherence tomography (OCT) 
parameters and white matter hyperintensities with cognitive measures in our 
older adult cohort.

Methods: This observational study enrolled participants who underwent a 
comprehensive neuropsychological battery, structural 3-T brain magnetic 
resonance imaging (MRI), visual acuity examination, and OCT imaging. Cerebral 
small vessel disease (CSVD) markers were read on MR images; lacune, cerebral 
microbleeds (CMB), white matter hyperintensities (WMH), and enlarged 
perivascular spaces (EPVS), were defined according to the STRIVE standards. 
Retinal nerve fiber layer (RNFL) and ganglion cell-inner plexiform layer (GCIPL) 
thicknesses (μm) were measured on the OCT tool.

Results: Older adults with cognitive impairment (CI) showed lower RNFL 
(p  =  0.001), GCIPL (p  =  0.009) thicknesses, and lower hippocampal volume 
(p  =  0.004) when compared to non-cognitively impaired (NCI). RNFL (p  =  0.006) 
and GCIPL thicknesses (p  =  0.032) correlated with MoCA scores. GCIPL thickness 
(p  =  0.037), total WMH (p  =  0.003), PWMH (p  =  0.041), and DWMH (p  =  0.001) 
correlated with hippocampal volume in our older adults after adjusting for 
covariates. With hippocampal volume as the outcome, a significant interaction 
(p  <  0.05) between GCIPL and PWMH and total WMH was observed in our older 
adults.

Conclusion: Both GCIPL thinning and higher WMH burden (especially PWMH) are 
associated with hippocampal volume and older adults with both pathologies are 
more susceptible to subclinical cognitive decline.
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Introduction

Aging is the major risk factor for developing cerebral small vessel 
disease (CSVD), which accounts for at least 20% of all ischemic 
strokes (Boot et al., 2020) and dementia (LaPlume et al., 2022). Due 
to the increasing life expectancy around the world, its prevalence is 
rapidly growing in recent years (Craig et al., 2022). White matter 
hyperintensities (WMH), one of the most common CSVD radiological 
markers, have gained increasing attention because of their major role 
in cognitive impairment and/or dementia in the aging population 
(Garnier-Crussard et al., 2022). Accumulating reports (Reed et al., 
2004; Lampe et al., 2019; Zeng et al., 2020) have demonstrated the 
impact of WMH on brain structure and functional damage in the 
aging population.

The retina, a developmental outgrowth of the brain, is suggested 
as a reliable route to study cerebral disorders (Jindahra et al., 2010; Xie 
et  al., 2022). The presence of ocular manifestations in cerebral 
disorders such as dementia and CSVD, emphasizes the strong 
relationship between the retina and the brain (Xie et  al., 2022). 
Changes in the retina serve as a surrogate for cerebral changes during 
its pathological phase. Serving as a “window to the brain,” the link 
between the retina and the brain has been established clinically, 
histologically, and through technological devices such as optical 
coherence tomography (OCT) (Xie et al., 2022). There is growing 
evidence supporting the incorporation of OCT technology into 
clinical settings managing neurological diseases (Yap et  al., 2019; 
Snyder et al., 2021; Xie et al., 2022).

Previous studies showed quantitative changes in the retinal 
structure (thinner retinal nerve fiber layer, RNFL, and ganglion cell-
inner plexiform layer GCIPL) correlated with subclinical (lower 
hippocampal volume and medial temporal lobe atrophy) (Casaletto 
et  al., 2017; Mutlu et  al., 2017) and clinical cognitive impairment 
(Alzheimer’s disease and dementia) (Alber et al., 2020; Cheung et al., 
2021). However, previous studies only analyzed the individual effect 
of retinal changes and WMH on cognitive impairment in the aging 
population without examining their possible interaction. As retinal 
structural changes and WMH have an influence on cerebral structure 
and are associated with cognitive function, it would be interesting to 
examine how these two factors interact; these may help elucidate their 
complex roles in causing subclinical and clinical cognitive impairment 
in the aging population. Thus, we aimed to investigate the association 
of retinal structural thicknesses and WMH with cognitive measures 
in our older adult cohort. We also explored retinal thicknesses and 
WMH interaction with hippocampal volume and clinical cognitive 
impairment (MoCA) in our older adult cohort. We hypothesize that 
persons with both higher WMH burden and thinner retinal structures 
are more likely to have lower hippocampal volume and lower 
MOCA scores.

Methods

Participants

We enrolled participants from an ongoing study on Cognition and 
Aging between April 2021 and December 2022 at the Neurology 
Department of West China Hospital, China. This observational study 
enrolled older adults in Chengdu, Sichuan Province of China. 

Inclusion criteria were as follows: 1. 50 years and older; 2. Able to read 
and understand Chinese Mandarin; 3. Able to cooperate and complete 
MR imaging and OCT examination.

Participants included in this study underwent a comprehensive 
neuropsychological battery, structural 3-T brain magnetic resonance 
imaging (MRI), fundus photography imaging, and OCT imaging. The 
exclusion criteria were as follows: 1. History of clinically diagnosed 
AD or use of medications for AD; 2. History of stroke; 3. History of 
cerebral disorders such as Parkinson’s disease and brain tumor; 4. 
History of epilepsy. Ophthalmological exclusion criteria were as 
follows: 1. self-reported or history of ocular surgery; 2. ocular diseases 
such as age-related macular degeneration and macular edema. Other 
exclusion criteria included relevant opacities of the optic media. The 
inclusion and exclusion criteria of our study participants are well 
described in our previous studies (Tao et al., 2022; Wang et al., 2022). 
The Ethics Committee of West China Hospital of Sichuan University, 
China, approved the study protocol (No. 2020–104) and written 
consent. The study was performed following the Tenets of the 
Declaration of Helsinki. Written consent forms were signed by all 
participants before examinations.

Participants responded to questionnaires covering demographic, 
education, and self-reported vascular risk factors including 
hypertension, diabetes, dyslipidemia, smoking, and alcohol 
consumption information.

Brain image acquisition and volumetric 
measures of brain structure

A 3 T scanner (Siemens Skyra) with a 32-channel head coil was 
used for cerebral imaging at West China Hospital of Sichuan 
University. Briefly, 3.0-T MR system (Magnetom Trio, Siemens 
Medical Systems, Erlangen, Germany). A standardized protocol was 
used in all patients including Tl-weighted images, T2-weighted 
images, FLAIR images, DWI, three-dimensional time-of-flight MRA 
(3D-TOF-MRA), and susceptibility-weighted image (SWI) (Tao et al., 
2022). T1-weighted high-resolution images were acquired by a 3D 
magnetization-prepared rapid gradient echo (MPRAGE). Imaging 
parameters were repetition time (TR) = 1,900 ms; echo time 
(TE) = 2.4 ms; FA = 9°; field of view (FOV) = 250 mm; 256 × 192 matrix; 
191 slices; and voxel dimension = 1.0 mm × 1.0 mm × 1.0 mm.

Computational Anatomy Toolbox 12 (CAT 12) for Statistical 
Parametric Mapping (SPM) 12 (Wellcome Trust Center for 
Neuroimaging, London, United  Kingdom) was used to process 
T1-weighted structural images as documented in our previous studies 
(Tao et al., 2022). Total intracranial volume (TIV) was the sum of the 
gray matter volume (GMV), white matter volume (WMV), and 
cerebrospinal fluid (CSF). Hippocampal volume was measured using 
the automated anatomical labeling (AAL) template. All segmentations 
were visually inspected.

Cerebral small vessel disease (CSVD) MRI markers such as 
lacunes, cerebral microbleeds (CMBs), and white matter 
hyperintensity (WMH) were rated according to the STandards for 
ReportIng Vascular changes on nEuroimaging (STRIVE) consensus 
criteria (Wardlaw et al., 2013). Lacunes were described as rounded or 
ovoid lesions involving the subcortical regions, 3–15 mm in diameter, 
of CSF signal intensity on T2 and FLAIR, generally with a hyperintense 
rim on FLAIR and no increased signal on DWI. CMBs were 
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homogenous rounded hypointense lesions on susceptibility-weighted 
imaging with a diameter of 2–10 mm. WMH was evaluated on FLAIR 
images using the Fazekas scale (Fazekas et al., 1987). WMH severity 
was rated (0–3) separately for deep and periventricular regions of the 
brain, with the sum of the scores representing the total WMH burden. 
PVS was defined as small (<3 mm) round or linear hyperintense 
lesions on T2 weighted images in the basal ganglia or centrum 
semiovale and rated as 0–4 on a validated semi-quantitative scale 
(Doubal et  al., 2010). An ordinal score ranging from 0 to 4 was 
established to reflect the total burden of CSVD, as previously described 
(Staals et al., 2014).

Magnetic resonance imaging images were visually inspected with 
software (RadiAnt DICOM Viewer1.0.4.4439; Medixant Ltd., Poznan, 
Poland) and evaluated by a single rater (TWD) blind to clinical 
information and OCT data. A second rater (YC) evaluated a random 
sample of 20 patients to assess inter-rater agreement for the presence 
of lacunes (kappa 0.83, p < 0.001), EPVS in CSO (kappa 0.65, 
p < 0.001), EPVS in BG (kappa 0.75, p < 0.001), the severity of WMH 
(kappa 0.70, p < 0.001), and presence of microbleeds (kappa 0.85, 
p < 0.001) as previously reported (Tao et al., 2022).

Participants underwent visual acuity (VA) examination under 
light using the Snellen chart. VA for each eye was later converted to a 
logarithm of the minimum angle of resolution (LogMAR).

Swept-source OCT imaging

A well-trained ophthalmologist (RW) performed all OCT imaging 
for our enrolled participants using the SS-OCT (VG200S; SVision 
Imaging, Henan, China; version 2.1.016).

The central wavelength of the SS-OCT was 1,050 nm, and the 
scan rate was 200,000 A-scan per second. It contained a swept-source 
laser which was used to image the retinal microvasculature of all the 
participants. The tool was set with an eye-tracking function based on 
an integrated confocal scanning laser ophthalmoscope to remove 
eye-motion artifacts. The lateral resolution, axial resolution, and scan 
depth were 13 μm, 5 μm, and 3 mm, respectively. The retinal nerve 
fiber layer (RNFL) and ganglion cell-inner plexiform layer (GCIPL) 
were imaged in a 3 × 3 mm area around the fovea at the macula. 
Automatic segmentation and measurement (in micrometers, μm) of 
the retinal thicknesses were done by the OCT tool. The retinal nerve 
fiber layer was defined as the thickness between the base of the inner 
limiting membrane (ILM) to the top border of the ganglion cell layer 
(GCL). Ganglion cell-inner plexiform layer (GCIPL) was defined as 
the thickness from the base of the RNFL to the top border of the 
inner nuclear layer (INL) as shown in Figure  1. Mean thickness 
(measured in micrometers, μm) automatically obtained by the OCT 
tool was used in our study. OCT data displayed in our study followed 
the OSCAR-IB quality criteria (Tewarie et al., 2012) and APOSTEL 
recommendation (Aytulun et al., 2021). The mean thicknesses of both 
eyes were used in our data analysis. If a participant presented with 
any of these disorders in one eye, the other eye was used; if both eyes 
had the disorders aforementioned, the participant was excluded from 
the study.

Beijing version of the Montreal Cognitive Assessment (MoCA-BJ) 
was performed by a well-trained physician on all participants (Yu 
et al., 2012). Participants were defined as cognitively impaired (CI) 
and non-cognitively impaired (NCI) by their MoCA scores and 

educational years as previously reported (Gu et  al., 2019; Huang 
et al., 2020).

Statistical analyses

The Shapiro–Wilk test was used to examine the normality of our 
data. Continuous variables with normal distribution were expressed 
as mean ± standard deviation (SD), while skewed distribution was 
shown as medians and interquartile ranges. Categorical variables are 
presented as frequencies and percentages (%).

A multiple linear regression model with generalized estimating 
equation (GEE) was used to investigate the retinal structural 
differences between CI and NCI while adjusting for age, gender, 
hypertension, diabetes mellitus, dyslipidemia, alcohol, smoking, and 
intereye dependencies. A univariate linear regression was performed 
to investigate the association between OCT metrics, neuroimaging 
parameters and MoCA scores. Multiple linear regression model with 
GEE was also used to explore the association between retinal 
parameters and hippocampal volume while adjusting for risk factors 
as aforementioned with TIV, lacunes, CMBs, and total WMH; the 
same model was also used to explore the association between WMH 
[PWMH, DWMH, and total WMH (TWMH)] and hippocampal 
volume while adjusting for risk factors.

We explored the interaction between retinal structural thicknesses 
(RNFL and GCIPL) and WMH on hippocampal volume and MOCA 
scores by including the cross-product term of “individual retinal 
structural parameter ×WMH” with the main effect terms of each 
variable in the models. These models were adjusted for covariates as 
aforementioned. p < 0.05 were considered statistically significant. Data 
analysis and plotting were performed in R version 4.0.3.

Results

The flow chart shown in Figure 1 displays how we concluded our 
final analysis. We  initially enrolled 220 older adults; however, 
participants were excluded due to inability to cooperate, poor MRI or 
OCT image quality, and pathologic macular findings on OCT images 
as shown in Figure 1. Overall, 162 individuals (316 eyes) were included 
in our data analyses. Females were predominant (n = 107, 66.05%) and 
the median age was 59 (IQR 54–65) years. Table  1 shows the 
demographic and clinical characteristics of our study participants. 
NCI participants were younger than CI; similarly, older adults with CI 
showed lower RNFL (p = 0.001, Table  1) and GCIPL (p = 0.009, 
Table  1) thicknesses and lower hippocampal volume (p = 0.004, 
Table 1) when compared to NCI. There was no significant difference 
between CI and NCI in terms of PWMH, CMB, and 
TIV. We  performed a univariate analysis between OCT metrics, 
neuroimaging parameters and MoCA scores which is shown in 
Supplementary Table S1.

Table 2 shows the linear regression models of retinal parameters 
and WMH with cognitive measures. After adjusting for covariates, 
RNFL (p = 0.006, F-statistic: 17.9 and 305 DF, R2 = 0.370; Figure 2) and 
GCIPL thicknesses (p = 0.032, F-statistic: 17.42 and 305 DF, R2 = 0.364; 
Figure 2) correlated with MoCA scores significantly. No significant 
correlation was seen between MoCA scores and WMH burden 
(p > 0.05). GCIPL thickness (p = 0.037, F-statistic: 3.669 and 302 DF, 
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FIGURE 1

Schematic flow chart and segmentation of the retinal structure. All participants underwent magnetic resonance imaging (MRI), visual acuity 
examination, and MoCA examination. After OCT imaging was done for all participants.
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R2 = 0.136; Figure 2), total WMH (p = 0.003, F-statistic: 4.146 and 306 
DF, R2 = 0.150; Figure 2), PWMH (p = 0.041, F-statistic: 3.689 and 306 
DF, R2 = 0.136; Figure 2), and DWMH (p = 0.001, F-statistic: 4.439 and 
306 DF, R2 = 0.159; Figure 2) significantly correlated with hippocampal 
volume in our older adults after adjusting for covariates. RNFL 
thickness did not significantly correlate (p = 0.082) with 
hippocampal volume.

When the cross-product term of each retinal structure and white 
matter hyperintensity was included in the regression model with 
hippocampal volume as the outcome, the interaction was only 
significant (p < 0.05, Table 3A) between thinner RNFL and GCIPL and 
PWMH and total WMH in our older adults. No significant correlation 
(p > 0.05, Table 3B) was observed between retinal structure and total 
WMH with MoCA as the outcome.

Discussion

In conclusion, older adults with CI had thinner RNFL and GCIPL 
thicknesses and lower hippocampal volume compared with NCI 
adults. We also showed GCIPL thickness correlated with MoCA scores 
and hippocampal volume in our older adult cohort. Importantly, 
thinning of GCIPL thickness and higher WMH burden, especially 
PWMH jointly influenced hippocampal volume atrophy in our older 
adult cohort.

In our older adult cohort study, we found that participants with 
cognitive impairment had thinner RNFL and GCIPL thicknesses 
when compared with non-cognitively impaired participants; we also 
showed CI participants had lower hippocampal volume compared 
with non-cognitively impaired older adults. Our findings are in line 
with previous reports (Dawe et al., 2020; Ge et al., 2021; Snyder et al., 
2021; López-de-Eguileta et al., 2022).

We also showed that RNFL and GCIPL thicknesses were positively 
correlated with MoCA scores, suggesting that thinner retinal 
structural thicknesses reflect lower MoCA scores as previously 
reported (Oktem et al., 2015; Jeevakumar et al., 2022; Wang et al., 
2022). Importantly, GCIPL thickness correlated with hippocampal 
volume in our older adult cohort independent of CMBs and the 
presence of lacunes. Hippocampal atrophy is one of the characteristic 
features of Alzheimer’s disease (DeTure and Dickson, 2019). Given 
that the structural thicknesses of the retina reflect the microstructure 
of the brain (Mutlu et  al., 2017), we  suggest that the association 
between GCIPL thickness and hippocampal volume may emphasize 
the link between the retina and the brain in older adults. 
Neuropathological studies (Koronyo et al., 2017; Shi et al., 2021) using 
dementia model mice demonstrated that deposition of amyloid-beta 
in the hippocampus occurred at almost the same time as that in the 
retina, suggesting that the progression of dementia may involve not 
only neurodegeneration of the brain, especially the hippocampus but 
also neurodegeneration of the GCIPL of the retina. On the other hand, 
hippocampal volume is made up of gray matter microstructure 
(Köhncke et al., 2021); given the GCIPL reflects the GMV (Mutlu 
et al., 2017), our finding suggests that GCIPL may be associated with 
neurodegeneration that occurs in the hippocampus.

WMH is a common feature of CSVD on cerebral MRI. Reports 
(Kloppenborg et  al., 2014; Prins and Scheltens, 2015; Garnier-
Crussard et al., 2022) suggest WMH is linked with cognitive decline 
in patients with vascular dementia and AD. We found that increased 

TABLE 1 Demographics and clinical characteristics.

All CI NCI P-
value

Number 162 61 101

Age, years 59.0 ± 6.97 61.26 ± 6.35 58.53 ± 7.14 0.001

Sex, males 55 20 35 0.732

Hypertension, n 26 9 17 0.623

Diabetes, n 5 1 4 0.243

Dyslipidemia, n 28 13 15 0.137

Smokers, n 22 8 14 0.85

Drinkers, n 34 11 23 0.312

Education, years 12 (9–16) 12 (9–16) 12 (9–16) 0.521

MoCA score 25 (23–28) 23 (22–25) 27 (26–28) <0.001

VA, LogMAR 0.16 ± 0.18 0.15 ± 0.18 0.15 ± 0.16 0.780

RNFL, μm 20.37 ± 1.82 19.90 ± 1.84 20.66 ± 1.76 0.001

GCIPL, μm 78.14 ± 6.69 76.64 ± 7.56 79.05 ± 5.94 0.009

PWMH 1 (0–1) 1 (0–1) 1 (0–1) 0.55

DWMH 1 (1–1) 1 (1) 1 (1) 0.046

Total WMH 2 (1–2) 2 (1–2) 2 (1–2) 0.016

Lacunes, n 7 5 2 0.008

CMB, n 20 9 11 0.307

TIV

1364.23 

(1295.84–

1479.18)

1370.65 

(1293.19–

1476.25)

1357.33 

(1302.84–

1484.91)

0.752

Hippocampal 

volume

8.19 (7.60–

10.66)

8.08 (7.68–

12.82)

8.25 (7.49–

10.40)
0.004

CI, cognitively impaired; NCI, non-cognitively impaired; MoCA, Montreal Cognitive 
Assessment; VA, visual acuity; RNFL, retinal nerve fiber layer; GCIPL, ganglion cell-inner 
plexiform layer; PWMH, periventricular white matter hyperintensities; DWMH, deep white 
matter hyperintensities; CMB, cerebral microbleeds; TIV, total intracranial volume. p-values 
were between CI and NCI groups.

TABLE 2 Linear regression models between retinal parameters, WMH, 
and cognitive measures.

MoCA β SE P

RNFL, μm 0.093 0.034 0.006*

GCIPL, μm 0.274 0.127 0.032*

Total WMH 0.003 0.022 0.893

PWMH 0.013 0.013 0.326

DWMH −0.01 0.011 0.360

Hippocampal volume β SE P

RNFL, μm −0.007 0.04 0.082

GCIPL, μm −0.31 0.146 0.037*

Total WMH −0.069 0.023 0.003*

PWMH −0.03 0.015 0.041*

DWMH −0.04 0.012 0.001*

p-values for MoCA, data were adjusted for age, gender, diabetes, hypertension, dyslipidemia, 
Education, VA, smoking, and alcohol for retinal parameters; lacunes and CMBs were 
additionally adjusted for WMH variables. p-values for hippocampal volume, data were 
adjusted for age, gender, diabetes, hypertension, dyslipidemia, smoking, TIV, CMB, lacunes, 
and alcohol. *p < 0.05; B, beta coefficient; SE, standard error.
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PWMH, DWMH, and total WMH burden (assessed by visual rating, 
Fazekas score) correlated with hippocampal volume in our older 
adults. This is consistent with previous reports showing that a higher 
WMH load is associated with lower hippocampal volume (de Leeuw 
et al., 2004; Du et al., 2005). We suggest that increased WMH burden 
plays a role in the early phase of cognitive impairment in older adults.

Our study showed an interaction between retinal structural 
thicknesses and increased PWMH and total white matter burden on 
hippocampal volume in our older adult cohort; our findings suggest 
that changes in the retinal structure and increased PWMH burden 
may affect the hippocampus in older adults. In the retina, thinning of 
the GCIPL is suggested to be linked with tissue hypoxia (Kaur et al., 

FIGURE 2

(A,B) Show the association between OCTA metrics with MoCA scores. (C-F) Show association between SVD markers and OCT metrics with 
hippocampal volume.

https://doi.org/10.3389/fnagi.2023.1240815
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Wang et al. 10.3389/fnagi.2023.1240815

Frontiers in Aging Neuroscience 07 frontiersin.org

2008), disturbed blood-retinal barrier (Ivanova et al., 2019), and lower 
retinal blood flow (Bata et  al., 2019). Similar mechanisms (tissue 
hypoxia and blood–brain barrier dysfunction) (Schmidt et al., 2011) 
have been suggested to lead to PWMH suggesting that similar 
processes occur in synchrony in both the retina and the brain. Besides, 
thinning of the retinal structural thicknesses (neurodegeneration) is 
suggested to be linked with cognitive impairment in older adults and/
or Alzheimer’s disease (Cheung et al., 2021) whereas PWMH is also 
linked with cognitive decline in Alzheimer’s disease (van den Berg 
et  al., 2018; Alber et  al., 2019). Thus, the interaction between the 
retinal thicknesses and visual PWMH score with hippocampal volume 
in our older adult cohort suggests that retinal thicknesses and PWMH 
jointly influence hippocampal atrophy in older adults. Of note, 
cognitive deficits are linked with PWMH and not DWMH as 
previously reported (Bolandzadeh et al., 2012; van den Berg et al., 
2018). Thus, our report highlights the relevance of PWMH in the 
cognitive function of older adults.

Thickening of periventricular veins and venules has been observed 
with normal aging and has been associated with higher venous 
pressure, venular dilatation, and efflux which may lead to cognitive 
impairment (Lahna et al., 2022). Notably, the GCIPL is found in the 
superficial vascular complex (SVC) which contains the retinal 
arterioles and venules; similarly, retinal venular widening is associated 
with cognitive impairment and/or dementia (Dumitrascu and 
Qureshi, 2018). Thus, we suggest that the interaction between venular 
vascular changes in the RNFL and GCIPL and periventricular portion 
jointly influences hippocampal atrophy in older adults.

No significant interaction was observed between the retinal 
thicknesses and WMH assessed by Fazekas score with clinical 
cognitive measures (MoCA scores). This may suggest that subclinical 
changes in the brain (WMH) and subclinical changes in the retina 
(structural thicknesses) interact with subclinical cognitive measures 
(hippocampal atrophy). We  suggest that early interventions can 
be carried out to control associated risk factors that may be linked 
with thinning of retinal structural thicknesses and higher white matter 
hyperintensity burden (especially PWMH) to slow down or prevent 

subclinical changes into clinical cognitive impairment. Hypertension 
and diabetes mellitus have been suggested to lead to thinning of the 
retinal structure (Kong et al., 2015; De Clerck et al., 2018; Lim et al., 
2019) and the occurrence of WMH (Wang et al., 2020; Wartolowska 
and Webb, 2021). Thus, intensively or strictly controlling blood 
pressure and blood glucose levels in those with lower GCIPL thickness 
and higher WMH burden in older adults may help slow down 
cognitive impairment. Future studies with large sample sizes are 
needed to validate this.

Some potential limitations should be noted. There was a possibility 
of a selection bias caused by the exclusion of individuals from the 
present study; we excluded individuals who had cerebral disorders on 
MR imaging and retinal abnormalities as shown in our flow chart. 
This may have resulted in an underestimation of the observed 
associations. The generalizability of the present findings may 
be limited because this study was conducted in a local community in 
China. Therefore, the findings of this study should be validated in 
other races and countries. The MoCA test is a brief screening tool for 
cognitive status but is not sufficiently detailed to provide an 
informative measure of cognitive functioning in older adults. 
Additional psychometric and neuropsychological testing would 
be  needed. The measurements of WMHs are also limited by the 
Fazekas scale rating. Recent developments in neuroimaging software 
have made several semi-automated methods for estimating WMH 
volume which may be  needed to represent the current analytic 
standards in our study.

Conclusion

In conclusion, GCIPL thickness and WMH correlated with 
subclinical cognitive measures. Older adults with lower GCIPL 
thickness and higher WMH burden are likely to have lower 
hippocampal volume. Further studies may be warranted to evaluate 
the clinical utility of retinal parameters and WMH in risk prediction 
for cognitive impairment.

TABLE 3 (A) Linear regression of retinal structural thickness with hippocampal volume and the interaction retinal structural thickness  ×  WMH, (B) linear 
regression of retinal structural thickness with MoCA and the interaction retinal structural thickness  ×  WMH.

(A)

Hippocampal volume Hippocampal volume

β SE P β SE P

RNFL × DWMH −0.069 0.132 0.602 GCIPL × DWMH −0.014 0.037 0.706

RNFL × PWMH −0.309 0.12 0.010* GCIPL × PWMH −0.104 0.031 0.001*

RNFL × TWMH −0.147 0.074 0.047* GCIPL × TWMH −0.045 0.02 0.025*

(B)

MoCA scores MoCA scores

β SE P β SE P

RNFL × DWMH 0.009 0.154 0.951 GCIPL × DWMH 0.048 0.043 0.263

RNFL × PWMH 0.048 0.138 0.727 GCIPL × PWMH 0.046 0.037 0.211

RNFL × TWMH 0.018 0.086 0.834 GCIPL × TWMH 0.032 0.233 0.164

P-values for MoCA, data were adjusted for age, gender, diabetes, hypertension, dyslipidemia, Education, VA, smoking, and alcohol for retinal parameters; lacunes and CMBs were additionally 
adjusted for WMH variables. p-values for hippocampal volume, data were adjusted for age, gender, diabetes, hypertension, dyslipidemia, smoking, TIV, CMB, lacunes, and alcohol. *P < 0.05; B, 
beta coefficient; SE, standard error.
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