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Abstract
Background  Posterior cortical atrophy (PCA) is a rare condition characterized by early-onset and progressive visual 
impairment. Individuals with PCA have relatively early-onset and progressive dementia, posing certain needs for early 
detection. Hence, this study aimed to investigate the association of alterations in outer retinal and choroidal structure 
and microvasculature with PCA neuroimaging and clinical features and the possible effects of apolipoprotein E(APOE) 
ε4 allele on outer retinal and choroidal alterations in participants with PCA, to detect potential ocular biomarkers for 
PCA screening.

Methods  This cross-sectional study included PCA and age- and sex-matched healthy control participants from 
June 2022 to December 2023. All participants with PCA completed a comprehensive neurological evaluation. All 
participants were recorded baseline information and underwent an ophthalmic evaluation. Quantitative analyses 
were performed using swept-source optical coherence tomography (SS-OCT) and angiography (SS-OCTA). Adaptive 
optics scanning laser ophthalmoscopy (AO-SLO) was performed in some patients. In participants with PCA, the 
influence of APOE ε4 on outer retinal and choroidal alterations and the correlation of outer retinal and choroidal 
alterations with PCA neuroimaging and clinical features in participants with PCA were investigated.

Results  A total of 28 participants (53 eyes) with PCA and 56 healthy control participants (112 eyes) were included 
in the current study. Compared with healthy control participants, participants with PCA had significantly reduced 
outer retinal thickness (ORT) (p < 0.001), choriocapillaris vessel density (VD) (p = 0.007), choroidal vascular index (CVI) 
(p = 0.005) and choroidal vascular volume (CVV) (p = 0.003). In participants with PCA, APOE ε4 carriers showed thinner 
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Introduction
Posterior cortical atrophy (PCA), also known as a visual 
variant of Alzheimer’s disease (AD), is a rare condi-
tion characterized by early-onset and progressive visual 
impairment, with remarkable pathology in the parietal 
and occipital lobes involved in high-order visual pro-
cessing [1, 2]. While most commonly associated with 
AD, PCA can also be attributable to different underly-
ing causes with relatively decreasing frequency, includ-
ing Lewy body disease (LBD), corticobasal degeneration 
(CBD) and prion disease [1, 2]. The exact incidence and 
prevalence of PCA remain unknown. Previous studies 
indicated that PCA may account for approximately 5-13% 
of AD cases [3, 4]. Individuals with PCA frequently expe-
rience considerable delays in diagnosis and management 
owing to their relatively young age at onset and atypical 
symptoms during presentation as compared to typical 
AD [2, 5]. In some cases, individuals with PCA may pres-
ent to the ophthalmology department at the first visit, 
complaining of visual dysfunction but with a normal 
basic eye examination and relatively preserved cognitive 
function [6]. The PCA cognitive profile is characterized 
by posterior cortical impairment, while other cognitive 
domains remain relatively intact [7]. Individuals with 
PCA usually present with mild dementia at diagnosis, 
highlighting the importance of early detection [2].

The current consensus on the diagnosis of PCA high-
lights the role of clinical and cognitive features, with sup-
portive neuroimaging biomarkers if available [7], such as 
structural atrophy on magnetic resonance imaging (MRI) 
or functional abnormalities on positron emission tomog-
raphy (PET) in the posterior cortex [7]. Visual symptoms 
are commonly reported by individuals with PCA at their 
initial visit. Consequently, they are often first referred to 
the ophthalmology department for evaluation of poten-
tial ocular abnormalities [5].

The Apolipoprotein E (APOE) ε4 allele is the strongest 
genetic risk factor for late-onset AD [8]. It is associated 
with AD pathologies, including stimulating amyloid β 
(Aβ) production, reducing their clearance, and increas-
ing tau pathology and neurodegenerative patterns [9–12]. 
The frequency of the APOE ε4 allele is relatively lower 

in PCA compared to typical AD [13]. Recent studies 
have suggested an association between APOE and an 
increased risk of PCA [14]. Singh and colleagues found 
that APOE ε4 is associated with a greater predisposition 
in the medial temporal cortex, as well as brain connectiv-
ity in individuals with PCA [10, 15]. These findings imply 
that APOE ε4 plays an important role in the pathophys-
iology of PCA but raise the question of whether APOE 
ε4 also influences the eyes, particularly the retina and 
choroid.

As an extension of the central nervous system (CNS), 
the eye provides a unique window for detecting CNS 
disorders. Given the rapid development of ophthalmic 
multimodal imaging techniques, including noninvasive, 
convenient, and relatively low-cost swept-source optical 
coherence tomography (SS-OCT) and angiography (SS-
OCTA), fundus examination has been explored as a new 
research approach for studying possible CNS disorders in 
neurodegenerative diseases [16–19]. Moreover, previous 
studies have identified the pathological features of AD in 
the retina, suggesting that the impairment of the visual 
pathway may be present even in the early phase of AD 
with low-level Aβ [20–22]. Thinning of the retina and 
impaired retinal microvasculature have been reported in 
individuals with PCA [23]. However, Den Haan and col-
leagues found no significant difference in retinal thick-
ness between individuals with PCA and typical AD, and 
controls [24]. These inconsistencies suggest that further 
large-scale research is needed to precisely investigate 
retinal changes in individuals with PCA and to determine 
their exact value in the management of PCA. Addition-
ally, the correlation between impaired retinal micro-
vasculature and the decline in cognitive function was 
investigated in a recent study [23]. Furthermore, some 
researchers have investigated the similarities between 
AD and age-related macular degeneration (AMD) patho-
genesis, potentially expanding our exploration of CNS 
and ocular neurodegenerative diseases [25–27]. Drusen 
is a biomarker for the development of AMD [28]. Recent 
studies found the association of typical AD and PCA 
with hard drusen formation, which indicated that drusen 
might be a potential biomarker for AD [29, 30]. Taken 

ORT (p = 0.009), and increased choriocapillaris VD (p = 0.004) and CVI (p = 0.004). The PCA neuroimaging features were 
positively associated with the ORT, CVI and CVV. Furthermore, differential correlations were observed of PCA clinical 
features with the CRT, CVV and CVI.

Conclusions  Our findings highlighted the association of outer retinal and choroidal alterations with PCA 
neuroimaging and clinical features in participants with PCA. Noninvasive SS-OCT and SS-OCTA can provide 
potential biomarkers for the diagnosis and management of PCA, improving awareness of PCA syndrome among 
ophthalmologists, neurologists, and primary care providers.

Keywords  Posterior cortical atrophy, Alzheimer’s disease, Optical coherence tomography, Optical coherence 
tomography angiography, Retina, Adaptive optics, Choroid
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together, these findings revealed that the pathological 
processes of outer retinal dysfunction may share simi-
larities between AMD and AD [27]. However, a detailed 
assessment of the outer retinal and choroidal alterations 
and their potential association with the PCA pathological 
features is lacking.

In the present study, we aimed to characterize the alter-
ations in the outer retina and choroid in participants with 
PCA using SS-OCT, SS-OCTA and adaptive optics scan-
ning laser ophthalmoscopy (AO-SLO). Subsequently, we 
detected the potential effects of APOE ε4 on the severity 
of outer retinal and choroidal alterations in participants 
with PCA. Furthermore, we investigated the potential 
correlation of alterations in the outer retina and cho-
roid with PCA neuroimaging and clinical features. We 
hypothesize that the APOE ε4 influences the outer retina 
and choroid in PCA and that ocular alterations are asso-
ciated with PCA neuroimaging and clinical features.

Methods
This cross-sectional study was approved by the Eth-
ics Committee on Biomedical Research, West China 
Hospital of Sichuan University, and was conducted in 
accordance with the Declaration of Helsinki. All the par-
ticipants were recruited in this study from June 2022 to 
December 2023. Written informed consent was obtained 
from all the enrolled participants.

Study participants
Participants with PCA and age- and sex-matched healthy 
control participants were recruited from West China 
Hospital (the details are shown in Supplementary Meth-
ods). All participants with PCA completed a comprehen-
sive neurological evaluation, including a clinical history 
interview, physical examination, and neuropsychologi-
cal assessment. The clinical diagnosis of PCA was con-
firmed in accordance with previously proposed clinical 
diagnostic criteria [7]. Baseline information, including 
age, sex, and educational level, was recorded for all the 
participants, and the participants underwent a com-
plete ophthalmic evaluation, including slit-lamp biomi-
croscopy, fundus examination, SS-OCT, and SS-OCTA. 
AO-SLO with a 2.4 × 2.4 field of view was performed in 
some patients (Supplementary Fig. 1). All evaluations and 
examinations were conducted over 1 month (Supplemen-
tary Methods).

Neurological evaluation and examination
A detailed medical history was obtained in all partici-
pants with PCA, and they underwent extensive neu-
rological evaluation, including the following: Montreal 
Cognitive Assessment (MoCA), and Mini-Mental State 
Examination (MMSE), and Clinical Dementia Rating 
(CDR)assessment for general cognitive function, and 

APOE genotyping. 18 F-AV45 PET/MRI was performed 
using the GE 3T scanner (SIGNA PET/MR; GE Health-
care, Chicago, IL, USA) to identify the Aβ deposition in 
the brain (Fig. 1).

A visual assessment of PET images was performed by 
two experienced nuclear medicine physicians in a collab-
orative session, during which they were required to pro-
vide a binary diagnosis (positive or negative). To mitigate 
potential bias, the order of image readings was random-
ized, and all participant information was concealed. The 
criteria for identifying positive 18  F-AV45 PET images 
were based on visual rating guidelines for interpreting 
amyloid PET [31].

Swept-source OCT, OCTA and AO
All participants underwent SS-OCT (VG200, SVision 
Imaging, Ltd., Luoyang, China) with a central wavelength 
of 1,050 nm, scanning speed of 200,000 A-scans/s, scan-
ning depth of 2.7 mm in tissue, and sampling spacing of 
12 mm [17]. The scanning models included (1) 6 mm × 
6mm2,512 × 512 pixels, R4, centered on the fovea, (2) 33 
scan lines, R16, centered on the fovea. Both SS-OCT and 
SS-OCTA images with signal strengths > 7/10 without 
severe motion artefacts were obtained and included in 
this study.

The SS-OCT structure parameters were automatically 
measured in a 6  mm × 6mm2 diameter region centered 
on the fovea, including the outer retinal thickness (ORT), 
choroidal thickness (CRT), retinal nerve fiber layer 
(RNFL) and ganglion cell inner plexiform layer (GCIPL). 
The SS-OCTA flow parameters were automatically 
assessed in a scanning mode of 6 mm × 6 mm,512 × 512 
pixels, R4, and centered on the fovea, which included 
the choriocapillaris vessel density (VD), choroidal vas-
cular volume (CVV) and choroidal vascular index (CVI). 
Both the SS-OCT structural parameters and SS-OCTA 
flow parameters were automatically measured using the 
Early Treatment Diabetic Retinopathy Study (ETDRS) 
circle, including 0–1  mm, 1–3  mm, 3–6  mm and total 
(0–6 mm) circles.

Two participants with PCA and two healthy con-
trol participants underwent AO-SLO scanning (Mona 
II, Robotrak Technologies, Nanjing, China), the field 
of 2.4 × 2.4° (approximately 700 × 700  μm) view on the 
macula. Cone segmentation is automatically generated 
and cone morphology properties, including cell density, 
cell dispersion and cell regularity, were automatically 
analyzed.

The Cone cell density is defined as the average cone cell 
number per square millimeter. The cone cell regularity 
refers to the uniformity of cone distribution, measured 
by the ratio of cells with a precise number of closest cells 
within a certain range. The cone cell dispersion is defined 
as the extent of cell dispersed or clustered, quantified by 
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the proportion of the average distance between cone cells 
[32] (Supplementary Fig. 1).

The outer retinal and choroidal alterations, and thick-
ness of RNFL and GCIPL were compared between the 
enrolled eyes of PCA and age- and sex-matched healthy 
control participants. Accordingly, subgroup compari-
sons between ε4 carriers and ε4 non-carriers were per-
formed to detect the effects of APOE ε4 on the retina 
and choroid in participants with PCA. To investigate the 
potential association between the ocular alterations and 
the PCA features: (1) the PCA neuroimaging features, 
including cortical volume and cortical thickness of the 
occipital, parietal, and temporal lobes; (2) the PCA clini-
cal features, including cognitive function, assessed by 
MMSE, MoCA and CDR examinations were assessed.

Statistical analysis
Demographic and clinical variables were analyzed using 
an independent t-test for continuous variables and χ 2 
test for categorical variables. Generalized estimating 
equation (GEE) models were used to compare the dif-
ferences in the SS-OCT structure and SS-OCTA flow 
parameters between participants with PCA and healthy 
control participants while adjusting for inter-eye depen-
dencies, age, sex and signal strengths. Bonferroni method 

was applied for multiple comparisons. Partial correla-
tion analyses were used to detect correlations between 
SS-OCT structure SS-OCTA flow parameters and PCA 
pathologic characteristics. All P values were performed 
on 2-tailed tests, and a P-value < 0.05 was considered 
significant. All statistical analyses were performed using 
IBM SPSS Statistics version 23.

Results
Demographic and clinical characteristics
Of the 31 participants with PCA and 56 healthy control 
participants recruited in this study, nine eyes of par-
ticipants with PCA were excluded, including five with 
drusen, two with epiretinal membrane, one with pig-
ment epithelial detachment and one with vitreous opac-
ity (Supplementary Fig.  2). Therefore, 28 participants 
(53 eyes) with PCA (19[67.9%] women and 9[32.1%] 
men; mean age [SD], 60.21 [7.38] years) and 56 healthy 
control participants (112 eyes) (35 [62.5%] women and 
21[37.5%] men; mean age [SD], 60.11 [7.92] years) were 
included. The demographic and clinical characteristics 
of the enrolled participants are demonstrated in Table 1. 
There were no significant differences in sex (p = 0.629), 
age (p = 0.687) and educational level (p = 0.804) between 
participants with PCA and healthy control participants. 

Fig. 1  Representative sagittal 18 F-AV45 PET/MRI images. (A) A participant with PCA with significant cortical amyloid-β (Aβ) deposition (white arrows) 
and occipital-parietal atrophy of right hemisphere in brain MRI (yellow circle). (B) An age and sex matched healthy control participant with typical nega-
tive 18 F AV45-PET scan and MRI scan indicates no significant occipital-parietal atrophy
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The participants with PCA had lower MoCA, MMSE, 
CDR-G, and CDR-SB scores than the healthy control par-
ticipants (all p < 0.001). All participants with PCA were 
Aβ PET positive. Blood collection for APOE testing was 
done in 24 participants with PCA.

Comparison of structural and flow parameters
In the comparison of outer retinal and choroidal struc-
tures between participants with PCA and healthy con-
trol participants, the ORT in the 1–3 mm (168.35 [10.27] 
vs. 173.53[10.10] µm, p = 0.002), 3–6  mm (143.53 [9.28] 
vs. 149.57 [8.35] µm, p < 0.001), and total (150.31 [9.04] 
vs. 156.02 [8.23] µm, p < 0.001) ETDRS circles were sig-
nificantly decreased in participants with PCA while there 
was no significant difference in CRT (all p > 0.0125). 
Regarding flow parameters, participants with PCA had 
significantly decreased choriocapillaris VD in 1–3  mm 
ETDRS circles (67.39 [5.29] vs. 69.85 [5.41] %, p = 0.007), 
CVI in the 1–3  mm ETDRS circles(0.35 [0.05] vs. 0.38 
[0.06], p = 0.005) and CVV in the 0–1 mm(0.08 [0.03] vs. 
0.09 [0.03], p = 0.002), 1–3 mm(0.62 [0.23] vs. 0.72 [0.22], 
p = 0.009),3–6 mm (1.69 [0.67] vs. 2.49 [0.63], p = 0.002), 
and total (2.39 [0.92] vs. 2.85 [0.87], p = 0.003) ETDRS 
circles (Table 2; Fig. 2). AO-SLO image analysis showed 
that the participants with PCA had relatively reduced 
cone cell density (Supplementary Fig. 1 and Supplemen-
tary Table 1).

Meanwhile, participants with PCA had thinner 
GCIPL in the 0–1 mm (24.54 [6.70] vs. 28.89 [6.34] µm, 

p = 0.003), 1–3  mm (83.13 [9.23] vs. 88.52 [8.79] µm, 
p < 0.001) and total (61.49 [7.39] vs. 64.93 [6.88] µm, 
p = 0.002) ETDRS circles, compared with healthy control. 
There was no significant difference in the thickness of 
RNFL between PCA and healthy control participants (all 
p > 0.05) (Supplementary Table 2).

Effects of APOE ε4 on the outer retina and choroid
The effects of APOE ε4 on the outer retinal and cho-
roidal alterations were investigated. The APOE ε4 car-
riers (n = 11) had thinner ORT in the 1–3  mm (165.14 
[6.83] vs. 171.84 [6.82] µm, p = 0.005) and total ETDRS 
circles (147.91 [5.72] vs. 154.05 [7.97] µm, p = 0.009) 
and increased choriocapillaris VD in the 0–1  mm 
ETDRS circles (70.56 [3.03] vs. 65.66 [5.80] %, p = 0.004) 
and 1–3  mm (67.95 [4.15] vs. 61.93 [6.84] %, p = 0.004) 
ETDRS circles and CVI in the 0–1  mm (0.37 [0.05] vs. 
0.30 [0.10], p = 0.004) ETDRS circles than APOE ε4 non-
carriers (n = 13) (Fig. 3 and Supplementary Table 3).

Table 1  Demographic and clinical characteristics of study 
participants
Characteristic Participants

with PCA
Healthy control 
participants

P-value

Number (eyes) 28(53) 56(112)
Sex, female/male 19(9) 35(21) 0.629
Age, mean (SD), y 60.21 ± 7.38 60.11 ± 7.92 0.687
Educational level, mean 
(SD), y

10.68 ± 4.23 13.61 ± 3.88 0.804

MoCA score 10.07 ± 5.62 27.25 ± 0.81 < 0.001
MMSE score 15.36 ± 5.58 27.82 ± 0.88 < 0.001
CDR score
  CDR-G score 0.86 ± 0.41 0 < 0.001
  CDR-SB score 5.05 ± 2.43 0 < 0.001
Aβ positivity, n (%) 28(100%)
APOE genotype
  ε2/ε3 1
  ε2/ε4 2
  ε3/ε3 12
  ε3/ε4 8
  ε4/ε4 1
  unclear 4
Abbreviations: PCA, Posterior cortical atrophy; SD, Standard deviation; MoCA, 
Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination; CDR, 
Clinical Dementia Rating; CDR-G, Clinical Dementia Rating-Global; CDR-SB, 
Clinical Dementia Rating -Sum of Boxes; Aβ, amyloid β; APOE, apolipoprotein E

Table 2  Comparison of structural and flow parameters between 
participants with PCA and healthy control participants
Parameters Participants with 

PCA
Healthy control
participants

P 
value*

ORT
  0–1 mm 185.81 ± 17.23 189.58 ± 16.75 0.171
  1–3 mm 168.35 ± 10.27 173.53 ± 10.10 0.002
  3–6 mm 143.53 ± 9.28 149.57 ± 8.35 < 0.001
  Total 150.31 ± 9.04 156.02 ± 8.23 < 0.001
CRT
  0–1 mm 283.06 ± 111.29 325.04 ± 132.25 0.036
  1–3 mm 275.47 ± 107.81 315.60 ± 126.17 0.041
  3–6 mm 252.50 ± 92.60 293.97 ± 110.96 0.017
  Total 258.54 ± 96.06 299.65 ± 114.28 0.021
choriocapillaris VD
  0–1 mm 68.87 ± 7.91 71.46 ± 8.46 0.041
  1–3 mm 67.39 ± 5.29 69.85 ± 5.41 0.007
  3–6 mm 69.05 ± 3.51 70.03 ± 3.12 0.082
  Total 68.68 ± 3.54 70.04 ± 3.09 0.019
CVI
  0–1 mm 0.35 ± 0.07 0.37 ± 0.08 0.212
  1–3 mm 0.35 ± 0.05 0.38 ± 0.06 0.005
  3–6 mm 0.30 ± 0.11 0.36 ± 0.14 0.019
  Total 0.31 ± 0.15 0.37 ± 0.19 0.045
CVV
  0–1 mm 0.08 ± 0.03 0.09 ± 0.03 0.002
  1–3 mm 0.62 ± 0.23 0.72 ± 0.22 0.009
  3–6 mm 1.69 ± 0.67 2.49 ± 0.63 0.002
  Total 2.39 ± 0.92 2.85 ± 0.87 0.003
Abbreviations: PCA, Posterior cortical atrophy; ORT, outer retina thickness(µm); 
CRT, choroid thickness(µm); VD, vessel density (%); CVI, choroidal vascular 
index; CVV, choroidal vascular volume
*P value was based on GEE adjusted for the inter-eye correlation, age, sex and 
signal strengths. Bonferroni correction was applied to adjust for multiple 
comparisons, with P values < 0.0125 were considered statistically significant
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Additionally, the APOE ε4 carriers had thicker RNFL in 
the 3–6 mm (45.74 [5.35] vs. 40.70 [5.47] µm, p = 0.010) 
ETDRS circles than APOE ε4 noncarriers. There was no 
significant difference in the thickness of GCIPL between 
APOE ε4 carriers and noncarriers (all p > 0.05) (Supple-
mentary Table 4).

Correlation between ocular biomarkers and PCA 
pathological features
Partial correlation analyses were performed to detect the 
association between alterations in the outer retina and 
choroid and the severity of disease while controlling for 
sex and age. The results of partial correlation analysis of 
the association of outer retinal and choroidal structural 

and flow parameters with PCA neuroimaging features 
are shown in Fig. 4. The right temporal lobe cortical vol-
ume, right parietal and temporal lobes cortical thickness 
were positively associated with the ORT in the 0–1 mm 
ETDRS circle in the left eye (r = 0.480, p = 0.015; r = 0.408, 
p = 0.043; r = 0.489, p = 0.013). We observed positive cor-
relations of the left parietal lobe cortical volume with 
CVV in the 0–1  mm ETDRS circle(r = 0.433, p = 0.030), 
of the left parietal and temporal lobes cortical vol-
ume, and temporal lobe cortical thickness with CVV 
in the 1–3  mm ETDRS circle in the left eye (r = 0.439, 
p = 0.028; r = 0.417, p = 0.038; r = 0.403, p = 0.046), and 
of the left temporal lobe cortical volume with the CVV 
in the 0–1 mm ETDRS circle in the right eye (r = 0.410, 

Fig. 3  The Effects of APOE ε4 on the outer retinal and choroidal alterations between apolipoprotein E (APOE) ε4 noncarriers (n = 13) and carriers (n = 11) 
in participants with posterior cortical atrophy. (A) Subregional comparison of outer retina thickness (ORT). There were significant differences in ORT in the 
total and 1–3 mm ETDRS circles between APOE ε4 noncarriers and carriers. (B) Subregional comparison of choriocapillaris vessel density (VD). The APOE 
ε4 carriers had significant increased choriocapillaris VD in the 0–1 mm and 1–3 mm ETDRS circles. (C) Subregional comparison of choroidal vascular index 
(CVI). The APOE ε4 carriers had significant increased CVI in the 0–1 mm ETDRS circle

 

Fig. 2  Representative SS-OCTA images in a 6 × 6 -mm region. The Early Treatment Diabetic Retinopathy Study (ETDRS) circle was used for quantification. 
The choriocapillaris (CC) is defined and automatically segmented as 20 μm below Bruch’s membrane. (A) From a participant with posterior cortical atro-
phy. (B) From an age and sex-matched healthy control participant
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Fig. 4 (See legend on next page.)
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p = 0.047). The cortical volume of the parietal and tem-
poral lobes and cortical thickness of the parietal lobe in 
the left cerebral hemisphere were positively associated 
with CVI in the 0–1 mm ETDRS circle in the right eye 
(r = 0.445, p = 0.029; r = 0.449, p = 0.028; r = 0.419, p = 0.042) 
(Supplementary Tables 5–8).

Meanwhile, we found positive correlations of the 
right parietal and temporal lobes cortical volume, and 
the right parietal lobes cortical thickness with RNFL 
in the 0–1  mm ETDRS circle in the left eye (r = 0.407, 
p = 0.043; r = 0.464, p = 0.019; r = 0.424, p = 0.035) and of 
the right temporal lobe cortical volume with GCIPL 
in the 0–1 mm ETDRS circle in the right eye (r = 0.425, 
p = 0.039). Negative associations were observed between 
the left occipital lobe cortical volume with GCIPL in 
the 1–3  mm ETDRS circle in the left eye (r = -0.450, 
p = 0.024) and between the right occipital lobe cortical 
thickness with GCIPL in the 3–6  mm ETDRS circle in 
the right eye (r = -0.413, p = 0.045) (Supplementary Tables 
9–12).

Furthermore, we observed positive relations of MoCA 
score with CRT in the 0–1 mm ETDRS circle (r = 0.423, 
p = 0.031) and of MoCA and MMSE scores with the 
CVV in the 0–1  mm ETDRS circle (r = 0.433, p = 0.027; 
r = 0.485; p = 0.012). Moreover, we found negative associa-
tions between the CDR-G score and CVV in the 0–1 mm 
and 1–3  mm ETDRS circles (r = -0.469, p = 0.016; r = 
-0.427, p = 0.030). The CDR-SB score was negatively cor-
related to CVV in the 0–1 mm ETDRS circle (r = -0.446; 
p = 0.022) (Table  3). There were no significant associa-
tions of RNFL and GCIPL with PCA clinical features (all 
p > 0.05) (Supplementary Table 13).

Discussion
Our cross-sectional study demonstrated that outer reti-
nal and choroidal alterations may occur in participants 
with posterior cortical atrophy. Moreover, APOE ε4 
carriers had significantly thinner ORT and increased 
choriocapillaris VD and CVI in participants with PCA, 
suggesting the effects of the APOE ε4 allele on the outer 
retina and choroid. Furthermore, we investigated the 
association between outer retinal and choroidal altera-
tions and the disease severity. Our findings indicated that 

these alterations may had differential correlations with 
PCA neuroimaging and clinical features.

We observed abnormalities in both the outer retina 
and choroid in participants with PCA, which have been 
poorly reported in previous studies. Sun and colleagues 
found individuals with PCA had impaired retinal struc-
ture and microvasculature, including the thinning of 
RNFL, GCIPL and INL, and impairments in the inner 
retinal microvasculature, compared to healthy controls 
[23]. However, Den Haan and colleagues reported that 
no significant difference in pRNFL and mRT was found 
in PCA and controls [24]. Our study indicated that par-
ticipants with PCA had a thinner GCIPL compared to 
healthy controls, while no significant difference in RNFL 
was found between the two groups. These inconsisten-
cies may be due to the heterogeneity of PCA and the 
varying conditions of individuals with PCA included in 
the studies. AD is the most common underlying cause of 
PCA [2, 7]. Several studies have described AD-specific 
pathology in the retinas of individuals with AD, which 
is similar to AD brains, including accumulation of Aβ 
deposits [33] and pTau [34, 35]. Proteomic analysis of AD 
retinas has revealed inhibition of photoreceptor-related 
pathways [21]. Fascinatingly, we observed that partici-
pants with PCA had reduced cone cell density measured 
on AO-SLO images compared with healthy control par-
ticipants, suggesting potential cone loss. The outer retina, 
with high demands of nutrition and oxygen, is comprised 
of cell bodies and synapses of photoreceptors, which is 
mainly supported by the choroidal microvasculature. As 
color vision is generated through the rate of quantum 
catches signals emitted by different classes of cones [36, 
37], our findings suggested that the deficits in photore-
ceptors may have ramifications for the concomitant color 
vision deficiency in PCA and the outer retinal and cho-
roidal alterations may reflect the underlying neurodegen-
erative process in PCA.

In the current study, we described the first detailed 
assessment of the difference in outer retinal and choroidal 
structure and microvasculature between APOE ε4 carri-
ers and APOE ε4 noncarriers in participants with PCA. 
Our findings indicated that APOE ε4 carriers exhibited 
significantly thinner ORT, increased choriocapillaris VD 

(See figure on previous page.)
Fig. 4  Association of outer retinal and choroidal alterations with posterior neuroimaging features. (A) Association of CVI in the 0–1 mm ETDRS circle in 
the right eye with left parietal lobe cortical volume in participants with posterior cortical atrophy (PCA). (B) Association of CVI in the 0–1 mm ETDRS circle 
in the right eye with left temporal lobe cortical volume in participants with PCA. (C) Association of CVI in the 0–1 mm ETDRS circle in the right eye with left 
parietal lobe cortical thickness in participants with PCA. (D) Association of CVV in the 0–1 mm ETDRS circle in the right eye with left temporal lobe cortical 
volume in participants with PCA. (E) Association of CVV in the 0–1 mm ETDRS circle in the left eye with left parietal lobe cortical volume in participants 
with PCA. (F) Association of CVV in the 1–3 mm ETDRS circle in the left eye with left parietal lobe cortical volume in participants with PCA. (G) Association 
of CVV in the 1–3 mm ETDRS circle in the left eye with left temporal lobe cortical volume in participants with PCA. (H) Association of CVV in the 1–3 mm 
ETDRS circle in the left eye with left temporal lobe cortical thickness in participants with PCA. (I) Association of ORT in the 0–1 mm ETDRS circle in the left 
eye with right temporal lobe cortical volume in participants with PCA. (J) Association of ORT in the 0–1 mm ETDRS circle in the left eye with right parietal 
lobe cortical volume in participants with PCA. (K) Association of ORT in the 0–1 mm ETDRS circle in the left eye with right temporal lobe cortical thickness 
in participants with PCA. CVI, choroidal vascular index; CVV, choroidal vascular volume; ORT, outer retinal thickness
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and CVI, and thicker RNFL than noncarriers. APOE, as 
a risk factor of PCA [14], is correlated with the severity 
of PCA-related pathology. A recent study suggested that 
APOE ε4 carries demonstrated greater volume loss in the 
medial temporal lobe in PCA [10]. APOE ε4 influences 
brain connectivity in PCA, with an increase in connectiv-
ity in the salience within-network and reduced connectiv-
ity in between-network [15]. In addition, the association 
of alterations in inner retinal structure and microvascula-
ture with the APOE ε4 allele has been investigated in pre-
vious studies. Sheriff and colleagues reported that older 
adults with the APOE ε4 allele exhibited thinner RNFL 
and a smaller foveal avascular zone area [38]. Further-
more, in individuals with AD, reduced vascular density of 
the deep capillary plexus has also been observed in APOE 
ε4 carriers [39]. Photoreceptor loss has been identified in 
retinal degenerative diseases, which may be caused by 
pathological high oxygen consumption and related oxi-
dative stress [37]. Hence, the influence of APOE ε4 on 
alterations in the outer retina and choroid may be driven 
by PCA-related pathologies, resulting in the impairment 
of photoreceptors and synapses in PCA. Accordingly, the 
thinner ORT and increased choriocapillaris VD in APOE 
ε4 carriers may reflect the retina and CNS undergo a sim-
ilar neurodegenerative process.

The moderate evidence of the association of alterations 
in the outer retina and choroid with PCA neuroimag-
ing and clinical features extends previous work. Signifi-
cantly, few studies have explored the possible association 
between outer retinal and choroidal impairments and 
PCA characteristics. Sun and colleagues observed a weak 
correlation of retinal microvasculature with MMSE and 
MoCA scores in participants with PCA [23]. Our current 
study highlighted the correlation between PCA charac-
teristics and ocular biomarkers. However, the underlying 
mechanism remains unclear. Progressive neurodegenera-
tion in the parietal, occipital, and occipitotemporal cor-
tices was highlighted in individuals with PCA, resulting 
in a progressive decline in visuoperceptual, visuospatial 
and other posterior cortical skills [2, 40]. Although these 
associations were weaker than the connections between 
brain regions (Supplementary Fig. 3 and Fig. 4), we pro-
vided new evidence of possible associations between 
ocular biomarkers and alterations in significant patho-
logical regions in the brains of participants with PCA. 
The impairments in the retina and choroid may result 
in anterograde and retrograde neurodegeneration, and/
or reflecting parallel pathological processes in both the 
retina and brain [41]. Fascinatingly, we found that the 
decline in cognitive ability, reflected by reduced MMSE 
and MoCA scores, and increased CDR-G and CDR-SB 

Table 3  Association of outer retinal and choroidal structural and flow parameters with PCA clinical features
Parameters MOCA MMSE CDR-G CDR-SB

r P-value* r P-value* r P-value* r P-value*

ORT
  0–1 mm -0.030 0.883 0.302 0.134 0.009 0.963 0.020 0.924
  1–3 mm 0.101 0.622 0.202 0.322 -0.204 0.319 -0.255 0.209
  3–6 mm 0.091 0.660 0.000 0.999 -0.193 0.345 -0.243 0.232
CRT
  0–1 mm 0.423 0.031 0.348 0.082 -0.368 0.064 -0.284 0.159
  1–3 mm 0.381 0.055 0.277 0.170 -0.374 0.060 -0.263 0.194
  3–6 mm 0.364 0.068 0.193 0.346 -0.352 0.078 -0.256 0.208
Choriocapillaris
VD
  0–1 mm -0.126 0.540 -0.091 0.660 0.026 0.898 -0.032 0.877
  1–3 mm -0.035 0.864 -0.121 0.555 -0.081 0.693 -0.055 0.790
  3–6 mm 0.362 0.069 0.171 0.403 -0.163 0.426 -0.101 0.623
CVI
  0–1 mm 0.069 0.738 0.311 0.123 -0.120 0.558 -0.258 0.204
  1–3 mm -0.036 0.863 0.160 0.435 0.009 0.963 -0.126 0.539
  3–6 mm 0.003 0.990 0.116 0.573 -0.108 0.599 -0.215 0.292
CVV
  0–1 mm 0.433 0.027 0.485 0.012 -0.469 0.016 -0.446 0.022
  1–3 mm 0.386 0.051 0.376 0.059 -0.427 0.030 -0.379 0.056
  3–6 mm 0.330 0.100 0.251 0.216 -0.361 0.070 -0.338 0.091
Abbreviations: PCA, Posterior cortical atrophy; ORT, outer retina thickness; CRT, choroid thickness; VD vessel density; CVI, choroidal vascular index; CVV, choroidal 
vascular volume; CDR-G, Clinical Dementia Rating-Global score; CDR-SB, Clinical Dementia Rating-Sum of Boxes; MMSE, Mini-Mental State Examination; MoCA, 
Montreal Cognitive Assessment
*P value was adjusted for the age and sex
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scores were significantly associated with the ocular mani-
festation in PCA. Given the similarities between the 
human retina and the rest of the CNS, our results indi-
cated that investigating alterations in the anterior and 
posterior visual pathways and the possible association 
between these alterations offers an opportunity to learn 
more about the pathophysiological mechanisms of PCA 
as a whole.

This study has several strengths. First, all participants 
with PCA were diagnosed based on clinical, cognitive 
and neuroimaging features and pathological biomarkers 
on PET or/and cerebrospinal fluid biomarkers. Second, 
we used SS-OCT, SS-OCTA, and AO-SLO to detect the 
outer retinal and choroidal structure and microvascula-
ture in participants with PCA. With a scanning speed of 
200,000 A-scans per second and a central wavelength of 
1050  nm, SS-OCT and SS-OCTA allow for deeper tis-
sue penetration, facilitating our study of the outer retina 
and choroid. Meanwhile, AO-SLO enables non-invasive 
visualization of the human retina in vivo with single-cell 
resolution, particularly for evaluating the outer retina. 
Third, we were the first to investigate the different severi-
ties of outer retinal and choroidal alterations in APOE ε4 
carriers and noncarriers among participants with PCA. 
Our findings could help to unravel the potential effects 
of APOE ε4 on the eye. Finally, this study fills a gap in the 
data regarding the association of the ocular structure and 
microvasculature with PCA pathological features, includ-
ing neuroimaging biomarkers, cognitive dysfunction and 
neuropsychiatric symptom severity, which integrates 
neuropathology and biomarkers on both the eye and 
brain as a whole and again highlights the potential role of 
the eye as an ideal window to study the CNS. However, it 
is worth noting that these biomarkers may not be specific 
to PCA. Outer retinal and choroidal impairments have 
also been reported in pathological myopia [42], AMD 
[43, 44], glaucoma [45], Parkinson’s disease [46], early 
diabetes mellitus [47] and other conditions. Retinal imag-
ing techniques are still in the early stages of the study of 
PCA. Given the rapid advancements in ophthalmic imag-
ing technologies, further research is needed to clarify the 
potential applications of these novel retinal imaging tech-
niques in PCA and other central nervous system diseases.

The current study has some limitations. First, the sam-
ple size was relatively small. However, as a rare syndrome, 
PCA only accounts for 5% of people with AD [3]. This low 
prevalence may be a reasonable explanation. Second, this 
was a cross-sectional study, and we were unable to inves-
tigate longitudinal alterations in these individuals. Third, 
detailed APOE phenotypes were not available in healthy 
control participants. As the presence of APOE ε4 carri-
ers in the general population [48], the potential effects 
of APOE ε4 on the retina and choroid in PCA should be 
interpreted with caution. Long-term studies with larger 

sample sizes and comprehensive information on both 
PCA and healthy control participants are warranted to 
determine whether these ocular findings can serve as 
biomarkers for detecting the PCA progression and inves-
tigating the underlying pathophysiological mechanisms.

Conclusions
In conclusion, individuals with PCA, the visual variant 
of AD, often present early visual symptoms and visit the 
ophthalmology department. In this cross-sectional study, 
we found that outer retinal and choroidal alterations were 
significant associated with PCA neuroimaging and clini-
cal features and that APOE ε4 carriers displayed more 
severe outer retinal alteration and increased choriocapil-
laris VD and CVI than noncarriers in PCA. Alterations in 
the outer retina and choroid detected by noninvasive and 
direct SS-OCT and SS-OCTA can be biomarkers early in 
the PCA.
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