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Abstract

Objectives: Observational studies have suggested associations between retinal layer thinning and increased
susceptibility to Alzheimer's disease (AD), but causal inference remains inconclusive. This study aimed to
investigate potential genetic causality between inner retinal layer (IRL) thickness, specifically the retinal nerve fiber
layer (RNFL) and the ganglion cell inner plexiform layer (GCIPL), and AD risk.

Methods: We conducted a bidirectional two-sample Mendelian randomization (MR) analysis using genome-wide
association study (GWAS) summary statistics for RNFL/GCIPL thickness (n = 31,434; UK Biobank) and AD status
(39,106 cases vs. 401,577 controls; European Alzheimer and Dementia Biobank). Replication was performed in an
independent AD cohort (35,274 cases vs. 59,163 controls). The inverse-variance weighted (IVW) method was
used as the primary analytical approach.

Results: No significant associations were found between retinal thickness and AD risk (RNFL: odds ratio [OR],,, =
1.001, 95% confidence interval [CI] = 0.986-1.017, P = 0.883; GCIPL: OR,,,, = 1.008, 95% Cl = 0.997-1.019, P =
0.172). Reverse MR analyses also showed no causal effect of genetic liability to AD on retinal thickness (RNFL:
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OR,,w = 0.907,95% Cl = 0.786-1.046, P = 0.179; GCIPL: OR,,,, = 1.014, 95% Cl = 0.828-1.242, P = 0.890). These
findings were consistent in replication analyses (RNFL: OR,,,, = 1.015, 95% CI| = 0.987-1.043, P = 0.305; GCIPL:
OR,,w =1.014,95% Cl = 0.991-1.037, P = 0.237).

Conclusion: This MR analysis found no evidence of a causal genetic relationship between IRL thickness variations
and AD. Future investigations should focus on trans-ethnic populations, longitudinal studies, and multimodal
retinal phenotyping within GWAS cohorts to further clarify this relationship.

Keywords: Inner retinal layer thickness, retinal nerve fiber layer, ganglion cell inner plexiform layer, Alzheimer's
disease, Mendelian randomization

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurodegenerative condition globally and the leading cause
of dementia, posing one of the most significant socioeconomic health challenges of the 21st century™. Its
pathological hallmarks include the accumulation of extracellular amyloid-f aggregates and intracellular
neurofibrillary tangles composed of hyperphosphorylated tau isoforms®. Despite decades of research
yielding major advances in our understanding of AD pathogenesis and the development of therapeutic
approaches, current pharmacological interventions offer only limited clinical benefits. This is largely due to
the fact that most diagnoses occur at late stages, when irreversible neuronal damage has already occurred.
There is a broad consensus that early intervention may help slow disease progression".

Identifying modifiable risk factors and reliable biomarkers during the prodromal stages of AD is critical for
enabling preventive strategies and tracking disease progression". At present, biomarkers derived from
positron emission tomography and cerebrospinal fluid (CSF) assays are considered the gold standards for
AD diagnosis. However, their application in early-stage detection is constrained by high costs, invasive
procedures, and technical complexity'. Given that the neuroretina and optic tract originate from
diencephalic structures, they are classified as part of the central nervous system”. Optical coherence
tomography (OCT), a non-invasive imaging technique, enables cost-effective, high-resolution measurement
of neuroretinal degeneration and has become an indispensable tool in neurodegenerative research'*.
Increasing attention has been directed toward the relationship between retinal changes and AD, owing to
their shared etiological factors, overlapping pathological features, and common molecular mechanisms!'”.
The retinal nerve fiber layer (RNFL) and ganglion cell-inner plexiform layer (GCIPL) closely resemble
cerebral white and gray matter, respectively, making them promising candidates for non-invasive
biomarkers of AD progression”. Furthermore, emerging longitudinal evidence indicates that
microstructural retinal changes may occur decades before clinical symptoms appear'. Nevertheless, the
clinical utility of retinal biomarkers for AD diagnosis and risk stratification remains an open question in

3,8,9]

neurodegeneration research'

Mendelian randomization (MR) is a statistical approach that uses genetic variants, primarily single
nucleotide polymorphisms (SNPs), as instrumental variables (IVs) to infer causal associations between
modifiable exposures and health outcomes based on observational data. This approach leverages the
random assortment of genetic variants according to Mendel’s laws, which helps balance unmeasured
confounders across genotype-defined exposure groups. MR thus mimics the design of randomized
controlled trials (RCTSs) in observational settings, reducing biases such as reverse causation and residual
confounding - common limitations of traditional epidemiological studies when RCTs are infeasible.
Additionally, MR enables the assessment of long-term exposure effects that are often not detectable in
short-term RCTs"*"?,. When conducted rigorously and based on validated IV assumptions, MR analyses can
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provide robust evidence to support the prioritization of clinical trials, guide pharmaceutical development,
and inform clinical and public health policy"’. In this two-sample MR study, we used genome-wide
association study (GWAS) summary statistics to assess the potential genetic causal relationship between
inner retinal layer (IRL) thickness, specifically RNFL and GCIPL measurements, and susceptibility to AD.

METHODS

Study design

A bidirectional two-sample MR framework was employed to assess the genetic causal relationships between
IRL thickness variations and AD risk. All analyses strictly followed the Strengthening the Reporting of
Observational Studies in Epidemiology Using Mendelian Randomization (STROBE-MR) guidelines"”. This
study adhered to the core MR assumptions, which include: (i) Relevance: genetic instruments are
significantly associated with the exposure of interest; (ii) Independence: genetic instruments are not
associated with known or potential confounders; (iii) Exclusion restriction: genetic variants influence the
outcome solely through the exposure [Figure 1]"*.

Data sources

We obtained summary-level statistics for RNFL thickness, GCIPL thickness, and AD from published
GWAS. The RNFL and GCIPL thickness datasets were derived from the UK Biobank (UKB) study by
Currant et al. ), which involved OCT measurements from 31,434 participants. Their analysis employed an
additive linear regression model adjusted for relevant ocular parameters, technical covariates, and
demographic factors. The primary AD dataset was sourced from the European Alzheimer & Dementia
Biobank (EADB) consortium, comprising 39,106 clinically confirmed AD cases and 401,577 population-
matched controls". For replication, we included additional GWAS data from Kunkle et al., which featured
35,274 neuropathologically confirmed AD cases and 59,163 controls"®. Full methodological details for these
studies are available in the respective publications'*'*'*. To reduce potential population stratification bias, all
analyses were restricted to individuals of European ancestry.

Genetic instruments

Genome-wide significant variants (p < 5e-8) from the exposure-specific GWAS were selected as IVs.
Linkage disequilibrium (LD) clumping was performed using an R* threshold of < 0.001 or a physical
distance cutoff of 10,000 kb to ensure independence among SNPs. To evaluate potential horizontal
pleiotropy, all candidate SNPs were screened using PhenoScanner V2" and the GWAS Catalog (https://
www.ebi.ac.uk/gwas/)"". Instrument strength was assessed by calculating F-statistics for each IV using the
formula: F — statistics = (B;;a)z, where B represents the estimated effect size and SE denotes the standard

error™. SNPs with F-statistics < 10 were excluded to minimize weak instrument bias®.

Statistical analysis

Genetic instruments were selected from outcome-associated GWAS summary data using stringent criteria.
The inverse-variance weighted (IVW) method was the primary analysis approach, assuming balanced
pleiotropy”'. Secondary methods included MR-Egger regression, weighted median, and mode-based
estimators. MR-Egger enables detection of directional pleiotropy through its intercept, though with reduced
statistical power”. The weighted median method provides valid estimates when over 50% of the IVs are
valid®. The simple mode estimator is robust to pleiotropy but less precise!, whereas the weighted mode
requires careful bandwidth selection for kernel density estimation””. Heterogeneity among IVs was
evaluated using Cochran’s Q test for both IVW and MR-Egger methods (P > 0.05 indicating
nonsignificance)”. Horizontal pleiotropy was assessed by the MR-Egger intercept and MR-PRESSO global
test, with pleiotropic effects considered as absent at P > 0.05**!. Leave-one-out sensitivity analyses were
conducted by sequentially excluding each SNP to evaluate the stability of the results. Bidirectional causality
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Figure 1. Flowchart of the MR study based on three core assumptions: Assumption 1 (Relevance): genetic instruments are significantly
associated with the target exposure; Assumption 2 (Independence): genetic instruments are not correlated with known or potential
confounders; Assumption 3 (Exclusion restriction): genetic variants influence outcomes solely through the specified exposure. Step 1
evaluates the causal effect of IRL thickness on AD, while Step 2 assesses the reverse causal effect of AD on IRL thickness. MR:
Mendelian randomization; IRL: inner retinal layer; AD: Alzheimer's disease.

was further examined using the MR Steiger directionality test, excluding SNPs that explained more variance
in the outcome than in the exposure (P < 0.05) *”. All statistical analyses were conducted in R (version 4.3.1)
using the TwoSampleMR (v0.5.7) and MR-PRESSO (v1.0) packages.

Power calculation
We conducted statistical power calculations for the MR analyses using an online tool (https://sb452.
shinyapps.io/power/). The study had 100% power to detect an odds ratio (OR) of 1.03 for IRL thickness
variations and 1.04 for AD risk. Power was primarily influenced by the phenotypic Varia_?ce explained
(PVE) by the genetic instruments. PVE was calculated using the formula:PVE = E(%), where B
denotes the effect size, SE the standard error, and N the total sample size

[28]

RESULTS

The IVs demonstrated strong validity, with F-statistics ranging from 29.904 to 519.112 - well above the
conventional threshold of F > 10, thereby minimizing the risk of weak instrument bias [Supplementary
Tables 1-6]. The cumulative PVE by the selected SNPs ranged from 0.030 to 0.047 [Table 1], aligning with
typical effect size distributions observed for complex traits in large-scale GWAS "**". Primary bidirectional
MR analyses revealed no evidence of causal effects in either direction [Figure 2]. RNFL thickness exhibited
no causal association with AD risk (OR = 1.001, 95% confidence interval [CI] = 0.986-1.017, P = 0.883)
(Figure 3A), nor did GCIPL thickness (ORyy, = 1.008, 95% CI = 0.997-1.019, P = 0.172) (Figure 3B). Reverse
MR analyses also demonstrated no causal effects of AD on RNFL thickness (ORyy,y = 0.907, 95% CI = 0.786-
1.046, P = 0.179) [Figure 3C] or GCIPL thickness (ORyyy = 1.014, 95% CI = 0.828-1.242, P = 0.890)
[Figure 3D]. These null findings were replicated in an independent AD cohort, with similarly non-
significant results for both RNFL thickness (ORy, = 1.015, 95% CI = 0.987-1.043, P = 0.305) [Figure 3E] and
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Table 1. Summary of genetic IVs used for bidirectional MR analyses
No. of . e a b
Exposure Outcome SNPs F-statistic PVE
RNFL thickness AD 20 36.519(29.904-115.485) 0.030
(Currant et al.)™® (Bellenguez et al)t™
GCIPL thickness 19 40.384(30.551-127.498) 0.033
(Currant et al.)[é]
AD (Bellenguez et al.) RNFL thickness 51 48.828(30.384-519.112) 0.046
(Currant et al.)m
GCIPL thickness 51 48.828(30.384-519.112) 0.047
(Currant et al)'®
RNFL thickness AD (Kunkle et al)" 19 36.543(29.904-92.975) 0.027
(Currant et al.)'®
GCIPL thickness 18 39.755(30.551-127.498) 0.033

(Currant et al.)™®

*SNP-specific F-statistics was calculated using the equation: F — statistics = (%)2[19]. The table reports the median and range (minimum-
maximum); ®PVE was calculated as: PVE = Z(Beitaz)m].AD: Alzheimer's disease; GCIPL: ganglion cell inner plexiform layer; IVs:
Beta? +SEZxN

instrumental variables; MR: Mendelian randomization; PVE: phenotypic variance explained; RNFL: retinal nerve fiber layer; SNP: single nucleotide

polymorphism.

Exposure Outcome Method nSNP OR(95%Cl) P.value
RNFL thickness  AD MR Egger 20 Ih 1.02(0.98 to 1.07) 0.322
Weighted median 20 |- 1.01(0.99 t0 1.03) 0.371
Inverse variance weighted 20 ® 1.00(0.99 t0 1.02) 0.883
Simple mode 20 * 1.01(0.97 t0 1.06) 0.485
Weighted mode 20 Ilh 1.01(0.98 to 1.05) 0.540
GCIPL thickness AD MR Egger 19 - 1.02(0.99 to 1.05) 0.175
Weighted median 19 IP 1.01(0.99 t0 1.02) 0.248
Inverse variance weighted 19 + 1.01(1.00t0 1.02) 0.172
Simple mode 19 ill 1.00(0.98 t0 1.03) 0.715
Weighted mode 19 L] 1.01(0.99 to 1.03) 0.560
AD RNFL thickness MR Egger 51 l—O—:-l 0.81(0.61 t0 1.07) 0.143
Weighted median 51 —d— 0.98(0.79 0 1.22) 0.861
Inverse variance weighted 51 -O-IH 0.91(0.79t0 1.05) 0.179
Simple mode 51 —_—— 1.09(0.73 t0 1.64) 0.664
Weighted mode 51 r—o';—! 0.96(0.73 to 1.25) 0.740
AD GCIPL thickness MR Egger 51 '—Jl—! 0.97(0.65 to 1.47) 0.904
Weighted median 51 '—:-O—i 1.08(0.82to 1.43) 0.576
Inverse variance weighted 51 —— 1.01(0.83 to 1.24) 0.890
Simple mode 51 l—:o—' 1.04(0.56 to 1.95) 0.897
Weighted mode 51 ——— 1.13(0.7510 1.72)  0.561
RNFL thickness  AD(validation) MR Egger 19 l‘lo-l 1.05(0.95 to 1.15) 0.361
Weighted median 19 L] 1.03(0.99t0 1.07) 0.179
Inverse variance weighted 19 'p 1.01(0.99 to 1.04) 0.305
Simple mode 19 'IH 1.03(0.97t0 1.09) 0.413
Weighted mode 19 'Ili 1.03(0.98 to 1.09) 0.272
GCIPL thickness AD(validation) MR Egger 18 L 0.99(0.93t0 1.05) 0.737
Weighted median 18 » 1.01(0.98 t0 1.04) 0.502
Inverse variance weighted 18 li 1.01(0.99 t0 1.04) 0.237
Simple mode 18 vlm 1.04(0.98t0 1.10) 0.234
Weighted mode 18 L 0.99(0.94 to 1.04) 0.745
P<0.05 was considered statistically significant 6 015 1‘ ] !5 2!5

Figure 2. MR estimates, expressed as ORs with 95% Cl, showing the genetic predisposition-driven associations between IRL thickness,
including RNFL and GCIPL thickness, and the risk of Alzheimer's disease (AD). MR: Mendelian randomization; OR: odds ratio; Cl:
confidence interval; IRL: inner retinal layer; RNFL: retinal nerve fiber layer; GCIPL: ganglion cell-inner plexiform layer; AD: Alzheimer's
disease.
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Figure 3. Scatter plots showing genetic correlations between inner retinal layer thickness, including the RNFL and the GCIPL, and AD.
(A) RNFL thickness on AD; (B) GCIPL thickness on AD; (C)AD on RNFL thickness; (D) AD on GCIPL thickness; (E) RNFL thickness on
AD (validation); (F) GCIPL thickness on AD (validation). RNFL: Retinal nerve fiber layer; GCIPL: ganglion cell-inner plexiform layer; AD:
Alzheimer's disease; MR: Mendelian randomization; SNP: single nucleotide polymorphism.

GCIPL thickness (ORyy = 1.014, 95% CI = 0.991-1.037, P = 0.237) [Figure 3F]. Consistent effect estimates
were observed across four alternative MR methods [Supplementary Table 7].
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Comprehensive sensitivity analyses supported the robustness of these findings [Table 2]. Cochran’s Q test
indicated no significant heterogeneity across IVs for either IVW or MR-Egger methods. The MR-PRESSO
global test detected horizontal pleiotropic outliers in the dataset from Currant et al., but the effect estimates
remained consistent with IVW outcomes after outlier correction [Supplementary Figure 1]. Leave-one-out
analyses further validated the stability of the results, with no single SNP exerting a disproportionate
influence on the causal estimates [Supplementary Figure 2].

DISCUSSION

This study investigated the potential causal relationship between IRL thickness and AD using a bidirectional
two-sample MR analysis. Our findings provided no genetic evidence supporting an association between
changes in RNFL or GCIPL thickness and AD risk, nor did AD appear to influence the thickness of RNFL
and GCIPL. These results suggest that a clinically meaningful association between IRL thickness and AD
susceptibility is unlikely.

Numerous previous studies have reported concurrent retinal thinning in individuals with AD®*”. A meta-

38]

analysis demonstrated significant RNFL thinning in AD patients (P < 0.0001)"", and a pooled analysis

found that baseline macular RNFL thinning was associated with an 11% increased risk of AD". Additional
observational evidence supports reduced GCIPL and ganglion cell complex thickness in AD cohorts**.
These findings were reinforced by a recent meta-analysis showing significantly lower GCIPL thickness in
AD patients compared to controls (P = 0.01)"*”. However, conflicting evidence also exists'*>**). One case-
control study, which accounted for confounders, reported no significant differences in peripapillary RNFL
and total macular layer thickness between pathologically confirmed AD cases and controls'*”. Similarly, a
cross-sectional study by Sanchez et al. found no notable differences in multilayer retinal thickness among
individuals with AD, mild cognitive impairment, and healthy controls. Their multivariable-adjusted
analyses revealed comparable values for total retinal thickness (P = 0.56), ganglion cell layer (P = 0.27),
RNFL (P = 0.57), and macular thickness and volume (P = 0.38) . Moreover, the association between
retinal thinning and preclinical AD remains inconsistent across studies'**..

Observational studies are inherently prone to residual confounding, which may significantly impact the
reported associations between IRL thickness and AD risk. These biases could stem from subclinical vascular
comorbidities, shared genetic predispositions (e.g., APOE &4 status), and lifestyle or environmental
factors”*. Our MR analysis revealed no evidence of a genetically determined causal relationship between
IRL thickness and AD risk. Nonetheless, several limitations in the IVs used must be acknowledged: (1) IVs
were selected based on global RNFL and GCIPL thickness rather than region-specific measures; (2)
potential heterogeneity in OCT-derived measurements may have affected consistency; and (3) population
stratification could exist between the exposure and outcome cohorts. It is also worth noting that previous
studies have proposed a trans-synaptic degeneration mechanism that could contribute to RNFL thinning
independently of amyloid-p pathology*>*. Future research should incorporate histopathological validation
and vascular biomarkers to better distinguish AD-specific retinal changes from coexisting microvascular
abnormalities.

The methodological strength of this study lies in its bidirectional two-sample MR design, which effectively
minimizes residual confounding and reverse causation - limitations common to observational studies.
However, several limitations remain. First, although quadrant-specific peripapillary RNFL thinning has
been consistently reported in observational studies of AD", our analysis was limited to global IRL
measurements due to the lack of region-specific GWAS summary statistics. Second, the genetic instruments
used account for only a small proportion of the phenotypic variance in both AD and IRL thickness. The
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Table 2. Sensitivity analysis of MR estimates assessing causal associations between IRL thickness and AD risk

Exposure Outcome Heterogeneity test Pleiotropy test MR- PRESSO
MR-Egger global test
I(‘F"Y\\l’aﬁ;e) '(V’I,'_!v:ige‘;r Q intercept Outlier RSSobs
(P-value) (P-value)
RNFL thickness AD 22.593(0.256) 21.333(0.263) -0.007(0.316) 0 25.394(0.259)
(Currant et al.)* (Bellenguez et al)t™
GCIPlfét]hickneSS (Currant 20.569(0.302) 19.472(0.302) -0.006(0.341) 0 25.394(0.259)
etal)
AD RNFL thickness (Currant 53.915 (0.327) 52.952(0.324) 0.012(0.350) 1 55.949 (0.329)
(Bellenguez et al)t™ etal)t
GCIPliét]hickneSS (Currant 63.156 (0.100) 63.093(0.085) 0.004(0.827) 1 65.899 (0.108)
etal)
RNFL thickness (Currant AD 15.952 (0.596) 15.500(0.560) -0.010(0.510) 0 17.418 (0.630)
etal)t® (Kunkle et al)!"
GCIPL thickness (Currant 21.050 20.136(0.214) 0.011(0.407) 0 24.151(0.216)
etal)™ (0.224)

AD: Alzheimer's disease; Cl: confidence interval; GCIPL: ganglion cell inner plexiform layer; IRL: inner retinal layer; IVW: inverse-variance
weighted; MR: Mendelian randomization; MR-PRESSO: Mendelian randomization pleiotropy residual sum and outlier; OR: odds ratio; Q:
Cochran's Q statistic; RNFL: retinal nerve fiber layer; RSSobs: observed residual sum of squares; SNP: single nucleotide polymorphism.

remaining variability may be driven by mechanisms not captured by current genetic models. Finally,
although restricting our analyses to individuals of European ancestry reduces population stratification, this
genetic homogeneity may limit the generalizability of our findings to other ethnic groups.

In conclusion, this study provides no evidence of a genetic causal relationship between IRL thickness and
AD risk. Further MR studies incorporating trans-ancestry cohorts, longitudinal designs, and multimodal
retinal imaging GWAS data are needed to validate these findings.
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