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Abstract: Retinal imaging being a potential biomarker for Alzheimer’s disease is gradually attracting
the attention of researchers. However, the association between retinal parameters and AD neu-
roimaging biomarkers, particularly structural changes, is still unclear. In this cross-sectional study,
we recruited 25 cognitively impaired (CI) and 21 cognitively normal (CN) individuals. All subjects
underwent retinal layer thickness and microvascular measurements with optical coherence tomogra-
phy angiography (OCTA). Gray matter and white matter (WM) data such as T1-weighted magnetic
resonance imaging and diffusion tensor imaging, respectively, were also collected. In addition, hip-
pocampal subfield volumes and WM tract microstructural alterations were investigated as classical
AD neuroimaging biomarkers. The microvascular and retinal features and their correlation with
brain structural imaging markers were further analyzed. We observed a reduction in vessel density
(VD) at the inferior outer (IO) sector (p = 0.049), atrophy in hippocampal subfield volumes, such as
the subiculum (p = 0.012), presubiculum (p = 0.015), molecular_layer_HP (p = 0.033), GC-ML-DG
(p = 0.043) and whole hippocampus (p = 0.033) in CI patients. Altered microstructural integrity of
WM tracts in CI patients was also discovered in the cingulum hippocampal part (CgH). Importantly,
we detected significant associations between retinal VD and gray matter volumes of the hippocampal
subfield in CI patients. These findings suggested that the retinal microvascular measures acquired by
OCTA may be markers for the early prediction of AD-related structural brain changes.

Keywords: Alzheimer’s disease; biomarker; cognitive impairment; optical coherence tomography
angiography; vessel density; retinal nerve fiber layer; hippocampus subfields; diffusion tensor
imaging; white matter integrity

1. Introduction

Alzheimer’s disease (AD) is the most prevalent form of dementia among elderly
individuals worldwide, affecting over 50 million people [1]. The pathophysiological
alterations in AD involve the loss of neurons, brain atrophy, the deposition of extracellular
B-amyloid (AB) plaques and the accumulation of intracellular neurofibrillary tangles.
Early diagnosis of AD is critical for effective prevention and management. Mild cognitive
impairment (MCI) is defined as a transitional phase between normal aging and AD, and
patients with MCI have a 10-15% higher risk of developing AD per year [2]. Established
markers for the diagnosis of AD include cerebrospinal fluid markers as well as imaging
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biomarkers such as magnetic resonance imaging (MRI) and positron emission tomography
(PET). Brain structural decline offers a versatile means of understanding and targeting
pathophysiological mechanisms [3].

The retina is considered an extension of the central nervous system and neurode-
generative changes resulting from diseases are mirrored in the eye [4]. At the molecular
level, several studies have demonstrated the presence of classical AD biomarkers, such as
amyloid  and phosphorylated tau, within the retinal structure and vasculature. These
deposits cause retinal and capillary degeneration, such as apoptosis of retinal ganglion cells
(RGCs), thinning of the retinal nerve fiber layer (RNFL) and other structural and functional
impairments in AD patients [5-18]. Optical coherence tomography (OCT) is an optical
imaging technique that enables both structural and functional imaging of the retina in
humans, as well as a wide range of veterinary animals [19-21]. OCT angiography (OCTA)
allows for the extraction of blood vessels in the retina from OCT data. Various reviews
have highlighted characteristic pathological retinal changes in AD patients, including a
significant reduction in RNFL thickness and macular and choroidal thickness, a decline in
vessel density and an increase in the foveal avascular zone (FAZ) in patients with AD, even
in MCI subjects, as measured by OCTA [22-26]. Furthermore, some studies have reported
an association between a thinner retinal structure and worse cognitive function, as well as
a greater likelihood of future cognitive decline [27-29].

The relationship between changes in retinal structure or microvasculature and the neu-
roimaging of Alzheimer’s disease (AD) has received increasing attention in recent studies.
Previous research has shown that a thinner macular thickness is negatively correlated with
cerebral cortical atrophy, particularly parietal cortical atrophy in AD patients [30,31]. More-
ovet, a thicker retinal nerve fiber layer (RNFL) has been linked to better MRI variables, such
as greater hippocampal volumes and improved diffusion tensor imaging variables in elderly
individuals without dementia [32-34]. In an OCTA study, the authors found that reductions
in retinal vessel density (VD) were significantly associated with inferolateral ventricle (ILV)
enlargement in MCI and AD. However, most of these studies focused on the hippocampus in
large scale measures despite its heterogeneous composition consisting of distinct subfields
with varying anatomical, functional and electrophysiological properties, including the den-
tate gyrus, subiculum, parasubiculum and presubiculum [32,35-38]. Multiple studies had
reported that atrophy in the CA1, subiculum and presubiculum represent the earliest sites
for AD pathologic changes (i.e., amyloid deposits, tau aggregation) [39—41]. Additionally,
diffusion tensor imaging (DTI) is the most common technique to assess pathophysiology in
neurodegenerative diseases, especially the detection of microstructural changes in the cerebral
white matter (WM) in AD. A multicenter study with a large cohort found a significantly
decreased fractional anisotropy (FA) and an increased mean diffusivity (MD) in areas with
AD pathology, including the corpus callosum, cingulate gyrus, fornix, precuneus, medial
and lateral temporal lobes and prefrontal lobe WM [42]. Previous studies also showed the
potential correlation between retinal layer thickness changes and WM variables [32,43,44].

Here, we aimed to investigate the changes in retinal measures between groups and
determine the correlation between retinal layer thickness/microvascular measures and
classical AD structural biomarkers in cognitively normal (CN) subjects and cognitively
impaired (CI) patients. Our hypothesis was that retinal characteristics can reflect altered
AD-related structural brain changes, providing a simple and non-invasive biomarker with
potential clinical applications.

2. Materials and Methods
2.1. Participants

The present study recruited 52 right-handed Chinese Han elderly individuals at the
Department of Neurology of the Nanjing Drum Tower Hospital of Nanjing University
Medical School from September 2020 to January 2021, including 10 AD subjects (4 males
and 6 females), 21 MCI subjects (6 males and 15 females) and 21 CN individuals (7 males
and 14 females). This study was approved by the ethics committees of the Nanjing Drum
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Tower Hospital and Nanjing University Medical School, and written informed consent
was obtained from each subject prior to participation. All subjects underwent a compre-
hensive neuropsychological test, 3.0 T whole brain MRI scanning and a general medical
examination by an experienced neurologist. The cognitive functions of all the subjects
were evaluated by an experienced neuropsychologist using the Chinese version of the
Mini-Mental State Examination (MMSE) and the Beijing version of the Montreal Cognitive
Assessment (MoCA) as general cognitive function screening. The Clinical Dementia Rating
(CDR) scale, activities of daily living (ADL) assessment, Hamilton Depression Rating Scale
(HAMD) and Hamilton Anxiety Rating Scale (HAMA) were also tested.

The inclusion criteria for CN subjects were as follows: (1) the absence of reported
cognitive complaints; (2) normal MMSE and MoCA scores that were adjusted for age and
education. The MoCA was used to identify CN and CI. Optimal cutoff points were deter-
mined based on education level. For individuals with 7 or more years of education, the
MoCA cutoff was 24/25. For those with 1-6 years of education, the MoCA cutoff was 19/20.
Finally, for those with no formal education, the cutoff was 13/14; and (3) CDR = 0 [45,46].
These CI patients included MCI and AD patients. In contrast, the inclusion criteria for CI
patients were determined using the National Institute of Neurological and Communicative
Disorders and Stroke and the AD and Related Disorders Association (NINCDS-ADRDA)
criteria for AD patients and the Petersen criteria for MCI patients [47,48]: (1) subjective
memory complaint confirmed by an informant; (2) objective memory impairment as de-
tected by the MoCA or Auditory Verbal Learning Test (AVLT) scores that were at least
1.5 standard deviations below normative values for age and/or education; (3) preserved
general cognitive function (MMSE > 24); (4) CDR score = 0.5; (5) no or minimal impairment
in activities of daily living (ADL); and (6) not sufficient to diagnose dementia. Exclusion
criteria for all the subjects were as follows: (1) age less than 50 years old; (2) a history of
stroke, diabetes or hypertension; (3) central nervous system diseases that could potentially
result in cognitive decline; (4) severe mental health conditions such as schizophrenia, anx-
iety (Hamilton Rating Scale for Anxiety (HAMA) score > 21) or depression (Hamilton
Rating Scale for Depression (HAMD) score > 17); (5) severe systemic diseases such as heart
failure and kidney dysfunction; (6) a history of drug or alcohol abuse; (7) intolerance of
MRI examination or the inability to complete neuropsychological testing; (8) other medical
conditions that may impact cognition; and (9) the presence of concurrent retinal diseases
such as diabetic neuropathy, epiretinal membrane or macular degeneration, as well as any
history of glaucoma, optic neuropathies or ocular surgery, except for cataract surgery. Ad-
ditionally, all participants underwent thorough ophthalmic evaluations, with eyes having
a history of retinal surgery, evidence of epiretinal membrane, glaucoma or branch retinal
vein occlusion being excluded. A flowchart (Figure 1) visually represented the three main
processing sectors of the study, which will be discussed in further detail. Finally, a total of
46 subjects (90 eyes) were enrolled in this study, including 25 CI patients (17 MCI patients,
8 AD patients) and 21 CN subjects (Supplementary Figure S1).

2.2. MRI Data Acquisition

In this study, imaging data were acquired using a 3.0T scanner, specifically the 3.0T
Ingenia (32-channel head coil), manufactured by Philips in Eindhoven, Netherlands, which
was located at Nanjing Drum Tower Hospital. To obtain sagittal T1-weighted MR images
covering the entire brain, participants were positioned in the supine position and under-
went a three-dimensional turbo fast echo acquisition. The T1-weighted imaging acquisition
parameters were: a repetition time (TR) of 8.2 ms, an echo time (TE) of 3.7 ms, a field of
view (FOV) of 256 x 256 mm, an acquisition matrix of 256 x 256, a flip angle (FA) of 8°, a
slice thickness of 1.0 mm, no gap, voxel resolution = 1 x 1 x 1 mm?® and a number of slices
of 192. Diffusion-weighted imaging was performed using an echo planar imaging (EPI)
sequence, with diffusion-sensitizing gradients applied along 32 non-collinear directions
(b =1000 s/mm?), and an acquisition without diffusion weighting (b = 0). The acquisition
parameters for diffusion-weighted imaging were: a TR of 8500 ms, a TE of 71 ms, a flip
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angle of 90°, a matrix size of 112 x 112 and an FOV of 224 x 224 mm. In addition, an axial
T2-weighted, diffusion-weighted imaging (DWI) sequence and fluid-attenuated inversion
recovery (FLAIR) sequence were acquired to detect acute or subacute infarctions and visible
white matter damage.

Retinal image acquisition, MRI data processing and association between them.
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Figure 1. A flowchart shows the overview of the retinal imaging cohort that included retinal vessel

White matter integrity

density (VD) and thickness of the nerve fiber layer and macula measurements using OCTA (optical
coherence tomography angiography) imaging and the whole pipeline of T1-weighted and DTI image
processing. ILM-RPE, inner limiting membrane-retinal pigment epithelium; ONH, optic nerve head;
RNFL, retinal nerve fiber layer; DTI, diffusion tensor imaging; FA, fractional anisotropy; MD, mean
diffusivity; AxD, axial diffusivity; RD, radial diffusivity. TBSS, Tract-based spatial statistics.

2.3. MRI Analysis
2.3.1. Hippocampal Subfield Acquisition

The present study employed the FreeSurfer software (version 6.0) and the integrated
hippocampal subfield segmentation software package to perform hippocampal subfield seg-
mentation and grey/white matter volumetric segmentation [49]. The standard FreeSurfer
processing pipeline using the “recon-all” script was utilized to preprocess all T1-weighted
images [50]. The volumetric segmentation process for hippocampal subfields, which has
been described previously, involved dividing a total of 12 subfields for each side of the hip-
pocampus: the parasubiculum, presubiculum, subiculum, CA1, CA2-CA3, CA4, granule
cell layer of the dentate gyrus, hippocampus—amygdala transition area, fimbria, molec-
ular layer, hippocampal fissure and hippocampal tail (Figure 2). However, because the
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fimbria (white matter) and hippocampal fissure (cerebrospinal fluid) are not part of the
grey matter and have shown relatively lower segmentation accuracies than other subfields
in previous research, they were excluded from the subsequent analysis [51,52]. To ensure
accuracy, a quality control process and manual editing were implemented and poor quality
of segmentation were excluded [53].

203 parasubiculum
W 204 presubiculum
M 205 subiculum

W 214 molecular_layer HP
B 215 hippocampal_fi:
226 HP_tail

Figure 2. (A-C) Representative example of hippocampal subfield segmentations from a patient with
cognitive impairment from sagittal, transverse and coronal views.

2.3.2. DTI Processing

In this study, the Atlas-based segmentation approach was utilized to investigate diffusion
abnormalities. DTI data processing was conducted using PANDA software (http://www.
nitrc.org/projects/panda/, accessed on 12 February 2021), following the default pipeline
setting [54]. PANDA is a pipeline tool that integrates FSL, the Diffusion Toolkit and MRIcron
for diffusion MRI analysis. The data processing steps included converting the original DICOM
data to a NIFIT format, removing non-brain tissue, correcting for eddy current and head
motion, adjusting the diffusion gradient direction and calculating the diffusion tensor metrics,
such as fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial
diffusivity (AxD). The FA images in native space were registered to the FA standard template
in Montreal Neurological Institute (MNI) space using FSL's FNIRT command. To evaluate
changes in the major white matter tracts, all DTI metrics were registered to the JHU White
Matter Tractography Atlas [55]. In the present research, we obtained FA/MD/AxD/RD
diffusion tensor metrics.

Specific calculation indexes are as follows:

FA = \/3(7\1 A M =N+ (A — X)z/\/z(x% +A3+2A%) 1)

MD = (A +Az + A3)/3; AxD = Aq; RD = (A1 + A3)/2. In this study, the diffusion of
water molecules was characterized by three dispersion directions, namely A1, A; and Az [56].
Specifically, A; indicates the axial direction of the fiber bundle within the voxel, while A,
and A3 represent the radial directions perpendicular to the axis. The WM fiber pathways
of interest included anterior thalamic radiation (ATR); cingulum in the cingulated cortex
area (CgC); cingulum in the hippocampal area (CgH); corticospinal tract (CST); forceps
major (FMa); inferior fronto-occipital fasciculus (IFO); inferior longitudinal fasciculus (ILF);
superior longitudinal fasciculus (SLF); temporal projection of the SLF (tSLF); and uncinate
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fasciculus (UF). Bilateral evaluations were conducted for all tracts, with the exception of
the corpus callosum (forceps major) and corpus callosum (forceps minor).

2.4. Retinal Image Acquisition

Retinal imaging was carried out with a spectral-domain OCTA machine (Cirrus HD-
5000 AngioPlex; Carl Zeiss Meditec, Dublin, CA, USA) capable of scanning at
68,000 A-scans/s. Images of 6 x 6 mm centered on the fovea, 512 x 128 for the mac-
ular cube and 200 x 200 for the optic disc cube scans were captured. Images that were poor
quality (less than 7/10 signal strength) or had low resolution, uncorrectable segmentation
errors, projection artifacts or motion artifacts were excluded. Segmentation of full-thickness
retinal scans in the superficial capillary plexus (SCP) was automated using OCTA software
(Version 10.0; Carl Zeiss Meditec, Dublin, CA, USA). The software automatically quantified
the average VD for the 6 x 6 mm SCP images over the central macula using an Early Treat-
ment Diabetic Retinopathy Study (ETDRS) grid overlay, and it was automatically calculated
for the 6 mm circle, 6 mm ring and 3 mm ring regions of the 6 x 6 mm OCTA images
(Supplementary Figure S2). The software also automatically segmented and quantified the
FAZ area. RNFL thickness (using a 3.46-mm diameter circle centered on the optic disc) was
recorded [57,58].

2.5. Statistical Analysis

The measurement data were presented as mean =+ standard deviation (SD). Inde-
pendent sample t-test and Mann-Whitney U test were used to compare normally and
non-normally distributed measurement data between groups, respectively. The x> test was
employed to examine between-group sex differences, which is categorical data. All p values
were two-sided, and no correction was made for multiple analyses. To minimize Type 1
errors caused by conducting multiple tests, we averaged all retinal measures, DTI metrics
and hippocampal subfield volumes for both hemispheres. We performed an analysis of
covariance (ANCOVA) to investigate whether retinal measures, hippocampal subfield
volumes or alterations in WM integrity were changed in CI participants, while adjusting
for sex, age, years of education and estimated Total Intracranial Volume (eTIV) [59]. To
evaluate the linear correlation between the averaged retinal parameters in the optic disc and
macula with AD neuroimaging biomarkers, partial correlation analysis was used, with age,
gender, education and eTIV acting as calibration control variables. All statistical analyses
were performed using SPSS for Windows (version 26.0, IBM, Chicago, IL, USA). Statistical
significance was considered at p < 0.05 (two-tailed).

3. Results
3.1. Demographic, Neuropsychological Characteristics and Retinal Measures

The demographic and clinical data of the CN and CI groups are presented in Table 1.
No significant differences were observed between the groups with regard to gender
(p =0.924), eTIV (p = 0.526), HAMD (p = 0.58) or HAMA scores (p = 0.74). However, the
individuals in the CI group were found to be significantly older than those in the CN group
(p = 0.016) and had a lower level of education (p < 0.001). The CI group exhibited lower
scores for MMSE and MoCA-BJ assessments, in comparison to the CN group. The differ-
ence in retinal measures between the CI and CN groups is shown (Supplementary Table S1,
Figure 3). The results show a decrease in vessel density (VD) at the inferior outer (I0)
sector in the CI group when compared with the CN group (p = 0.049). RNFL and macular
thickness in any sectors or rings did not discriminate CI patients from CN subjects. Trends
of lower retinal VD and thinner RNFL and macular thickness in the CI group were found
(Supplementary Table S1).
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Table 1. Demographic and neuropsychological characteristics.
Items CN (21) CI (24) FIT |7
Age, year 61.43 £7.52 67 +7.83 —2.49 0.016 *
Education, year 13.95 + 2.16 10.63 £ 2.5 4.92 p <0.001 ***
Gender, female/male 14/7 17/8 0.009 0.924
MMSE 28.81 £1.17 245+ 5.27 —3.83 p <0.001 ***
MoCA 2695+ 1.5 19 £4.95 —5.74 p <0.001 ***
eTIV 1,923,091.48 + 145,178.78 1,987,143.36 £ 93,560.77 —0.64 0.526
HAMD 4.33 +4.69 519 £4.92 —0.55 0.58
HAMA 7.00 + 6.89 7.76 £ 7.04 —0.34 0.74
The data are reported as mean + standard deviation (SD). Age and eTIV were analyzed using independent sample
t-tests, while gender was analyzed using the %2 test. Education, MMSE, MoCA, HAMD and HAMA scores were
analyzed using the Mann-Whitney U test. CN: cognitively normal; CI: cognitive impairment; MMSE: Mini-Mental
State Examination; MoCA-BJ: Beijing version of the Montreal Cognitive Assessment; eTIV: estimated Total Intracranial
Volume; HAMD: Hamilton depression scale; HAMA: Hamilton anxiety scale. * p < 0.05, *** p < 0.001.
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Figure 3. Comparison of retinal measures in subjects with cognitive impairment (CI) and cognitively
normal (CN) subjects. All data were analyzed by covariance (ANCOVA), accounting for sex, age and
years of education. T, temporal; S, superior; N, nasal; I, inferior; TI, temporal inner; TO, temporal
outer; NI, nasal inner; NO, nasal outer; SI, superior inner; SO, superior outer, II, inferior inner,
IO, inferior outer; VD, vessel density; RNFL, retinal nerve fiber layer; ILM-RPE, inner limiting
membrane-retinal pigment epithelium.

3.2. Hippocampal Volume and Its Association with Retinal Measures

In the comparison of hippocampal subfield volumes between these two groups
(Table 2, Figure 4), volumes were significantly decreased in the CI group compared with
the CN group in the subiculum (p = 0.012), presubiculum (p = 0.015), molecular_layer_HP
(p = 0.033), GC-ML-DG (p = 0.043) and the whole hippocampus (p = 0.033). In addition,
the CI group showed a trend of atrophy in other hippocampal subfield volumes when
compared with the CN group, but the differences were not statistically significant.
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Table 2. Comparison of hippocampal subfields between the cognitively normal group and cognitive

impairment group.

Items CN (21 CI (27) t p-Value
Hippocampal_tail 702.9 £ 61.72 663.69 + 65.34 2.36 0.132
subiculum 539.8 4+ 32.33 490.49 + 53.87 6.99 0.012*
CAl 744.04 + 61.14 700 £+ 62.6 3.06 0.088
hippocampal-fissure 235.78 4= 31.42 236.55 & 35.79 0.4 0.532
presubiculum 385.86 £ 26.55 348.25 £ 37.25 6.4 0.015*
parasubiculum 71.91 + 8.04 75.5+£10.77 2.13 0.152
molecular_layer_HP 685.99 4= 50.79 626.81 4= 70.51 4.88 0.033 *
GC-ML-DG 362.08 £ 20.41 337.89 £ 37.77 4.36 0.043 *
CA3 251.61 + 21.46 237 +29.88 1.98 0.167
CA4 307.47 £14.48 293.5 £ 31.51 3.72 0.061
fimbria 89.75 +10.94 79.65 £ 16.77 2.5 0.122
HATA 69.16 £9.77 66.39 £+ 11.32 0.006 0.941
Whole_hippocampus 4210.56 + 256.59 3919.17 4 358.11 4.86 0.033 *
eTIV (mm?) 1,923,091.48 + 145,178.78 1,987,143.36 + 93,560.77 —0.64 0.526

Values are presented as the mean =+ standard deviation (SD). All data were analyzed by covariance (ANCOVA) to
compare hippocampal subfield volumes between CI and CN groups, accounting for sex, age, years of education
and eTIV. Abbreviations: CA: Cornu Ammonis; GC-ML-DG: Molecular and Granule Cell Layers of the Dentate;
HATA: Hippocampal-Amygdaloid Transition Area; eTIV: estimated Total Intracranial Volume. * p < 0.05.
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Figure 4. Comparison of hippocampal subfields between the cognitive impairment (CI) and cog-
nitively normal (CN) groups. In the hippocampal subfields, compared with the CN group, the CI
group showed decreased volumes in the subiculum (p = 0.012), presubiculum (p = 0.015), molecular
layer HP (p = 0.033), GC-ML-DG (p = 0.043) and the whole hippocampus (p = 0.033). GC-ML-DG:
Molecular and Granule Cell Layers of the Dentate; HATA: Hippocampal-Amygdaloid Transition
Area. eTIV: estimated Total Intracranial Volume. * p < 0.05.

To test our major hypothesis, we employed hippocampal subfields that have demon-
strated significant differences previously as proxies for AD disease severity. We determined
the association between retinal parameters and hippocampal subfield volumes, controlling
for age, gender, education and eTIV (Supplementary Table S3). As hypothesized, we found
structural and vascular retinal degeneration mirror atrophy of the hippocampal subfield
volumes. As shown in Figure 5, the volumes of the subiculum were positively associated
with VD_TO (r = 0.523, p = 0.018, Figure 5A). When comparing the presubiculum with reti-
nal measures, we found consistent moderate to strong positive associations between the
presubiculum and VD_TO (r = 0.593, p = 0.006, Figure 5B) and VD_IO (r = 0.559, p = 0.01,
Figure 5F). Similarly, when investigating the association between retinal vascular changes and
hippocampal subfield volumes, we found that a higher VD in the TO sector was associated
with greater molecular_layer_HP (r = 0.463, p = 0.04) and GC-ML-DG (r = 0.452, p = 0.046)
and whole hippocampus (r = 0.49, p = 0.029) volumes (Figure 5C-E). It is worth noting that
there were no significant correlations between hippocampal subfield volumes and macular or
RNFL OCT parameters in the CI group (all p > 0.05, Supplementary Table S3).
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Figure 5. Association between retinal parameters and hippocampal subfield volumes in the cognitive
impairment (CI) group. Partial correlation was conducted, controlling for age, gender, years of
education and eTIV. (A) Subiculum volumes were positively correlated with VD_TO (r = 0.523,
p = 0.018). (B,F) Presubiculum volumes were positively related to VD_TO (r = 0.593, p = 0.006) and
VD_IO (r=0.559, p =0.01). (C-E) VD in the TO sector was associated with greater molecular_layer_HP
(r=0.463, p = 0.04) and GC-ML-DG (r = 0.452, p = 0.046) and whole hippocampus (r = 0.49, p = 0.029)
volumes. VD, vessel density; GC-ML-DG: Molecular and Granule Cell Layers of the Dentate; TO,
temporal outer; IO, inferior outer.

3.3. WM Integrity and Its Association with Retinal Measures

We performed an analysis to estimate the WM integrity for all fiber bundles in both
groups. The findings revealed a significant difference in the MD and AxD of the cingulum
in the hippocampal area (CgH) (p = 0.046 and p = 0.03, respectively) between the CI and
CN groups (Table 3, Figure 6, Supplementary Table S2).

Table 3. Significant differences in white matter integrity between the cognitively normal group and

cognitive impairment group.

Items CN (21 CI (25) F p-Value
0.00073 + 0.00077 + .
CgH (MD) 0.000046 0.000051 4.24 0.046
0.00115 + 0.00119 + .
CgH (AxD) 0.000062 0.000056 5.04 0.03

Values are presented as the mean + standard deviation (SD). All data were analyzed by covariance (ANCOVA)
to compare the WM integrity between CI and CN groups, accounting for sex, age and years of education. CN:
cognitively normal; CI: cognitive impairment; CgH: Cingulum hippocampus; MD: mean diffusivity; AxD: Axial
Diffusivity. * p < 0.05.

In general, increased MD values and decreased FA values are indicative of compromised
fiber integrity, which may result from increased diffusion in the major fiber directions and a
loss of fiber myelination. Thus, we proceeded to investigate the potential association between
retinal parameters and WM integrity in fibers that showed significant damage in the CI group,
while controlling for age, gender and years of education. However, in the present study, we
did not observe any significant correlation in the CI group (see Supplementary Table S5).
Conversely, in the CN group, we found a positive correlation between the axial diffusivity
(AxD) value of the cingulum in the hippocampal area (CgH) and the VD_TI retina, with a
correlation coefficient of 0.495 and a p-value of 0.037 (Supplementary Table S6).



Brain Sci. 2023, 13, 460

10 of 16

A B
0.0015- * s
I_I Cognitive Normal
Cognitive Impairment
o.00104 _*

MD/AxD

0.0005-

0.0000:

CgH (MD) CgH (AxD)

Figure 6. Significantly damaged fiber tracts and their locations, comparing white matter (WM)
integrity between cognitive impairment (CI) and cognitively normal (CN) groups (A,B). (A) For WM
integrity, compared with the CN group (n = 21, blue), the CI group (n = 25, red) showed increased
MBD and AxD values in the CgH of the CI group (uncorrected, p < 0.05). (B) Showed the location of
GgH in brain regions. CgH, cingulum hippocampus; AxD, axial diffusivity; MD, mean diffusivity; R,
right; L; left. * p < 0.05.

4. Discussion

Our cross-sectional study investigated the relationship between retinal layer thick-
ness/microvascular measures and classical AD-related structural biomarkers. Results
found that (i) in the CI group, a statistically significant decrease in vessel density (VD) was
observed in the inferior outer (IO) sector when compared to the CN group. While the RNFL
and macular thickness did not differentiate between the CI and CN groups, a decreasing
trend was noted in our study. Retinal changes, as an extension of the brain, may reflect
pathophysiological processes in the central nervous system, as previously demonstrated in
other studies [4,22-24,60,61]. (ii) The present CI patients showed atrophy in hippocampal
subfield volumes and an altered integrity of the microstructure of WM tracts. Importantly,
we found significant associations between retinal parameters and hippocampal subfield
volumes in the CI group.

4.1. Volumetric Comparisons of the Hippocampal Subfield Volumes and Correlations with Retinal
OCTA Parameters

In contrast to our expectations, widespread hippocampal subfield losses in CI were
found, which contained subiculum, presubiculum, molecular_layer_HP and GC-ML-DG.
This is consistent with a previous study that indicated CA1, subiculum, presubiculum,
molecular layer and fimbria showed a trend toward significant volume reduction in the
progression of AD [62]. Early research described the relation between retinal layers and
MRI features in AD spectrum populations. One study found an inverse correlation between
macular thickness and cerebral cortical atrophy, especially parietal cortical atrophy in AD
patients [30]. Others revealed a significant positive correlation between RNFL thickness
and hippocampal volume, with this association being more pronounced in the m-RNFL in
people without dementia [35-37]. However, these studies were focused on the relationship
between retinal structure and a relatively large area of the brain (i.e., temporal lobe, whole
hippocampus) [35-37,63]. Instead, we focused on the association between retinal measures
and hippocampal subfields. We found that thicker RNFL in the special sector showed
significantly increased subiculum, presubiculum, GC-ML-DG and molecular_layer_HP
volumes, which is consistent with previous studies [35-37].

Growing evidence from epidemiological, clinical and experimental studies suggests
that cerebromicrovascular and microcirculatory damage related to aging play crucial roles
in the development of various forms of dementia, including Alzheimer’s disease (AD),
in the elderly population. The significance of microvascular contributions to AD in the
elderly cannot be overstated [64]. Due to the resemblance of retinal arterioles and venules
to cerebral small blood vessels, changes in retinal microvasculature may indicate similar
pathological processes occurring in the cerebral microvasculature. Therefore, we also ex-
plored the association between hippocampal subfield atrophy and retinal microvasculature
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and discovered that the volumes of the whole hippocampus and subfields (i.e., subiculum,
presubiculum, GC-ML-DG and molecular_layer_HP) were positively correlated with reti-
nal VD. One recent study indicated a positive correlation between retinal VD and some
cognitive function domains [28]. Another study found that larger presubiculum, subiculum
and CA4/dentate gyrus volumes were associated with higher delayed recall scores and
fewer informant reports of memory difficulties [38]. Combined with our results, special
hippocampal subfields may play a mediating role in the association between retinal VD and
cognitive function domains. However, no association between macular thickness or RNFL
and hippocampal subfield volumes was observed. This may be because previous studies
measured macular ganglion cell-inner plexiform layer (GCL-IPL) thickness; in contrast, our
software automatically assessed the thickness of the ILM-RPE. From the retinal structure,
we can conclude that GCL-IPL is included in the ILM-RPE and that ILM thickness is less
sensitive to changes during AD progression than GCs, which may lead to such results.

In addition, we further explored whether this relationship also existed in healthy subjects
and results showed a positive correlation between retinal VD and the volumes of the pre-
subiculum (Supplementary Table S4), which is consistent with previous findings [33,63]. The
findings have shown that this association exists at different stages of AD and becomes more
pronounced as the disease progresses; therefore, the retina is becoming a potential marker for
predicting the degree of AD progression.

4.2. Microstructural Comparisons of WM Integrity and Correlations with Retinal OCTA Parameters

Diffusion tensor imaging (DTI) is a widely used technique in diffusion MRI for examining
the pathophysiology of neurodegenerative disorders, including AD, Parkinson’s disease (PD)
and multiple sclerosis [65]. This technique utilizes four metrics, including FA, MD, AxD
and RD, to describe the brain’s structure based on water diffusion [66]. In this study, we
investigated the relationship between DTI metrics and retinal parameters. Compared to
normal elderly adults, patients with CI displayed elevated MD/AxD values in the CgH tracts,
which are part of the limbic system and are known to be affected early in AD. Previous DTI
research has shown that WM changes in AD patients primarily affect the medial temporal
limbic-associated tracts, which is consistent with the disease’s pathological involvement of
the temporal lobe [67,68]. Consistent with previous studies, our findings indicated decreased
WM integrity in the bilateral limbic tracts (CgH) of CI patients [69,70].

Few studies have investigated the associations between WM microstructure and retinal
measures. One previous study found that thicker RNFL was associated with better MRI
variables in both the cingulum and posterior thalamic radiations in elderly individuals without
dementia [32]. Another population-based study revealed that a thinner RNFL and ganglion
cell layer (GCL) was associated with lower FA and higher MD in WM tracts, which are part of
optic radiation [44]. A study exploring whether ganglion cell-inner plexiform layer (GC-IPL)
thickness is associated with brain WM microstructure and how this association differs between
normal and cognitively impaired subjects found that thinner GCL-IPL was linked with lower
WM microstructure integrity in subjects without cognitive impairment, suggesting a possible
physiological relationship between the retina and the brain in healthy aging [43]. Our study
also investigated the association between retinal measures, including microvascular, macular,
and RNFL and WM alterations. Interestingly, no significant correlation was found in the CI
group, but a correlation existed in the CN group. We speculate that this contradictory result
may be due to the limited sample size and the disruption of retina—brain associations in the
presence of cognitive impairment [43].

5. Limitations

Our study has several limitations that should be taken into account. Firstly, the
sample size was relatively small, and the data was collected cross-sectionally, preventing
us from determining the temporal sequence and directionality of the observed associations.
Initiating longitudinal studies with larger cohorts, including individuals at various stages
of cognitive decline, and beginning retinal measurements at an early age are necessary
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steps to investigate the potential direct relationship between retinal and brain degeneration.
Secondly, our study lacked amyloid imaging data and CSF biomarkers, which are proposed
by the AT(N) biological framework [71]. Early brain A3 pathology may be a more sensitive
biomarker of AD processes, and investigating the relationship between retinal measures and
Ap levels could provide insight into the potential utility of retinal imaging as a preclinical
AD biomarker [72]. Thirdly, although the retina is composed of many different structures,
our measurement of macular thickness only considered the full layer thickness. In future
studies, we plan to analyze the retina in greater detail, including the structure of the ONL.

6. Conclusions

In this study, we found a significant decrease in vessel density and associations
between retinal parameters and atrophy of the hippocampal subfield volumes in CI patients.
These findings suggested that retinal layer thickness and microvascular measures detected
by OCTA may be markers for the early prediction of AD-related structural brain changes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/brainsci13030460/s1, Figure S1: Flow Diagram of the Inclusion
Process. CN, cognitively normal; MCI; mild cognitive impairment. AD, Alzheimer’s Disease; CI;
cognitive impairment. MRI, magnetic resonance imaging; Figure S2: OCTA images. (A, B) In the
macula, vessel density and retinal macular thickness are measured in the fovea (F) (& 1 mm), inner
ring (& 3 mm), and outer ring (& 6 mm) following the Early Treatment Diabetic Retinopathy Study
(ETDRS) grid. The inner ring and outer ring are subdivided into four sectors (superior, nasal, inferior,
and temporal). (C) Around the optic nerve head (peripapillary): retinal nerve fiber layer (RNFL)
thickness was measured in the following sectors: temporal (T), superior (S), nasal (N), inferior (I), and
mean RNFL thickness (RNFL). (D) Retinal scan images and B-scans from healthy eye. (E) Retinal scan
images and B-scans from patient eye; Table S1: Comparison of retinal measures between cognitively
normal group and cognitive impairment group; Table S2: Comparison of white matter integrity
between cognitively normal group and cognitive impairment group; Table S3: Relationship Between
hippocampal subfield volumes and retinal parameters in CI group; Table S4. Relationship Between
hippocampal subfield volumes and retinal parameters in CN group; Table S5: Relationship Between
Diffusion Metrics and retinal parameters in CN group; Table S6: Relationship Between Diffusion
Metrics and retinal parameters in CN group.

Author Contributions: Formal Analysis, Writing—Original Draft Preparation and Visualization, Z.H.
and L.W.,; Resources and Data Curation, D.Z., X.S., R.Q., ZK. and P.S; Supervision, H.Z. and Y.X.;
Writing—Review and Editing, F.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partly supported by National Natural Science Foundation of China (No.
82071186) and Clinical Trials from the Affiliated Drum Tower Hospital, Medical School of Nanjing
University (No. 2022-LCYG-MS-05), National Key Research and Development Program of China (No.
2022YFA1105300) and Jiangsu Province Senior Health Project (No. LKZ2023014). None of the authors
have a conflict of interest, financial or otherwise, directly or indirectly related to this work.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, approved by the Ethics Committee of Nanjing Drum Tower Hospital
(protocol code ChiCTR2100050496).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
The informed consent of the patients was obtained from their familiars or legal representatives.

Data Availability Statement: If anyone is interested in extrapolating this data for further validation,
the MRI images can be made available to the scientific community from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/brainsci13030460/s1
https://www.mdpi.com/article/10.3390/brainsci13030460/s1

Brain Sci. 2023, 13, 460 13 of 16

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hodson, R. Alzheimer’s disease. Nature 2018, 559, S1. [CrossRef] [PubMed]

Vega, ].N.; Newhouse, P.A. Mild cognitive impairment: Diagnosis, longitudinal course, and emerging treatments. Curr. Psychiatry
Rep. 2014, 16, 490. [CrossRef] [PubMed]

Marquez, E; Yassa, M.A. Neuroimaging Biomarkers for Alzheimer’s Disease. Mol. Neurodegener. 2019, 14, 21. [CrossRef]
[PubMed]

London, A.; Benhar, I.; Schwartz, M. The retina as a window to the brain-from eye research to CNS disorders. Nat. Rev. Neurol.
2013, 9, 44-53. [CrossRef] [PubMed]

Gasparini, L.; Crowther, R.A.; Martin, K.R.; Berg, N.; Coleman, M.; Goedert, M.; Spillantini, M.G. Tau inclusions in retinal
ganglion cells of human P301S tau transgenic mice: Effects on axonal viability. Neurobiol. Aging 2011, 32, 419-433. [CrossRef]
Koronyo-Hamaoui, M.; Koronyo, Y.; Ljubimov, A.V,; Miller, C.A.; Ko, M.K; Black, K.L.; Schwartz, M.; Farkas, D.L. Identification
of amyloid plaques in retinas from Alzheimer’s patients and noninvasive in vivo optical imaging of retinal plaques in a mouse
model. NeuroImage 2011, 54 (Suppl. 1), S204-5217. [CrossRef]

La Morgia, C.; Ross-Cisneros, FEN.; Koronyo, Y.; Hannibal, J.; Gallassi, R.; Cantalupo, G.; Sambati, L.; Pan, B.X.; Tozer, KR,;
Barboni, P; et al. Melanopsin retinal ganglion cell loss in Alzheimer disease. Ann. Neurol. 2016, 79, 90-109. [CrossRef]

Schén, C.; Hoffmann, N.A.; Ochs, S.M.; Burgold, S.; Filser, S.; Steinbach, S.; Seeliger, M.W.; Arzberger, T.; Goedert, M.; Kretzschmar,
H.A,; et al. Long-term in vivo imaging of fibrillar tau in the retina of P301S transgenic mice. PLoS ONE 2012, 7, e53547. [CrossRef]
Tsuruma, K.; Tanaka, Y.; Shimazawa, M.; Hara, H. Induction of amyloid precursor protein by the neurotoxic peptide, amyloid-beta
25-35, causes retinal ganglion cell death. J. Neurochem. 2010, 113, 1545-1554. [CrossRef]

Cao, L.; Wang, H.; Wang, E; Xu, D.; Liu, F; Liu, C. AB-induced senescent retinal pigment epithelial cells create a proinflammatory
microenvironment in AMD. Investig. Ophthalmol. Vis. Sci. 2013, 54, 3738-3750. [CrossRef]

Hinton, D.R.; Sadun, A.A; Blanks, J.C.; Miller, C.A. Optic-nerve degeneration in Alzheimer’s disease. N. Engl. ]. Med. 1986,
315, 485-487. [CrossRef] [PubMed]

Perez, S.E.; Lumayag, S.; Kovacs, B.; Mufson, E.J.; Xu, S. Beta-amyloid deposition and functional impairment in the retina of the
APPswe/PS1DeltaE9 transgenic mouse model of Alzheimer’s disease. Investig. Ophthalmol. Vis. Sci. 2009, 50, 793-800. [CrossRef]
[PubMed]

Ning, A.; Cui, J.; To, E.; Ashe, K.H.; Matsubara, J]. Amyloid-beta deposits lead to retinal degeneration in a mouse model of
Alzheimer disease. Investig. Ophthalmol. Vis. Sci. 2008, 49, 5136-5143. [CrossRef] [PubMed]

Shi, H.; Koronyo, Y.; Fuchs, D.-T.; Sheyn, J.; Wawrowsky, K.; Lahiri, S.; Black, K.L.; Koronyo-Hamaoui, M. Retinal capillary
degeneration and blood-retinal barrier disruption in murine models of Alzheimer’s disease. Acta Neuropathol. Commun. 2020, 8, 202.
[CrossRef]

Shi, H.; Koronyo, Y.; Rentsendorj, A.; Regis, G.C.; Sheyn, J.; Fuchs, D.-T.; Kramerov, A.A.; Ljubimov, A.V.; Dumitrascu, O.M,;
Rodriguez, A.R.; et al. Identification of early pericyte loss and vascular amyloidosis in Alzheimer’s disease retina. Acta Neuropathol.
2020, 139, 813-836. [CrossRef]

Tadokoro, K.; Yamashita, T.; Kimura, S.; Nomura, E.; Ohta, Y.; Omote, Y.; Takemoto, M.; Hishikawa, N.; Morihara, R.;
Morizane, Y.; et al. Retinal Amyloid Imaging for Screening Alzheimer’s Disease. ]. Alzheimer’s Dis. JAD 2021, 83, 927-934.
[CrossRef]

Dumitrascu, O.M.; Lyden, P.D.; Torbati, T.; Sheyn, J.; Sherzai, A.; Sherzai, D.; Sherman, D.S.; Rosenberry, R.; Cheng, S.;
Johnson, K.O.; et al. Sectoral segmentation of retinal amyloid imaging in subjects with cognitive decline. Alzheimers Dement. 2020,
12, €12109. [CrossRef]

Koronyo, Y.; Rentsendorj, A.; Mirzaei, N.; Regis, G.C.; Sheyn, ]J.; Shi, H.; Barron, E.; Cook-Wiens, G.; Rodriguez, A.R,;
Medeiros, R.; et al. Retinal pathological features and proteome signatures of Alzheimer’s disease. Acta Neuropathol. 2023.
[CrossRef]

Meleppat, R.K.; Fortenbach, C.R;; Jian, Y.; Martinez, E.S.; Wagner, K.; Modjtahedi, B.S.; Motta, M.].; Ramamurthy, D.L.; Schwab,
LR.; Zawadzki, R.J. In Vivo Imaging of Retinal and Choroidal Morphology and Vascular Plexuses of Vertebrates Using Swept-
Source Optical Coherence Tomography. Transl. Vis. Sci. Technol. 2022, 11, 11. [CrossRef]

Meleppat, R.K,; Ronning, K.E; Karlen, S.J.; Burns, M.E.; Pugh, E.N.; Zawadzki, R.J. In vivo multimodal retinal imaging of
disease-related pigmentary changes in retinal pigment epithelium. Sci. Rep. 2021, 11, 16252. [CrossRef]

De Carlo, T.E.; Romano, A.; Waheed, N.K.; Duker, ].S. A review of optical coherence tomography angiography (OCTA). Int. ].
Retin. Vitr. 2015, 1, 5. [CrossRef] [PubMed]

Cheung, C.Y,; Mok, V.; Foster, PJ.; Trucco, E.; Chen, C.; Wong, T.Y. Retinal imaging in Alzheimer’s disease. J. Neurol. Neurosurg.
Psychiatry 2021, 92, 983-994. [CrossRef] [PubMed]

Ge, Y.-J.; Xu, W;; Ou, Y.-N.; Qu, Y.;; Ma, Y.-H.; Huang, Y.-Y.; Shen, X.-N.; Chen, S.-D.; Tan, L.; Zhao, Q.-H.; et al. Retinal biomarkers
in Alzheimer’s disease and mild cognitive impairment: A systematic review and meta-analysis. Ageing Res. Rev. 2021, 69, 101361.
[CrossRef]

Gupta, V.B.; Chitranshi, N.; den Haan, J.; Mirzaei, M.; You, Y.; Lim, ] K.; Basavarajappa, D.; Godinez, A.; Di Angelantonio, S.;
Sachdev, P; et al. Retinal changes in Alzheimer’s disease-integrated prospects of imaging, functional and molecular advances.
Prog. Retin. Eye Res. 2021, 82, 100899. [CrossRef]


http://doi.org/10.1038/d41586-018-05717-6
http://www.ncbi.nlm.nih.gov/pubmed/30046078
http://doi.org/10.1007/s11920-014-0490-8
http://www.ncbi.nlm.nih.gov/pubmed/25160795
http://doi.org/10.1186/s13024-019-0325-5
http://www.ncbi.nlm.nih.gov/pubmed/31174557
http://doi.org/10.1038/nrneurol.2012.227
http://www.ncbi.nlm.nih.gov/pubmed/23165340
http://doi.org/10.1016/j.neurobiolaging.2009.03.002
http://doi.org/10.1016/j.neuroimage.2010.06.020
http://doi.org/10.1002/ana.24548
http://doi.org/10.1371/journal.pone.0053547
http://doi.org/10.1111/j.1471-4159.2010.06724.x
http://doi.org/10.1167/iovs.13-11612
http://doi.org/10.1056/NEJM198608213150804
http://www.ncbi.nlm.nih.gov/pubmed/3736630
http://doi.org/10.1167/iovs.08-2384
http://www.ncbi.nlm.nih.gov/pubmed/18791173
http://doi.org/10.1167/iovs.08-1849
http://www.ncbi.nlm.nih.gov/pubmed/18566467
http://doi.org/10.1186/s40478-020-01076-4
http://doi.org/10.1007/s00401-020-02134-w
http://doi.org/10.3233/JAD-210327
http://doi.org/10.1002/dad2.12109
http://doi.org/10.1007/s00401-023-02548-2
http://doi.org/10.1167/tvst.11.8.11
http://doi.org/10.1038/s41598-021-95320-z
http://doi.org/10.1186/s40942-015-0005-8
http://www.ncbi.nlm.nih.gov/pubmed/27847598
http://doi.org/10.1136/jnnp-2020-325347
http://www.ncbi.nlm.nih.gov/pubmed/34108266
http://doi.org/10.1016/j.arr.2021.101361
http://doi.org/10.1016/j.preteyeres.2020.100899

Brain Sci. 2023, 13, 460 14 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

Bulut, M.; Kurtulus, F; Gozkaya, O.; Erol, M.K.; Cengiz, A.; Akidan, M.; Yaman, A. Evaluation of optical coherence tomography
angiographic findings in Alzheimer’s type dementia. Br. ]. Ophthalmol. 2018, 102, 233-237. [CrossRef]

Yoon, S.P; Grewal, D.S.; Thompson, A.C.; Polascik, BW.; Dunn, C.; Burke, J.R.; Fekrat, S. Retinal Microvascular and Neurodegen-
erative Changes in Alzheimer’s Disease and Mild Cognitive Impairment Compared with Control Participants. Ophthalmol. Retin.
2019, 3, 489-499. [CrossRef] [PubMed]

Ko, E; Muthy, Z.A.; Gallacher, ].; Sudlow, C.; Rees, G.; Yang, Q.; Keane, P.A.; Petzold, A.; Khaw, P.T.; Reisman, C.; et al. Association
of Retinal Nerve Fiber Layer Thinning with Current and Future Cognitive Decline: A Study Using Optical Coherence Tomography.
JAMA Neurol. 2018, 75, 1198-1205. [CrossRef]

Almeida, A.L.M,; Pires, L.A.; Figueiredo, E.A.; Costa-Cunha, L.V.F.; Zacharias, L.C.; Preti, R.C.; Monteiro, M.L.R.; Cunha, L.P.
Correlation between cognitive impairment and retinal neural loss assessed by swept-source optical coherence tomography in
patients with mild cognitive impairment. Alzheimers Dement. 2019, 11, 659—-669. [CrossRef]

Cunha, L.P; Lopes, L.C.; Costa-Cunha, L.V.E; Costa, C.F; Pires, L.A.; Almeida, A.L.M.; Monteiro, M.L.R. Macular Thickness
Measurements with Frequency Domain-OCT for Quantification of Retinal Neural Loss and its Correlation with Cognitive
Impairment in Alzheimer’s Disease. PLoS ONE 2016, 11, €0153830. [CrossRef]

Den Haan, J.; van de Kreeke, ].A.; Konijnenberg, E.; ten Kate, M.; den Braber, A.; Barkhof, E; van Berckel, B.N.; Teunissen, C.E.;
Scheltens, P; Visser, PJ.; et al. Retinal thickness as a potential biomarker in patients with amyloid-proven early- and late-onset
Alzheimer’s disease. Alzheimer’s Dement. Diagn. Assess. Dis. Monit. 2019, 11, 463—471.

Den Haan, J.; Janssen, S.F,; van de Kreeke, J.A.; Scheltens, P.; Verbraak, E.D.; Bouwman, F.H. Retinal thickness correlates with
parietal cortical atrophy in early-onset Alzheimer’s disease and controls. Alzheimers Dement. 2018, 10, 49-55.

Mendez-Gomez, ].L.; Pelletier, A.; Rougier, M.-B.; Korobelnik, J.-F.; Schweitzer, C.; Delyfer, M.-N.; Catheline, G.; Monferme, S.;
Dartigues, J.-F; Delcourt, C.; et al. Association of Retinal Nerve Fiber Layer Thickness with Brain Alterations in the Visual and
Limbic Networks in Elderly Adults without Dementia. JAMA Netw. Open 2018, 1, €184406. [CrossRef] [PubMed]

Shi, Z.; Zheng, H.; Hu, J.; Jiang, L.; Cao, X.; Chen, Y.; Mei, X,; Li, C.; Shen, Y. Retinal Nerve Fiber Layer Thinning Is Associated with
Brain Atrophy: A Longitudinal Study in Nondemented Older Adults. Front. Aging Neurosci. 2019, 11, 69. [CrossRef] [PubMed]
Shi, Z.; Cao, X.; Hu, J; Jiang, L.; Mei, X.; Zheng, H.; Chen, Y.; Wang, M.; Cao, J.; Li, W,; et al. Retinal nerve fiber layer thickness
is associated with hippocampus and lingual gyrus volumes in nondemented older adults. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 2020, 99, 109824. [CrossRef]

Sergott, R.C.; Raji, A.; Kost, ].; Sur, C.; Jackson, S.; Locco, A.; Patel, A.; Furtek, C.; Mattson, B.; Egan, M.F. Retinal Optical Coherence
Tomography Metrics Are Unchanged in Verubecestat Alzheimer’s Disease Clinical Trial but Correlate with Baseline Regional
Brain Atrophy. . Alzheimer’s Dis. 2021, 79, 275-287. [CrossRef]

Galvin, J.E.; Kleiman, M.].; Walker, M. Using Optical Coherence Tomography to Screen for Cognitive Impairment and Dementia.
J. Alzheimer’s Dis. 2021, 84, 723-736. [CrossRef] [PubMed]

Zhao, A.; Fang, F; Li, B.; Chen, Y.; Qiu, Y.; Wu, Y.; Xu, W,; Deng, Y. Visual Abnormalities Associate with Hippocampus in Mild
Cognitive Impairment and Early Alzheimer’s Disease. Front. Aging Neurosci. 2021, 12, 597491. [CrossRef] [PubMed]

O’Shea, D.M.; de Wit, L.; Tanner, J.; Mejia Kurasz, A.; Amofa, P.; Perez Lao, A.; Levy, S.-A.; Chandler, M.; Smith, G. Hippocampal
Subfields in Mild Cognitive Impairment: Associations with Objective and Informant-Report of Memory Function. Arch. Clin.
Neuropsychol. Off. ]. Natl. Acad. Neuropsychol. 2022, 37, 1502-1514. [CrossRef] [PubMed]

Furcila, D.; Dominguez—Alvaro, M.; DeFelipe, J.; Alonso-Nanclares, L. Subregional Density of Neurons, Neurofibrillary Tangles
and Amyloid Plaques in the Hippocampus of Patients with Alzheimer’s Disease. Front. Neuroanat. 2019, 13, 99. [CrossRef]
Izzo, J.; Andreassen, O.A.; Westlye, L.T.; van der Meer, D. The association between hippocampal subfield volumes in mild
cognitive impairment and conversion to Alzheimer’s disease. Brain Res. 2020, 1728, 146591. [CrossRef]

Braak, H.; Del Tredici, K. From the Entorhinal Region via the Prosubiculum to the Dentate Fascia: Alzheimer Disease-Related
Neurofibrillary Changes in the Temporal Allocortex. J. Neuropathol. Exp. Neurol. 2020, 79, 163-175. [CrossRef] [PubMed]

Teipel, S.J.; Wegrzyn, M.; Meindl, T.; Frisoni, G.; Bokde, A.L.W.,; Fellgiebel, A.; Filippi, M.; Hampel, H.; Kloppel, S.; Hauenstein,
K. et al. Anatomical MRI and DTT in the diagnosis of Alzheimer’s disease: A European multicenter study. J. Alzheimer’s Dis. JAD
2012, 31 (Suppl. 3), S33-547. [CrossRef] [PubMed]

Liu, S.; Ong, Y.-T.; Hilal, S.; Loke, YM.; Wong, T.Y.; Chen, C.L.-H.; Cheung, C.Y.; Zhou, J. The Association between Retinal
Neuronal Layer and Brain Structure is Disrupted in Patients with Cognitive Impairment and Alzheimer’s Disease. ]. Alzheimer’s
Dis. JAD 2016, 54, 585-595. [CrossRef] [PubMed]

Mutlu, U,; Ikram, M.K.; Roshchupkin, G.V.; Bonnemaijer, PW.M.; Colijn, ].M.; Vingerling, ].R.; Niessen, W.].; Ikram, M.A.; Klaver,
C.C.W,; Vernooij, M.W. Thinner retinal layers are associated with changes in the visual pathway: A population-based study. Hum.
Brain Mapp. 2018, 39, 4290-4301. [CrossRef]

Yu, J.; Li, J.; Huang, X. The Beijing version of the Montreal Cognitive Assessment as a brief screening tool for mild cognitive
impairment: A community-based study. BMC Psychiatry 2012, 12, 156. [CrossRef]

Morris, J.C. The Clinical Dementia Rating (CDR): Current version and scoring rules. Neurology 1993, 43, 2412-2414. [CrossRef]
McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly,
J.J.; Mayeux, R.; et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National Institute
on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 2011,
7,263-269. [CrossRef]


http://doi.org/10.1136/bjophthalmol-2017-310476
http://doi.org/10.1016/j.oret.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/31174670
http://doi.org/10.1001/jamaneurol.2018.1578
http://doi.org/10.1016/j.dadm.2019.08.006
http://doi.org/10.1371/journal.pone.0153830
http://doi.org/10.1001/jamanetworkopen.2018.4406
http://www.ncbi.nlm.nih.gov/pubmed/30646353
http://doi.org/10.3389/fnagi.2019.00069
http://www.ncbi.nlm.nih.gov/pubmed/31031615
http://doi.org/10.1016/j.pnpbp.2019.109824
http://doi.org/10.3233/JAD-200735
http://doi.org/10.3233/JAD-210328
http://www.ncbi.nlm.nih.gov/pubmed/34569948
http://doi.org/10.3389/fnagi.2020.597491
http://www.ncbi.nlm.nih.gov/pubmed/33551787
http://doi.org/10.1093/arclin/acac018
http://www.ncbi.nlm.nih.gov/pubmed/35443280
http://doi.org/10.3389/fnana.2019.00099
http://doi.org/10.1016/j.brainres.2019.146591
http://doi.org/10.1093/jnen/nlz123
http://www.ncbi.nlm.nih.gov/pubmed/31913466
http://doi.org/10.3233/JAD-2012-112118
http://www.ncbi.nlm.nih.gov/pubmed/22992380
http://doi.org/10.3233/JAD-160067
http://www.ncbi.nlm.nih.gov/pubmed/27567815
http://doi.org/10.1002/hbm.24246
http://doi.org/10.1186/1471-244X-12-156
http://doi.org/10.1212/WNL.43.11.2412-a
http://doi.org/10.1016/j.jalz.2011.03.005

Brain Sci. 2023, 13, 460 15 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Petersen, R.C.; Stevens, J.C.; Ganguli, M.; Tangalos, E.G.; Cummings, J.L.; DeKosky, S.T. Practice parameter: Early detection
of dementia: Mild cognitive impairment (an evidence-based review). Report of the Quality Standards Subcommittee of the
American Academy of Neurology. Neurology 2001, 56, 1133-1142. [CrossRef]

Iglesias, J.E.; Augustinack, J.C.; Nguyen, K.; Player, C.M.; Player, A.; Wright, M.; Roy, N.; Frosch, M.P.; McKee, A.C,;
Wald, L.L.; et al. A computational atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: Application to
adaptive segmentation of in vivo MRI. Neurolmage 2015, 115, 117-137. [CrossRef]

Fischl, B.; Dale, A.M. Measuring the thickness of the human cerebral cortex from magnetic resonance images. Proc. Natl. Acad.
Sci. USA 2000, 97, 11050-11055. [CrossRef]

Kiihn, S.; Musso, E.; Mobascher, A.; Warbrick, T.; Winterer, G.; Gallinat, J]. Hippocampal subfields predict positive symptoms in
schizophrenia: First evidence from brain morphometry. Transl. Psychiatry 2012, 2, e127. [CrossRef] [PubMed]

Koch, K; Reess, TJ.; Rus, O.G.; Zimmer, C. Extensive learning is associated with gray matter changes in the right hippocampus.
Neurolmage 2016, 125, 627-632. [CrossRef] [PubMed]

Samann, P.G.; Iglesias, J.E.; Gutman, B.; Grotegerd, D.; Leenings, R.; Flint, C.; Dannlowski, U.; Clarke-Rubright, E.K.; Morey,
R.A.; van Erp, T.G.M,; et al. FreeSurfer-based segmentation of hippocampal subfields: A review of methods and applications,
with a novel quality control procedure for ENIGMA studies and other collaborative efforts. Hum. Brain Mapp. 2022, 43, 207-233.
[CrossRef] [PubMed]

Cui, Z.; Zhong, S.; Xu, P; He, Y,; Gong, G. PANDA: A pipeline toolbox for analyzing brain diffusion images. Front. Hum. Neurosci.
2013, 7, 42. [CrossRef]

Hua, K.; Zhang, J.; Wakana, S; Jiang, H.; Li, X.; Reich, D.S.; Calabresi, P.A.; Pekar, ].J.; van Zijl, P.C.M.; Mori, S. Tract probability
maps in stereotaxic spaces: Analyses of white matter anatomy and tract-specific quantification. Neurolmage 2008, 39, 336-347.
[CrossRef]

Meeter, L.H.; Kaat, L.D.; Rohrer, ].D.; van Swieten, J.C. Imaging and fluid biomarkers in frontotemporal dementia. Nat. Rev.
Neurol. 2017, 13, 406-419. [CrossRef]

Dalan, D.; Nandini, P.; Angayarkanni, N.; Kaviarasan, K.; Thanikachalam, S.; Das, U.N.; Ratra, D. Interchangeability of retinal
perfusion indices in different-sized angiocubes: An optical coherence tomography angiography study in diabetic retinopathy.
Indian J. Ophthalmol. 2020, 68, 484—489.

Rosenfeld, PJ.; Durbin, M.K; Roisman, L.; Zheng, F; Miller, A.; Robbins, G.; Schaal, K.B.; Gregori, G. ZEISS Angioplex™ Spectral
Domain Optical Coherence Tomography Angiography: Technical Aspects. Dev. Ophthalmol. 2016, 56, 18-29.

O’Brien, L.M.; Ziegler, D.A.; Deutsch, C.K.; Frazier, J.A.; Herbert, M.R.; Locascio, J.J. Statistical adjustments for brain size in
volumetric neuroimaging studies: Some practical implications in methods. Psychiatry Res. 2011, 193, 113-122. [CrossRef]
Pellegrini, M.; Vagge, A.; Ferro Desideri, L.; Bernabei, E; Triolo, G.; Mastropasqua, R.; Del Noce, C.; Borrelli, E.; Sacconi, R.;
Iovino, C.; et al. Optical Coherence Tomography Angiography in Neurodegenerative Disorders. |. Clin. Med. 2020, 9, 1706.
[CrossRef]

Den Haan, J.; Verbraak, ED.; Visser, PJ.; Bouwman, EH. Retinal thickness in Alzheimer’s disease: A systematic review and
meta-analysis. Alzheimers Dement. 2017, 6, 162-170.

Zhao, W.; Wang, X.; Yin, C.; He, M; Li, S.; Han, Y. Trajectories of the Hippocampal Subfields Atrophy in the Alzheimer’s Disease:
A Structural Imaging Study. Front. Neuroinform. 2019, 13, 13. [CrossRef] [PubMed]

Byun, M.S,; Park, S.W,; Lee, ].H.; Yi, D.; Jeon, S.Y.; Choi, H.J.; Joung, H.; Ghim, U.H.; Park, U.C.; Kim, Y.K,; et al. Association of
Retinal Changes with Alzheimer Disease Neuroimaging Biomarkers in Cognitively Normal Individuals. JAMA Ophthalmol. 2021,
139, 548-556. [CrossRef]

Toth, P.; Tarantini, S.; Csiszar, A.; Ungvari, Z. Functional vascular contributions to cognitive impairment and dementia: Mecha-
nisms and consequences of cerebral autoregulatory dysfunction, endothelial impairment, and neurovascular uncoupling in aging.
Am. ]. Physiol. Heart Circ. Physiol. 2017, 312, H1-H20. [CrossRef]

Kamagata, K.; Andica, C.; Kato, A.; Saito, Y.; Uchida, W.; Hatano, T.; Lukies, M.; Ogawa, T.; Takeshige-Amano, H.; Akashi, T.; et al.
Diffusion Magnetic Resonance Imaging-Based Biomarkers for Neurodegenerative Diseases. Int. . Mol. Sci. 2021, 22, 5216.
[CrossRef]

Alexander, A.L.; Lee, ].E.; Lazar, M.; Field, A.S. Diffusion tensor imaging of the brain. Neurother. |. Am. Soc. Exp. NeuroTher. 2007,
4,316-329. [CrossRef] [PubMed]

Nowrangi, M.A.; Lyketsos, C.G.; Leoutsakos, ].-M.S.; Oishi, K.; Albert, M.; Mori, S.; Mielke, M.M. Longitudinal, region-specific
course of diffusion tensor imaging measures in mild cognitive impairment and Alzheimer’s disease. Alzheimers Dement. 2013,
9, 519-528. [CrossRef] [PubMed]

Kantarci, K.; Murray, M.E.; Schwarz, C.G.; Reid, R.I; Przybelski, S.A.; Lesnick, T.; Zuk, S.M.; Raman, M.R.; Senjem, M.L.;
Gunter, ].L.; et al. White-matter integrity on DTI and the pathologic staging of Alzheimer’s disease. Neurobiol. Aging 2017,
56, 172-179. [CrossRef]

Xie, S.; Xiao, ] X.; Wang, Y.H.; Wu, HK,; Gong, G.L.; Jiang, X.X. Evaluation of bilateral cingulum with tractography in patients
with Alzheimer’s disease. Neuroreport 2005, 16, 1275-1278. [CrossRef]

Pievani, M.; Agosta, F; Pagani, E.; Canu, E.; Sala, S.; Absinta, M.; Geroldi, C.; Ganzola, R.; Frisoni, G.B.; Filippi, M. Assessment
of white matter tract damage in mild cognitive impairment and Alzheimer’s disease. Hum. Brain Mapp. 2010, 31, 1862-1875.
[CrossRef]


http://doi.org/10.1212/WNL.56.9.1133
http://doi.org/10.1016/j.neuroimage.2015.04.042
http://doi.org/10.1073/pnas.200033797
http://doi.org/10.1038/tp.2012.51
http://www.ncbi.nlm.nih.gov/pubmed/22692142
http://doi.org/10.1016/j.neuroimage.2015.10.056
http://www.ncbi.nlm.nih.gov/pubmed/26518629
http://doi.org/10.1002/hbm.25326
http://www.ncbi.nlm.nih.gov/pubmed/33368865
http://doi.org/10.3389/fnhum.2013.00042
http://doi.org/10.1016/j.neuroimage.2007.07.053
http://doi.org/10.1038/nrneurol.2017.75
http://doi.org/10.1016/j.pscychresns.2011.01.007
http://doi.org/10.3390/jcm9061706
http://doi.org/10.3389/fninf.2019.00013
http://www.ncbi.nlm.nih.gov/pubmed/30983985
http://doi.org/10.1001/jamaophthalmol.2021.0320
http://doi.org/10.1152/ajpheart.00581.2016
http://doi.org/10.3390/ijms22105216
http://doi.org/10.1016/j.nurt.2007.05.011
http://www.ncbi.nlm.nih.gov/pubmed/17599699
http://doi.org/10.1016/j.jalz.2012.05.2186
http://www.ncbi.nlm.nih.gov/pubmed/23245561
http://doi.org/10.1016/j.neurobiolaging.2017.04.024
http://doi.org/10.1097/01.wnr.0000174061.41897.ee
http://doi.org/10.1002/hbm.20978

Brain Sci. 2023, 13, 460 16 of 16

71. Jack, C.R.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, E;
Karlawish, J.; et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimers Dement.
2018, 14, 535-562. [CrossRef] [PubMed]

72. Jack, CR; Knopman, D.S.; Jagust, W].; Petersen, R.C.; Weiner, M.W.; Aisen, P.S.; Shaw, L.M.; Vemuri, P.; Wiste, H.J.;
Weigand, S.D.; et al. Tracking pathophysiological processes in Alzheimer’s disease: An updated hypothetical model of dy-
namic biomarkers. Lancet Neurol. 2013, 12, 207-216. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jalz.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29653606
http://doi.org/10.1016/S1474-4422(12)70291-0
http://www.ncbi.nlm.nih.gov/pubmed/23332364

	Introduction 
	Materials and Methods 
	Participants 
	MRI Data Acquisition 
	MRI Analysis 
	Hippocampal Subfield Acquisition 
	DTI Processing 

	Retinal Image Acquisition 
	Statistical Analysis 

	Results 
	Demographic, Neuropsychological Characteristics and Retinal Measures 
	Hippocampal Volume and Its Association with Retinal Measures 
	WM Integrity and Its Association with Retinal Measures 

	Discussion 
	Volumetric Comparisons of the Hippocampal Subfield Volumes and Correlations with Retinal OCTA Parameters 
	Microstructural Comparisons of WM Integrity and Correlations with Retinal OCTA Parameters 

	Limitations 
	Conclusions 
	References

