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Subjective cognitive decline (SCD) serves as an initial symptom of preclinical Alzheimer’s disease (AD). The accumulation of
amyloid-beta (Aβ) is acknowledged as a critical risk factor for the eventual progression to mild cognitive impairment or dementia in
individuals with SCD, highlighting the necessity for early detection and intervention. Previous studies have identified the retina and
choriocapillaris as potential biomarkers for AD; however, these investigations have not thoroughly examined large and medium-
sized choroidal vessels. Ultra-wide swept-source optical coherence tomography angiography (SS-OCTA), an innovative noninvasive
imaging modality, facilitates rapid and precise quantitative assessment of retinal and choroidal boundaries and vasculature through
dynamic scanning, encompassing large and medium-sized choroidal vessels. This study aims to characterize the outer retinal and
choroidal vasculature and structure in individuals with SCD, examine the correlation between altered choroidal vasculature
parameters and amyloid burden, and the presence of the apolipoprotein E (APOE) ε4 allele in SCD participants, to identify potential
ocular biomarkers for high-risk SCD screening. In this study, 57 individuals with SCD and 45 matched normal controls were enrolled.
Ultra-wide SS-OCTA was employed to assess the thickness of the outer retina and choroid and the blood flow within the
choriocapillaris and large, medium-sized choroidal vessels. 18F-Florbetapir positron emission tomography scans were performed to
classify amyloid-positive-SCD (Aβ + SCD) and amyloid-negative-SCD (Aβ-SCD) groups. Plasma Aβ42/40 and APOE ε4 genotypes
were also measured. Compared with normal controls, individuals with SCD exhibited a significant increase in the choroidal vessel
index and a reduction in outer retinal thickness. The Aβ + SCD group demonstrated an elevated choriocapillaris flow area relative to
the Aβ- SCD group. Moreover, a negative correlation was observed between the choriocapillaris flow area and plasma Aβ42/40
levels in the SCD cohort. Among SCD participants, APOE ε4 carriers displayed increased choriocapillaris flow area and choroidal
vessel volume compared to APOE ε4 non-carriers. Our findings provide intriguing insights into the relationship between amyloid
pathology and changes in the choriocapillaris flow area. The choroid may serve as a potential biomarker for screening Aβ + SCD.
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INTRODUCTION
Subjective cognitive decline (SCD), defined as persistent self-
reported perception of cognitive decline despite normal neurop-
sychological test performance [1], represents the initial sympto-
matic stage of preclinical Alzheimer’s Disease (AD). The
pathological hallmarks of AD, including abnormal deposition of
amyloid-beta (Aβ) plaques and tau neurofibrillary tangles, begin
accumulating approximately 15–20 years prior to the manifesta-
tion of clinical symptoms [2, 3]. Recent advancements in disease-
modifying therapies have shown promising results in clearing
brain amyloid and slowing cognitive decline. Still, these treat-
ments are effective only in the early stages of AD [3]. Importantly,
baseline amyloid deposition and lower plasma Aβ 42/40 ratios
have been strongly associated with future cognitive decline in
individuals with SCD [4, 5]. These findings highlight the critical
need for early identification of amyloid-positive (Aβ + ) individuals
within the SCD population to enable timely intervention.

Despite the importance of early amyloid detection, current
gold-standard methods, positron emission tomography (PET) and
cerebrospinal fluid (CSF) analysis are limited by high costs,
invasiveness, and logistical challenges, making them unsuitable
for large-scale screening. Blood-based biomarkers present sig-
nificant potential to revolutionize the diagnosis and prognosis of
AD. Notably, abnormal levels of plasma phosphorylated tau (p-tau)
181 and p-tau 217 indicate a high probability of AD pathophysiol-
ogy [6]. However, prior to their widespread clinical implementa-
tion, it is imperative to establish assay standardization, generate
appropriate thresholds, and verify these biomarkers across diverse
cohorts. This gap underscores the urgent need for noninvasive,
cost-effective biomarkers that can facilitate the widespread early
detection of AD.
Mounting evidence suggests that the eye, particularly the retina

and choroid, may serve as a surrogate for cerebral amyloid
pathology. Aβ deposits have been identified in the eyes of AD
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patients [7–9], and ocular changes have emerged as promising
biomarkers for AD. Optical coherence tomography angiography
(OCTA), a noninvasive imaging technique, allows for rapid,
quantitative assessment of retinal and choroidal thickness and
blood flow, offering a cost-effective and scalable screening tool
[10–12]. Our previous work has demonstrated that retinal
microvasculature and structure exhibit early alterations in
individuals with SCD [13], further supporting the potential of
ocular biomarkers in preclinical AD detection. The choroid, a
highly vascularized layer between the retina and the sclera,
supplies 85% of the retina’s blood flow and is critical in
maintaining retinal metabolism [14]. Notably, the Choroid has
been implicated in AD and age-related macular degeneration
(AMD), with shared pathogenic mechanisms involving Aβ deposi-
tion [15]. Multimodal imaging studies have revealed increased
drusen deposited in the outer retina of AD patients, leading to
photoreceptor degeneration and outer retinal atrophy [16].
Additionally, choroidal thinning and reduced choriocapillaris flow
have been observed in AD patients [17, 18], reinforcing the
choroid’s potential as a biomarker for early AD detection.
However, whether these choroidal and outer retinal alterations
occur in SCD remains unknown, necessitating further
investigation.
Quantifying choroidal changes has historically been challen-

ging due to the scattering effect of retinal pigment granules.
However, swept-source optical OCTA (SS-OCTA) equipped with
deep learning-based automated segmentation software now
enables precise delineation of choroidal boundaries and
accurate three-dimensional analysis of large and medium
choroidal vessels [19, 20]. This technology allows for the
calculation of key metrics such as choroidal vessel volume
(CVV) and choroidal vessel index (CVI), providing choroidal
alterations in SCD.
In this study, we employed ultra-wide SS-OCTA to comprehen-

sively evaluate structural and perfusion changes in the outer retina
and choroid of individuals with SCD. Specifically, we assessed
outer retinal and choroid thickness, choriocapillaris blood flow,
and large/ medium choroidal vessel parameters. Subsequently, we
compared these metrics across SCD participants with varying
brain amyloid loads and explored their correlation with plasma Aβ
concentration. We further detected the potential effects of APOE

ε4 on the alterations of the outer retina and choroid in
participants with SCD. Our findings aim to establish the choroid
as a potential ocular biomarker for early detection of
prodromal AD.

MATERIALS AND METHODS
Study design and ethics considerations
This cross-sectional study was approved by the ethics committee of Tongji
Hospital, Tongji Medical College, and the Huazhong University of Science
and Technology (Approval No. TJ-IRB20220830). A total of 102 participants
were consecutively recruited from the community-based population and
the Neurology Outpatient Clinic of Tongji Hospital from September 2022 to
October 2024. Written informed consent was obtained from all participants
before enrollment.
According to the updated SCD-plus criteria proposed by Jessen et al. in

2020 [1], individuals with SCD were included if they met the following
criteria: 1) Age ≥ 60 years; 2) Persistent self-reported cognitive decline (≥
6 months); 3) Normal age- and education-adjusted performance on
standardized neuropsychological tests (within ± 1 SD of normative means).
4) Availability of a collateral informant to corroborate cognitive concerns.
The Normal Control (NC) group consisted of those without SCD complaints
with normal cognitive screening scores [21]. NCs were selected from
among the spouses, colleagues, or siblings of individuals with SCD to
ensure age matching with the SCD group.
Exclusion criteria for all groups include: 1) Participants were excluded if

they had a history of neurodegenerative disorders (e.g., Parkinson’s
disease) or systemic severe disease affecting cognition (e.g., uncontrolled
diabetes, severe renal/ hepatic dysfunction); 2) Major ophthalmological
pathologies (glaucoma, AMD, retinal detachment, or spherical equivalent
refractive error >−6 diopters; 3) cerebral small vessel disease (Fazekas
score > 2 points on MRI; 5) Contraindications for PET imaging. The detailed
flow chart is presented in Fig. 1.

Clinical data collection and neuropsychological assessments
Demographic characteristics (age, sex, education level) and medical
histories were systematically recorded. A comprehensive neuropsycholo-
gical battery was administered by trained psychologists, including: 1)
Global cognition: Mini-Mental State Examination (MMSE) [22], Montreal
Cognitive Assessment (MoCA) [23]; 2) Memory Domain: Auditory Verbal
Learning Test-HuaShan version (AVLT-H) [24]; 3) Executive function: Trail
Making Test Part A and Part B (TMT) [25]; 4) Visuospatial skills: Clock
Drawing Test (CDT) [26]; 5) Language: the 30-item Boston Naming Test
(BNT) [27].

Fig. 1 Flowchart of the research. SCD subjective cognitive decline, Aβ amyloid, APOE apolipoprotein E; PET positron emission tomography.
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Ocular imaging protocol
Comprehensive ophthalmological evaluation. All participants received
standardized ophthalmological examinations conducted by a board-
certified ophthalmologist, including 1) Medical history review: documenta-
tion of ocular pathologies, surgical interventions, and pharmacotherapy; 2)
Visual function assessment: Best-corrected visual acuity (BCVA) quantified
using decimal notation; 3) Intraocular pressure (IOP) measured via non-
contact tonometry (NT-510; NIDEK Tokyo, Japan).

SS-OCTA imaging protocol. Light source: 1050 nm wavelength swept laser;
Acquisition rate: 2,000,000 A-scan/sec; scan pattern: 6 × 6mm macular
cube (1024 × 1024 sampling density); signal averaging: Quadruplicated
B-scans per fixation (VG200S; SVision Imaging, Henan, China).

Image acquisition and quality control. All scans were centered on the
foveal avascular zone. Images underwent automated quality assessment
with the following exclusion criteria: 1) Signal strength index < 6;
Significant motion artifacts (vessel discontinuity ≥10% scan area); 2)
Segmentation errors requiring >5% manual correction.

Quantitative image analysis. The integrated segmentation algorithm
delineated retinal-choroidal boundaries as follows: 1) Outer retina: outer
plexiform layer to retinal pigment epithelium (RPE) interface (Fig. 2A). 2)
Choroidal thickness (ChT) was defined as the length between Bruch’s
membrane and the choroid-sclera interface (Fig. 2B). The wrong
segmentations were modified by a trained ophthalmologist before
quantitative analysis. 3) Choriocapillaris flow area (FA) served as a
quantitative measure of small choroidal vessel perfusion (Fig. 2C). 4) CVV
and CVI were used to illustrate large and medium choroidal vessel
perfusion (Fig. 2D). CVV was defined as the volume of the large and
medium choroidal vessels. CVI was calculated by determining the ratio of

the CVV relative to the volume of the entire choroid.
The structural and perfusion parameters were automatically calculated

by a deep learning algorithm in the SS-OCTA software, following the Early
Treatment Diabetic Retinopathy Study (ETDRS) protocol. With diameters of
1 mm, 1–3mm, and 3–6mm, three concentric rings divided the macula
into the fovea, parafovea, and perifovea. (Fig. 1E).

Amyloid PET imaging
In our study, all participants underwent 18F-Florbetapir PET/CT using a
Discovery MI scanner (GE Healthcare, Chicago, IL, USA) at Tongji Hospital.
The imaging protocol was performed as follows: intravenous injection of
18F-Florbetapir (185～370MBq; radiochemical purity > 95%). Standardized
uptake time of 30–50min post-injection. Static 10 min brain PET scan in 3D
mode, with head immobilization to minimize motion artifacts. After scans,
the PET images were corrected and reconstructed. Two board-certified
nuclear medicine experts, who were not privy to clinical data, indepen-
dently examined amyloid deposition as per the guideline [28].

Plasma amyloid analysis
Venous blood samples were collected in pre-chilled K2-ethylenediamine-
tetraacetic acid (EDTA) tubes (BD Vacutainer) and centrifuged at 1500 × g
for 10min at 4 °C within 2 h of collection. The plasma was separated and
stored in a −80 °C freezer immediately until batch analysis. Quantification
of Aβ 42 and Aβ 40 concentrations was performed using the ultra-sensitive
single-molecule array (Simoa) Human Neurology 4-Plex E (N4PE) assay [29].

APOE genotype
APOE genotyping was carried out in the Department of Laboratory
Medicine of Tongji Hospital, following the methodology previously

Fig. 2 Representation of the OCTA images. A The outer retinal thickness was from the base of the outer plexiform layer to the base of the
retinal pigment epithelium. B The choroidal thickness was defined as the base of the Bruch membrane to the choroid-sclera interface. C Image
of the choriocapillaris flow area. D Image of the large and medium choroidal vessels. E Following the ETDRS protocol, the macula was divided
into three concentric rings with diameters of 1mm (fovea), 1–3mm (parafovea), and 3–6mm (perifovea).
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outlined [30]. Genomic DNA was isolated from whole blood, and
polymerase chain reaction was employed to determine APOE genotypes.
This process involved analyzing the alleles of two single nucleotide
polymorphisms at the APOE locus, specifically rs429358 and rs7412.
Participants were categorized into two groups based on their genotypes:
APOE ε4 carriers (ε4/ε4, ε3/ε4, and ε2/ε4) and non-carriers (ε2/ε2, ε2/ε3,
and ε3/ε3).

Statistical analysis
In our study, a case-control analysis was conducted, utilizing thickness
and perfusion metrics obtained via OCTA from age and sex-matched
control subjects. The mean ORT was recorded as 115 ± 8 μm [31]. To
detect a mean difference of 5 μm between the two groups, with a
standard deviation of 8 μm, a sample size of 41 participants per group is
necessary to achieve a statistical power of 0.8, assuming a significance
level (alpha) of 0.05. Categorical variables were expressed as counts
(percentages) and compared using Pearson’s chi-square test or Fisher’s
exact test (expected cell frequency <5), while continuous variables were
presented as mean ± standard deviation (SD) for normally distributed
data (analyzed by independent Student’s t-test) or median with
interquartile range (25th–75th quartile) for non-normally distributed
data (analyzed by Mann-Whitney U test). Spearman’s correlation
coefficient was computed to assess the bivariate association between
ORT and CVI, the FDR correction (BH method) was employed to control
the type I error. Partial correlation coefficients were calculated to
evaluate the relationship between choriocapillaris parameters and
plasma biomarkers, controlling for age and sex as covariates. All tests
were two-tailed, with p < 0.05 defining statistical significance. All
statistical analyses were conducted using IBM SPSS Statistics version
26 (IBM Corp., Armonk, NY, USA) and R 4.4.2 (R Development Core Team,
Vienna, Austria).

RESULTS
Demographic and clinical characteristics
A total of 102 participants were included for OCTA scanning. Three
eyes of participants with SCD were excluded, including two with
AMD, and one with retinal detachment. Nine eyes of normal
controls were excluded, including three with AMD, one with
retinal detachment, two with high myopia, and three with vitreous
opacity (Fig. 1). Among them, 57 individuals with SCD (109 eyes)
and 45 normal controls (83 eyes) were qualified for further
analysis. There were no statistically significant differences in age,
sex, BCVA, IOP, past medical history (hypertension and diabetes),
educational level, and cognitive performance between the two
groups (Table 1).

Comparison of the choroid and outer retina parameters
between SCD and NC
The choroid and outer retina indices were measured using OCTA.
Significantly higher CVI was observed in the SCD group compared
to the NC group in both the fovea (p= 0.013) and parafovea
(p= 0.022). In contrast, the ORT was found to be significantly
thinner in SCD groups relative to the NC, as noted in the perifovea
(p= 0.044) and the total regions (p= 0.035). There was no
significant difference in the choriocapillaris FA, CVV, and ChT
between the two groups (Fig. 3, with detailed statistical results
summarized in Supplementary Table 1). These findings indicate
that alterations occur in both CVI and ORT in SCD.

Correlation between outer retinal thickness and CVI in SCD
Given that the outer retina was predominantly supplied by the
choroidal vasculature, the thickness of the outer retina could
potentially reflect the perfusion of the choroid. CVI serves as a
dependable indicator for quantifying the perfusion of large and
medium choroidal vessels. Spearman correlation analyses were
performed to explore the association between ORT and CVI within
the SCD group. We found significantly negative associations
between the ORT and CVI in the fovea (r=−0.422, FDR p < 0.001)
and multiple regions (Fig. 4, Supplementary Table 2), suggesting
that a thinner ORT may be related to a larger CVI in SCD.

Comparison of choroid and outer retina parameters between
Aβ-SCD and Aβ+ SCD
To evaluate the diagnostic potential of OCTA indices for detecting
Aβ deposits in SCD, these parameters were compared between
SCD patients with Aβ-positive (Aβ + ) and Aβ-negative (Aβ-) status.
Aβ deposition was assessed using 18F-Florbetapir PET imaging,
which identified 14 Aβ+ and 16 Aβ- individuals with SCD. The
Aβ + SCD group demonstrated a higher proportion of females
(p= 0.046), a lower educational attainment (p= 0.024), and a
prolonged completion time on the TMT-B test (p= 0.028)
compared to the Aβ- group. No significant differences were
observed in age, BCVA, IOP, past medical history, and other
cognitive parameters between the two groups (Supplementary
Table 3). A total of 31 eyes from Aβ- SCD patients and 26 eyes
from Aβ + SCD patients were included in the final analysis.
Compared to Aβ- SCD group, the Aβ + SCD group exhibited
significantly increased choriocapillaris FA in the fovea (p= 0.040)
and parafovea (p= 0.031). No significant differences were
detected in the retinal thickness values or parameters related to
large and medium choroidal vessel between the two groups (Fig.
5, detailed statistical results are provided in Supplementary Table
4). These findings suggest that Aβ may preferentially affect
choriocapillaris perfusion without significantly altering large and
medium choroidal vessel parameters in SCD.

Correlation between choriocapillaris perfusion parameter and
plasma Aβ
A lower ratio of plasma Aβ 42/40 is consistent with increased brain
Aβ deposition as evaluated by PET [32]. The potential association

Table 1. Demographic and Clinical Characteristics of Participants.

Variables Participants p

NC (N= 45) SCD (N= 57)

Age (years) 67.07 ± 4.18 65.95 ± 4.36 0.853

Male/Female 20/25 15/42 0.056

Education (%) 0.259

6–9 years 7 (15.6%) 16 (28.1%)

9–12 years 13 (28.9%) 17 (29.8%)

>12 years 25 (55.6%) 24 (42.1%)

BCVA 0.8 (0.7, 1.0) 0.8 (0.6, 1.0) 0.275

IOP (mmHg) 15.63 ± 2.56 14.74 ± 2.48 0.732

Hypertension (%) 14 (31.1%) 21 (36.8%) 0.545

Diabetes (%) 4 (8.9%) 7 (12.3%) 0.751

MMSE 29.0 (28.0, 30.0) 29.0 (28.0, 29.0) 0.845

MoCA-B 25.0 (24.0, 26.5) 25.0 (23.5, 27.0) 0.854

AVLT-I 16.0 (14.0, 19.0) 17.0 (14.0, 20.5) 0.538

AVLT-L 5.13 ± 2.26 5.35 ± 2.56 0.485

AVLT-R 21.0 (19.0, 22.0) 21.0 (20.0, 23.0) 0.258

TMT-A(s) 45.0 (38.0, 57.0) 46.0 (35.0, 54.0) 0.895

TMT-B(s) 69.0 (58.5, 90.0) 72.0 (51.0, 85.0) 0.524

CDT 4.0 (4.0, 4.0) 4.0 (4.0, 4.0) 0.385

BNT 27.0 (25.0, 28.0) 27.0 (25.0, 28.0) 0.997

p value calculated by Student’s t-test or Mann-Whitney U-test or Chi-
Square test or Fisher’s exact test.
NC normal cognition, SCD subjective cognitive decline, BCVA best corrected
visual acuity, IOP intraocular pressure, MMSE mini-mental state examina-
tion, MoCA-B montreal cognitive assessment-basic version, AVLT-I auditory
verbal learning test-immediately recall, AVLT-L auditory verbal learning
test-long delayed recall, AVLT-R auditory verbal learning test-recognition,
TMT-A trail making test part A, TMT-B trail making test part B, CDT clock
drawing test, BNT boston naming test.
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between choriocapillaris perfusion and plasma Aβ was further
investigated. A number of participants declined to provide blood
samples, eventually, plasma Aβ was measured in 21 NCs and 29
individuals with SCD. There were no statistically significant
differences in age, sex, BCVA, IOP, past medical history, educa-
tional level, and cognitive performance between the two groups
(Supplementary Table 5). A partial correlation analysis was
performed to evaluate the relationship between choriocapillaris
FA and plasma Aβ levels. After adjusting for age and gender, a
significant negative correlation was found between Aβ 42/40 and
choriocapillaris FA in the perifovea (r=−0.420, p= 0.029) and the
total region (r=−0.425, p= 0.027) in the SCD group. Conversely,
no significant correlation was observed between choriocapillaris

FA and Aβ levels in the normal control (Fig. 6, Supplementary
Table 6). This indicated that an increase in choriocapillaris flow
areas is associated with a lower plasma Aβ 42/40 ratio in SCD.

Effects of APOE ε4 on the outer retina and choroid in SCD
The APOE ε4 allele is associated with a heightened risk of AD [33].
To investigate its effects on the outer retinal and choroidal
alterations in individuals with SCD, the factors including age, sex,
BCVA, IOP, past medical history, educational level, and cognitive
performance, were matched between APOE ε4 carriers (n= 13)
and non-carriers (n= 21) (Supplementary Table 7). The APOE ε4
carriers exhibited a greater choriocapillaris flow area in the fovea
(p= 0.031), parafovea (p= 0.001), perifovea (p= 0.001), and total

Fig. 3 Comparison of the outer retinal and choroidal parameters between NC and SCD. NC normal cognition, SCD subjective cognitive
decline, FA flow area, CVI choroidal vascular index, CVV choroidal vascular volume, ORT outer retinal thickness, ChT choroidal thickness.
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ETDRS circle (p < 0.001) compared to APOE ε4 non-carriers.
Moreover, the APOE ε4 carriers had increased CVV in the perifovea
(p= 0.018) and total ETDRS circle (p= 0.023) relative to APOE ε4
non-carriers. There was no significant difference in the CVI, ORT,
and ChT between APOE ε4 carriers and non-carriers (Fig. 7,
Supplementary Table 8).

DISCUSSION
In the present study, we observed a significantly increased CVI and
a reduction in the ORT among individuals with SCD. Moreover,
Aβ + SCD participants exhibited a significant increase in chorioca-
pillaris FA both in the fovea and parafovea compared to their Aβ-
counterparts. Additionally, carriers of the APOE ε4 allele in the SCD
cohort showed significantly higher choriocapillaris FA and CVV,
suggesting the influence of the APOE ε4 allele on the choroidal
perfusion. To the best of our knowledge, this study is the first to
comprehensively characterize choroidal perfusion in SCD patients
and explore its association with amyloid status in SCD. Our
findings imply that both dysfunction of the ORT and altered
choroidal perfusion occur in SCD, and the choriocapillaris FA may
serve as a valuable biomarker for the early detection of Aβ + SCD
cases.

Altered OCTA parameters in the subjective cognitive decline
Our study revealed that individuals with SCD exhibited an increased
CVI in both the foveal and perifoveal regions compared to normal
controls. The CVI, defined as the ratio of the CVV to the volume of the
entire choroid, is a reliable metric for quantifying perfusion in large
and medium choroidal vessels [34]. Robbins et al. observed decreased
CVI in patients with MCI relative to controls but not those with AD
[35], suggesting complicated and dynamic alterations in choroidal
vasculature throughout the AD continuum. Our previous study
reported that reduced retinal perfusion in the superficial vascular
complex may be associated with the SCD stage [13]. In this study, the
elevated CVI in SCD participants reflects enhanced large and medium
choroidal vessel perfusion and a strong compensatory mechanism to
maintain the blood supply to the retinal and choroidal at this stage.
Previous studies have reviewed the thinning of the inner retina

thickness within the AD spectrum [36, 37], while reports on ORT
alterations have been scarce and inconsistent. Kim et al. observed

consistent thinning of the outer retina across all regions in 5XFAD
mice [38]. In contrast, the APPNL-F/NL-F AD models exhibited an
increase of ORT at different time points [39]. Empirical studies
have identified correlations between ORT and cognitive function,
particularly among older adults, implying that retinal changes may
be linked to structural modifications within the brain [40]. A cross-
sectional study indicated outer retinal thinning in the parafovea
(1–3mm) and perifovea (3–6mm) in individuals with posterior
cortical atrophy (PCA) [19]. Uchida et al. reported no significant
differences in ORT in the fovea and juxtafovea (1–2mm) between
patients with amnestic MCI and AD compared to normal controls
[41]. Our study demonstrated that individuals with SCD exhibited
a thinner ORT compared to normal controls, particularly in the
perifovea (3–6mm), suggesting that structural changes in the
outer retina occur early in the SCD stage. The more pronounced
thinning of perifovea of the outer retina appears to be closely
associated with the distribution of photoreceptor cells. There are
two primary types of retinal photoreceptor cells in human: rods
and cones. Rod cells are predominantly located in the peripheral
regions of the outer retina, while the density of cone cells
increases toward the macula, achieving its peak concentration at
the fovea [42]. Rod cells are more susceptible to damage under
ischemic conditions due to their high oxygen consumption
characteristics. Compared with cone cells, rod cells exhibit more
pronounced synaptic functional impairment and produce more
reactive oxygen species under ischemic conditions [43, 44].
Moreover, lipid composition disparity may lead to greater
susceptibility of rod cells to membrane damage and cellular
death under ischemic conditions. Studies have shown that rod cell
membranes contain higher levels of polyunsaturated fatty acids,
particularly docosahexaenoic acid than cone cells [45]. Research
has demonstrated a significant association between alterations in
ORT and the aging process. In the course of normal aging, there is
a general trend towards a reduction in the thickness of the outer
retina, which is concomitant with the degeneration of the retinal
pigment epithelium and photoreceptors [46]. Furthermore, males
generally exhibit thicker ORT than females, particularly in the
fovea and parafovea area [47]. African American and Asian
American individuals exhibited reduced central retinal thickness
in comparison to their Caucasian counterparts [48]. These findings
underscore the imperative for stringent control of variables,
including age, gender, and race, in the conduct of comparative
studies on retinal thickness, in order to mitigate the influence of
confounding factors on the results. The outer retina, located in the
avascular zone, mainly obtains nutrients through diffusion from
the choroidal microvasculature. The thinning of the outer retina
might reflect alterations in choroidal perfusion at this stage. In our
study, a significant negative correlation was observed between
the CVI and ORT during the SCD stage. The dilation of choroidal
vasculature, characterized by increased permeability, may lead to
the degeneration and atrophy of photoreceptors, resulting in
subsequent thinning of the outer retina. Furthermore, curcumin
angiography has demonstrated that retinal amyloid plaques
accumulate in the photoreceptor layer in a transgenic mouse
model of AD [49]. A recent study has initially reported the
presence and distribution of Aβ in the ocular and periocular
regions of AD post-mortem eye tissues, including the retina, optic
nerve, choroid, and periorbital lymphatic vessels, highlighted the
transport of Aβ from the brain to the eye via the optic nerve
through CSF as a key factor in AD retinopathy [50]. The
impairment of the ocular glymphatic clearance system and the
perivenous lymphatic clearance pathway may lead to the
prolonged accumulation of brain-derived Aβ within the ocular
environment. This accumulation of ocular Aβ has the potential to
activate glial cells, resulting in ocular degeneration [51]. Further-
more, the accumulation of Aβ triggers the expression of
inflammatory cytokines, including interleukin-1β (IL-1β), tumor

Fig. 4 Heatmap showing associations between CVI and ORT in
participants with SCD. CVI choroidal vascular index, ORT outer
retinal thickness, SCD subjective cognitive decline. *FDR p < 0.05; **
FDR p < 0.01; *** FDR p < 0.001.
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necrosis factor-alpha (TNF-α), cyclooxygenase-2 (COX-2), and
inducible nitric oxide synthase (iNOS) in retinal pigment epithelial
(RPE) cells. These inflammatory mediators facilitate inflammatory
responses via the NF-κB signaling pathway [52]. Consequently, Aβ
accumulation and the ensuing inflammatory responses may
contribute to neurotoxicity, photoreceptor loss, and ultimately,
the thinning of the outer retina.

Increased choriocapillaris flow area and amyloid accumulation
According to the 2024 biological definition of AD by the
Alzheimer’s Association, those with evidence of Aβ deposition
are considered within the AD continuum [53]. In this study, we
further investigate the difference in choroidal structure and
vasculature among SCD participants based on their amyloid
deposition status determined by amyloid PET. Our results
demonstrated that Aβ + SCD participants exhibited a significantly

increased choriocapillaris FA compared to Aβ- SCD participants.
Our findings are consistent with those of van de Kreeke JA et al.,
who reported higher retinal vessel density in individuals with
preclinical AD [54]. Another prospective study also supported
these findings by demonstrating an increasing trend in retinal
vessel density during the follow-up period in the participants who
were Aβ positive at baseline [55]. A plausible explanation for our
findings may be attributed to the heightened inflammatory
response of the choroid during the early stages of amyloid
accumulation, as occurs in synchrony within the brain [56]. This
inflammatory status may lead to an increased blood supply to the
choriocapillaris to meet adequate perfusion and metabolic
demands during this early phase [54]. As the disease progresses,
persistent inflammation and Aβ accumulation may lead to
additional damage to the choroidal vasculature, ultimately
reducing the flow area. This may explain the observed decrease

Fig. 5 Comparison of the outer retinal and choroidal parameters between Aβ-SCD and Aβ+ SCD. SCD subjective cognitive decline,
Aβ-SCD amyloid negative-SCD, Aβ + SCD amyloid positive-SCD, FA flow area, CVI choroidal vascular index, CVV choroidal vascular volume,
ORT outer retinal thickness, ChT choroidal thickness.
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in choriocapillaris FA in AD patients [57]. In this study, the Aβ- SCD
group comprised a higher proportion of females compared to the
Aβ + SCD group. To investigate the potential influence of sex on
choriocapillaris FA, we included sex-specific subgroup analyses.
Our analyses revealed no statistically significant differences in
choriocapillaris flow area between the two groups (Supplementary
Table 9). These findings are consistent with a previous study,
which also reported no significant sex differences in retinal and
choroidal perfusion in both Alzheimer’s disease and control
cohorts [58].
Compared to PET, peripheral blood testing is more practical and

cost-effective. The development of ultrasensitive detection
methods has made plasma Aβ a promising alternative for
screening individuals with AD pathology [32]. Our study revealed
a negative correlation between the choriocapillaris FA and the
peripheral blood Aβ 42/40 ratio during the SCD stage, which was
not observed in the normal controls. This provided new evidence
of a possible association between choriocapillaris perfusion and
AD-related pathological change in the SCD stage. The chorioca-
pillaris FA may serve as a valuable biomarker for the early
detection of high-risk individuals in the preclinical stage.

Effects of APOE ε4 on the outer retina and choroid in SCD
The APOE ε4 allele may potentially influence choroidal perfusion.
A recent study reported that APOE ε4 carriers in participants with

PCA, a visual variant of AD, had significantly increased
choriocapillaris vascular density and CVI [19]. Our study further
revealed that among SCD participants, APOE ε4 carriers had
significantly higher choriocapillaris FA and CVV compared to
non-carriers. According to our knowledge, this is the first
research to clarify the association between the APOE ε4 allele
and alterations in the outer retinal and choroidal microvascu-
lature and structure in SCD participants. Prior studies have
examined how the inner retinal microvasculature and structure
differ between APOE ε4 carriers and non-carriers with normal
cognitive function. Research by Ma et al. demonstrated that
APOE ε4 allele carriers had lower central subfield thickness,
perfusion density, and peripapillary capillary flux index than non-
carriers [59]. Sheriff and colleagues also observed APOE ε4
carriers exhibited reduced thickness in the retinal nerve fiber
layer and a smaller foveal avascular zone area [60]. Moreover, in
AD patients, a reduced macular vascular density in the superficial
retinal capillary plexus has been observed in the APOE ε4 carriers
[61]. The APOE ε4 allele is acknowledged as the primary genetic
risk factor for AD, associated with both neuronal and vascular
impairments [33]. Recent research has suggested that APOE ε4 is
involved in angiogenesis and synaptic pathology in the retina
and choroid, with vascular endothelial growth factor (VEGF)
potentially playing a regulatory role [62]. In APOE ε4 mice,
reduced VEGF levels and increased activation of inflammatory
response markers were more prominent, potentially leading to
increased choroidal neovascularization. Aβ is known to influence
the oligomerization, aggregation, and neurotoxicity of APOE ε4
[63]. APOE ε4 is capable of forming SDS-stable oligomers, which
may represent aggregated states that become more prevalent
upon incubation with Aβ42. In vitro co-incubation experiments
using human neuronal cells demonstrate that Aβ42 enhances
the formation of SDS-stable APOE ε4 oligomers and augments
the cytotoxic effects of APOE ε4 [64]. Moreover, APOE ε4 has
been demonstrated to enhance the cellular uptake of Aβ,
consequently promoting its aggregation and subsequent neu-
rotoxic effects [65]. Low-density lipoprotein receptor-related
protein 1 (LRP1), the primary APOE receptor, is abundantly
expressed in vascular mural cells (pericytes and smooth muscle
cells) and brain [66]. Research indicates that APOE ε4 exacerbates
Aβ pathology through its interactions with LRP1 [67]. Moreover,
APOE ε4 diminishes the capacity for Aβ clearance by inhibiting
autophagy pathways, thereby further aggravating Aβ deposition
[68]. A univariate association was observed between APOE ε4
carriership and increased amyloid pathology in SCD participants
[69]. Intriguingly, our study demonstrated that choroidal perfu-
sion alterations in APOE ε4 carriers were consistent with those in
Aβ + SCD participants, suggesting that the effect of APOE ε4 on
choroidal perfusion alterations may be mediated by Aβ
accumulation. Future studies with detailed APOE genetic profiles
may further elucidate the impact of APOE ε4 on choroidal
perfusion alterations.

Limitation
The current study has several limitations. Firstly, it is a cross-
sectional study, a longitudinal study is imperative to comprehen-
sively track the dynamic variation in the outer retina and choroid
throughout the disease progression. Second, the sample size of
participants who underwent Aβ-PET and peripheral blood Aβ
testing was relatively small. Further investigation with a larger
sample size is thus advisable to boost statistical power and
elucidate the association between choroidal changes and AD-
related pathology. Thirdly, since plasma phosphorylated tau 217
(p-tau 217) is a more effective predictor of amyloid and tau
burden, future studies ought to include plasma p-tau 217
measurements to explore the potential relationship between
p-tau 217 and ocular alterations.

Fig. 6 Association of choriocapillaris FA with plasma Aβ 42/40 in
participants with SCD. A Association of choriocapillaris FA in the
perifovea with plasma Aβ 42/40 in participants with SCD.
B Association of choriocapillaris FA in the total ETDRS circle with
plasma Aβ 42/40 in participants with SCD. FA flow area, Aβ, amyloid,
SCD subjective cognitive decline. r is the partial correlation
coefficient, p value was adjusted for age and sex.
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CONCLUSIONS
The current study initially characterized choroidal perfusion
among individuals with SCD. Our results provide strong and
convincing insights regarding the association between amyloid
pathology and changes in the choriocapillaris flow area in SCD,
thereby enriching the ocular indices applicable for AD screening.
Considering the non-invasive and cost-effective attributes of
OCTA, ocular structure and microvascular indices may potentially
serve as valuable biomarkers for identifying high-risk SCD prone to
progression to AD.

DATA AVAILABILITY
The original datasets in this study are available from the corresponding author upon
reasonable request.
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