
Bader et al. Alzheimer’s Research & Therapy          (2024) 16:190  
https://doi.org/10.1186/s13195-024-01545-1

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom‑
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Alzheimer’s
Research & Therapy

Rationale and design of the BeyeOMARKER 
study: prospective evaluation of blood‑ 
and eye‑based biomarkers for early detection 
of Alzheimer’s disease pathology in the eye 
clinic
Ilse Bader1,2,3*, Colin Groot1,2, H. Stevie Tan3,4,5,6, Jean‑Marie A. Milongo2,3, Jurre den Haan1,2, Inge M. W. Verberk7, 
Keir Yong8, Julie Orellina9, Shannon Campbell9, David Wilson10, Argonde C. van Harten1,2, Pauline H. B. Kok3, 
Wiesje M. van der Flier1,2,11, Yolande A. L. Pijnenburg1,2, Frederik Barkhof5,12,13, Elsmarieke van de Giessen5,12, 
Charlotte E. Teunissen1,2,7, Femke H. Bouwman1,2 and Rik Ossenkoppele1,2,14* 

Abstract 

Background  Alzheimer’s disease (AD) is a common, complex and multifactorial disease that may require screening 
across multiple routes of referral to enable early detection and subsequent future implementation of tailored inter‑
ventions. Blood- and eye-based biomarkers show promise as low-cost, scalable and patient-friendly tools for early AD 
detection given their ability to provide information on AD pathophysiological changes and manifestations in the ret‑
ina, respectively. Eye clinics provide an intriguing real-world proof-of-concept setting to evaluate the performance 
of these potential AD screening tools given the intricate connections between the eye and brain, presumed enrich‑
ment for AD pathology in the aging population with eye disorders, and the potential for an accelerated diagnostic 
pathway for under-recognized patient groups.

Methods  The BeyeOMARKER study is a prospective, observational, longitudinal cohort study aiming to include 
individuals visiting an eye-clinic. Inclusion criteria entail being ≥ 50 years old and having no prior dementia diagnosis. 
Excluded eye-conditions include traumatic insults, superficial inflammation, and conditions in surrounding structures 
of the eye that are not engaged in vision. The BeyeOMARKER cohort (n = 700) will undergo blood collection to assess 
plasma p-tau217 levels and a brief cognitive screening at the eye clinic. All participants will subsequently be invited 
for annual longitudinal follow-up including remotely administered cognitive screening and questionnaires. The 
BeyeOMARKER + cohort (n = 150), consisting of 100 plasma p-tau217 positive participants and 50 matched negative 
controls selected from the BeyeOMARKER cohort, will additionally undergo Aβ-PET and tau-PET, MRI, retinal imaging 
including hyperspectral imaging (primary), widefield imaging, optical coherence tomography (OCT) and OCT-Angi‑
ography (secondary), and cognitive and cortical vision assessments.
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Results  We aim to implement the current protocol between April 2024 until March 2027. Primary outcomes include 
the performance of plasma p-tau217 and hyperspectral retinal imaging to detect AD pathology (using Aβ- and tau-
PET visual read as reference standard) and to detect cognitive decline. Initial follow-up is ~ 2 years but may be 
extended with additional funding.

Conclusions  We envision that the BeyeOMARKER study will demonstrate the feasibility of early AD detection based 
on blood- and eye-based biomarkers in alternative screening settings, and will improve our understanding of the eye-
brain connection.

Trial registration  The BeyeOMARKER study (Eudamed CIV ID: CIV-NL-23–09-044086; registration date: 19th of March 
2024) is approved by the ethical review board of the Amsterdam UMC.

Keywords  Alzheimer’s disease, Screening, Blood-based biomarkers, Plasma p-tau, Hyperspectral retinal imaging, 
Retinal imaging, Eye clinic, Visual impairment, Age-related eye disorder

Background
The hallmark pathophysiological processes of Alzhei-
mer’s disease (AD; i.e., amyloid β [Aβ] plaques and neu-
rofibrillary tau tangles) may emerge 20–30 years prior to 
the onset of dementia, and the earliest incipient symp-
toms often go unnoticed by patients and their caregivers 
[1–3]. Early AD, prior to extensive atrophy and cognitive 
impairment, is the optimal window for intervention and 
may be essential to achieve the most beneficial long-term 
outcomes [4–6]. This notion has led to a paradigm shift 
towards a focus on early biomarker-confirmed diagnosis 
and biological staging of AD [1], which is further fueled 
by the first regulatory approvals of monoclonal anti-
bodies against Aβ [7, 8] and by clinical trial results that 
have hinted towards more beneficial outcomes in the 
early, pre-symptomatic stages of AD [9]. These develop-
ments are major advances in the field but also emphasize 
longstanding challenges concerning the rising demand 
for large-scale accessibility of early AD detection to 
facilitate early intervention [10]. The current diagnostic 
process in memory clinics is inadequate to accommo-
date large-scale early detection of AD pathology due to 
the reliance on expensive and invasive procedures (i.e., 
a lumbar puncture or Positron Emission Tomography 
[PET]) [1, 3]. Furthermore, PET and cerebrospinal fluid 
(CSF) biomarkers are only clinically approved (e.g., Euro-
pean Commission [CE-marked] or US Food and Drug 
Administration [FDA] approved) to diagnose individuals 
at symptomatic stages of AD and are only accessible in 
highly specialized clinics that are mainly situated in high-
income countries. To prepare for a future wherein dis-
ease-modifying treatment may become widely available, 
there is a need towards building an efficient and inclu-
sive infrastructure to detect individuals at risk of AD. 
This will require low-cost, patient-friendly and scalable 
biomarkers for AD that are also suitable for implementa-
tion outside of a specialized memory clinic setting, such 
as blood-based and eye-based biomarkers [11]. Blood-
based biomarkers for AD have advanced rapidly and hold 

promise for future real-world clinical implementation to 
detect AD pathophysiology [12, 13]. Eye-based biomark-
ers derived from retinal imaging are emerging to screen 
for AD-associated structural changes and Aβ- or tau-
related lesions, which may be of particular relevance in 
ophthalmological settings [14–16]. The BeyeOMARKER 
study aims to evaluate the real-world implementation of 
blood-based biomarkers, and the potential (additional) 
value of eye-based biomarkers, to screen for AD patho-
physiology in eye-clinics. In this design paper, we provide 
a rationale for early detection of AD in eye clinics, pre-
sent the BeyeOMARKER study design and population, 
and elaborate on several aspects of the study including 
ethical considerations, potential challenges, and future 
opportunities.

Rationale
Based on previous epidemiological and pathophysiologi-
cal evidence, eye clinics provide a prime opportunity to 
investigate the feasibility of blood- and eye-based bio-
markers to detect early AD. From an epidemiological 
perspective, eye clinics are known for a high-throughput 
of patients within the typical age-range when AD patho-
logical changes first manifest, highlighted by the over-
lap in age-of-onset (i.e., > 50  years of age) for acquired 
eye-disorders [17–19] and AD [1, 20–26]. Moreover, 
epidemiological investigations indicate that eye patients 
may be at increased risk for dementia and AD [27–35] 
(Table 1). These associations are reported for glaucoma, 
age-related macular degeneration, diabetic retinopathy, 
cataract, and for vision impairment as a whole. Possible 
mechanisms underlying this increased risk may differ 
per eye condition, and could be related to embryologi-
cal, anatomical, physiological and functional connections 
between the eyes and the brain. Through these intricate 
connections, diseases affecting the brain may affect the 
eye and vice versa [36, 37]. Indeed, ocular manifestations 
of AD are myriad and include the retinal presence of 
AD pathology, neurodegenerative changes and vascular 
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changes [15, 16, 37–41] (Table  2). Various hypotheses 
have been postulated to explain the association between 
eye disorders and AD, such as shared (genetic) risk fac-
tors, the common-cause hypothesis, or the sensory dep-
rivation and information degradation hypotheses [29, 34, 
42–48] (Table 3). For example, glaucoma and age-related 
macular degeneration are neurodegenerative diseases of 
the eye that share pathological features with AD, such as 
the presence of Aβ- and tau deposits and inflammatory 
and neurodegenerative processes [49–51]. For cataract 
on the other hand, alternative reversible cognitive or psy-
chosocial processes may be involved given that cataract 
extraction appears to reverse dementia risk [52, 53]. Tak-
ing together these close connections between the eyes 
and the brain, the eye is considered an accessible ‘window 
to the brain’ and eye-based biomarkers have potential as 

a prognostic tool to identify risk of cognitive impairment 
due to neurodegenerative disease [15, 36, 37, 39]. Moreo-
ver, vison impairment represents an established modifia-
ble risk factor (population attributable fraction 1.8% [54]) 
and early and effective treatment of eye disorder may 
hence lower the odds of developing dementia [55, 54, 56].

Another highly relevant factor contributing to the 
suitability of eye clinics as a screening setting for AD is 
related to the potential for an accelerated diagnostic 
pathway for currently under-recognized or underserved 
patient groups. First, individuals with an eye disorder 
represent a large portion of the aging population (e.g. 
prevalence of mild and moderate/severe visual impair-
ment in individuals ≥ 50  years is estimated to be 7.7% 
and 11.2%, respectively [57]), and they appear to be dis-
proportionately affected by AD [28–31]. This group 

Table 1  Epidemiological eye-brain connections

Abbreviations: AD Alzheimer’s disease, AMD Age-related macular degeneration, DR Diabetic retinopathy, HR Hazard ratio, RR Risk ratio, CI Confidence interval

Epidemiological eye-brain connections

Accumulating evidence suggests an association between eye diseases and visual impairment with (AD) dementia. Results for specific eye disease are 
mixed and effect sizes vary considerably, possibly due to different definitions for eye diseases and visual impairment (e.g. subjective and objective), 
different criteria for AD (e.g. not always biomarker-confirmed) and cohort differences (e.g. age and presence of comorbidities). Reported association 
include:

• Co-existence of eye disease and cognitive impairment: In a systematic review and meta-analysis across 57 studies, the estimated co-existence 
between eye disease and cognitive impairment varied but was estimated to be 8.4–52.4%, 12.3–90.2% and 3.9–77.8% for AMD, glaucoma and DR 
patients, respectively [27].

• Eye disease as risk factor: In a first meta-analysis, increased risk on AD was reported for DR (HR = 1.29 [95%CI: 1.03–1.61]) and cataract (HR = 1.26, 
[1.07–1.48]) but not for AMD and glaucoma [28]. In contrast, subsequent meta-analyses did report associations for AMD and glaucoma. The first 
reported an association between AMD and AD (HR = 1.21 [1.03–1.43]) and observed that the association was stronger in dry AMD than wet AMD [172]. 
The second reported an association between AD and glaucoma (HR = 1.39 [1.35–1.43]) particularly at older age, which applied specifically to primary 
open-angle glaucoma (HR = 1.31 [1.27–1.36]) and normal-tension glaucoma (HR = 1.28 [1.20–1.36]), but not primary narrow angle glaucoma [173].

• Visual impairment as risk factor: Visual impairment has been consistently associated with an increased risk on dementia [34] and this association 
appears stronger with increasing levels of visual impairment severity [29, 30]. For specifically AD, an association for at least mild visual impairment com‑
pared to no visual impairment (RR = 1.47 [95%CI: 1.43–1.50]) has been reported across two studies but this evidence is more sparse [28].

Table 2  Pathophysiological eye-brain connections

Abbreviations: AD Alzheimer’s disease, OCT Optical Coherence Tomography, OCT-A OCT-Angiography

Pathophysiological eye-brain connections

The eyes are described as ‘window to the brain’ based on many commonalities:

• Embryological: The retina and the brain both originate from the diencephalon during embryonic development and remain structurally and function‑
ally connected throughout life.

• Anatomical: Both the retina and the brain are characterized by presence of a layered cytological structure, containing similarly structured neurons 
and axons, and a similar (micro)vascular structure that includes presence of a blood-retina/brain barrier,

• Physiological: The retina and the brain share multiple physiological processes, including neural processing, myelination by oligodendrocytes, 
and degenerative and regenerative processes.

Based on these commonalities, diseases affecting the brain can be expected to affect the eye and vice versa [36]. Indeed, ocular manifestations of AD 
are myriad and include retinal presence of AD pathology, neurodegeneration and changes in vasculature. Retinal AD pathology includes presence 
of amyloid peptides and plaques, vascular amyloid depositions, and tau pathology [42, 174, 175] which correlate with AD pathology burden in the brain 
and general cognition [42, 175]. For retinal neurodegenerative and vascular changes, the most extensively reviewed parameters are derived from OCT 
(e.g. retinal thinning and loss of retinal ganglion cells) and OCT-A (e.g. vessel density and tortuosity). These parameters generally differ between AD 
patients versus controls and correlate with cognition [14–16, 37–39]. Though the discriminative specificity for AD for single OCT and OCT-A parameters 
is debated, the retina can be imaged using a diverse array of non-invasive techniques, thereby providing access to a wide range of biomarkers that can 
serve as biomarkers to predict pathology in the brain.
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experiences particular diagnostic challenges and under-
representation in clinical research and trials due to 
accessibility issues (e.g., difficulties in traveling) and con-
founding of visually-mediated neuropsychological assess-
ment [58–62]. Second, individuals with a low income, 
relatively low education attainment and a minority sta-
tus are known to be disproportionally affected by AD 
[63–65]. These individuals typically experience difficul-
ties in cognitive testing due to cultural bias and/or lan-
guage barriers [66] and are currently underrepresented 
in memory clinic populations [67] and in clinical trial 
samples [62, 68]. Eye clinics provide an alternative route 
to connect with individuals who are otherwise unlikely 
to seek help if they experience cognitive complaints, for 
example due to dementia-related stigma or lack of aware-
ness in some diverse communities [69]. Third, individu-
als with an atypical clinical presentation of AD generally 
experience significant morbidity and impact on daily 
life, but are diagnosed relatively late due to their atypical 
(non-amnestic) clinical presentation and overrepresenta-
tion in younger-onset AD [70–72]. Of particular interest 
in the eye clinic are individuals suffering from posterior 
cortical atrophy (PCA), also referred to as the visual-
variant AD. PCA is characterized by early and promi-
nent impairment in visual perception or visuospatial 
processing accompanied by pathology and atrophy that 
disproportionally affects the visual and visual association 
cortices [73, 74]. These individuals may present at the eye 
clinic due to their visual impairments but, as the cause 
is rooted in the brain rather than the eye, the complaints 
often remain unexplained by an ophthalmologist [72, 75, 
76]. These factors may contribute to the long interval of 
on average 3.8 years between symptom onset and a for-
mal PCA diagnosis [74]. Shortening this interval is essen-
tial to provide these patients with more equal access to 

patient management and to move towards clinical trial 
opportunities [75]. For all of the aforementioned indi-
viduals, eye clinics may provide an accelerated diagnostic 
pathway where the use of a biological (rather than cog-
nitive) marker for AD could mitigate cognitive test(ing) 
bias, and the use of patient-friendly tools may reduce 
barriers to participation in research [77, 78]. By exploring 
the potential for AD detection in diverse and alternative 
setting, the BeyeOMARKER study aims to contribute to 
a more inclusive healthcare system.

Screening biomarkers in the BeyeOMARKER study
The main biomarkers of interest for the BeyeOMARKER 
study are the blood-based plasma phosphorylated tau 
(p-tau217) biomarker and eye-based hyperspectral (HS) 
retinal scans.

Blood‑biomarker measurement: plasma p‑tau217
Blood-based biomarkers have seen a rapid rise to promi-
nence as minimally invasive tools to detect AD pathology 
[12]. Emerging blood-based biomarkers for AD include 
markers for the hallmark pathologies (p-tau isoforms 
and Aβ) and markers of axonal degeneration (neurofila-
ment light; NfL) or astrocytosis (glial fibrillary acidic pro-
tein; GFAP [12]). Since future high-throughput analysis 
of blood-based AD biomarkers will require the use of 
standardized and commercially available assays [12], we 
will screen participants based on the commercially avail-
able Quanterix single-molecule array (Simoa) for plasma 
p-tau217. Several p-tau isoforms exhibit high analyti-
cal and clinical performance [79–86], are specific to AD 
[87], and have adequate predictive value for atrophy and 
cognitive measures [82, 83, 88–90]. However, p-tau217 
appears to be most accurate in detecting the earliest AD 

Table 3  Hypothesized explanations for the eye-brain connection

Hypothesized explanations for the eye-brain connection

The exact mechanisms linking eye disease and sensory deficits with Alzheimer’s disease are yet to be elucidated, but could involve (a combination of ) 
the following hypotheses [47, 48, 58, 59, 176]:

• Common cause hypothesis: Both visual and cognitive impairment are a result of a shared (possibly age-related, vascular or inflammatory) pathologi‑
cal mechanisms that affect both the eyes and the brain.

• Shared risk factors: Risk factors including age, smoking, diabetes, obesity, lower socio-economic status and vascular risk factors could (indepen‑
dently) lead to both eye and brain disorders.

• Sensory deprivation hypothesis: visual impairment leads to reduced visual stimulation of cortical vision areas, resulting in atrophy and reorganiza‑
tion. These physical changes in turn affect cognitive processing and performance.

• Information degradation hypothesis: Impaired vision leads to degraded visual input which results in perceptual processing errors and increases 
the cognitive load required to adequately perform visual tasks. As more cognitive resources are allocated to perception, higher-order cognitive pro‑
cesses may be compromised.

• Consequences of visual impairment are a risk factor: The connection between visual impairment and cognition could be mediated by an associa‑
tion between visual impairment and social isolation, decreased physical activity and depression.

• Detection bias: Alternatively, use of vision-dependent neuropsychological testing could lead to underperformance in individuals who have a visual 
impairment, leading to cognitive test bias affecting the relation between visual impairment and cognitive impairment.
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pathological changes [91–95] and correlates strongly 
with postmortem Aβ plaques and tau tangle load [93].

Eye‑based screening: hyperspectral retinal scanning
Eye-based biomarkers have gained attention over the 
years within the field of neurodegenerative diseases since 
the retina shares many characteristics with the brain [96] 
(Table 2). Moreover, it is the only part of the central nerv-
ous system that is not shielded by bone which makes 
non-invasive and high-resolution imaging relatively easy. 
In the BeyeOMARKER study, a subset of participants 
will undergo retinal scanning including a HS retinal scan 
developed by Optina Diagnostics (Canada). Standard 
retinal imaging techniques provide spatial information 
and have been used to show vascular and neurodegen-
erative changes in AD [14–16, 37–39]. HS retinal imag-
ing additionally incorporates reflective properties of the 
retina in response to monochromatic light waves, and 
thereby produces retinal images containing both spectral 
and spatial information [97]. Retinal spectral differences 
(i.e., differences in reflection in response to certain wave-
lengths) have been detected between control and AD 
mouse models that accumulate amyloid, both in vivo [98, 
99] and ex vivo [100, 101]. The data-rich retinal images 
provided by the HS retinal scan were used to train an arti-
ficial intelligence (AI) algorithm to detect retinal features 
associated with AD. This AI paradigm has demonstrated 
good discriminative ability between amyloid negative and 
amyloid positive individuals [97, 98, 102–104], as well as 
between clinically diagnosed AD cases versus cognitively 
unimpaired participants [105]. These earlier preliminary 
findings using HS retinal imaging highlight the potential 
of this biomarker in a prospective screening setting.

Knowledge gaps
Despite the promising performance of blood- and eye-
based biomarkers for AD, several aspects remain to be 
evaluated to ascertain their (potentially complementary) 
utility as early AD screening tools outside specialized 
memory clinics. First, clinical performance studies on 
blood-based biomarkers to date have included relatively 
homogeneous samples with high diagnostic certainty, 
were mostly retrospective in design, and did not use a 
priori defined cut-offs [13]. These study design aspects 
could have favored biomarker performance and ham-
per generalizability to many real-world clinical settings. 
Similarly, validation studies of HS retinal imaging against 
Aβ-PET have only been performed in selected popula-
tions without eye conditions and with a high diagnostic 
certainty for AD [15, 97, 98, 102–104, 106]. Secondly, 
the clinical value of blood- and eye-based biomarkers 
has been studied separately but they have not yet been 
examined as potentially complementary markers in a 

combined prediction model. We hypothesize that com-
bining these biomarkers into an integrative or step-wise 
model will provide complementary or even additive 
diagnostic and prognostic value for AD since plasma 
p-tau217 allows highly specific detection of a hallmark of 
AD pathology whereas the (HS) retinal scans also allow 
minimally invasive visualization of a multitude of neu-
rodegenerative, inflammatory, vascular, and AD-related 
pathological changes that are reflective of changes in 
the brain [10, 13, 14, 107]. Of note, the efficacy of AD 
screening in an eye clinic population also partially relies 
on whether this population is indeed enriched for AD 
pathology. Although individuals with an eye disorder are 
at increased risk for (AD) dementia [28–34], risk esti-
mates vary, and a precise prevalence estimate for AD 
biomarker positivity within the eye clinic population is 
currently lacking.

Study objectives
The primary aim of the BeyeOMARKER study is to eval-
uate and compare the performance of plasma p-tau217 
and HS retinal scans to predict AD pathophysiology and 
cognitive decline (1). In addition, we envision that the 
BeyeOMARKER will provide a multimodal dataset for a 
diverse sample of patients visiting the eye clinic to sec-
ondarily (2) assess the individual and complementary 
clinical predictive value of other blood- and eye-based 
biomarkers, (3) explore the potential mechanisms con-
tributing to the link between AD and conditions in the 
visual system, and (4) investigate enrichment for AD in 
an eye clinic population. The specific aims and their cor-
responding endpoints are also listed in Table 4 and vis-
ualized in Fig. 1. Findings of the BeyeOMARKER could 
ultimately aid in providing a roadmap for future studies 
on minimally invasive early detection of AD in alternative 
diagnostic settings.

Methods
Study design
The BeyeOMARKER study is a single-center prospec-
tive, observational, longitudinal cohort study aiming 
to include individuals from a clinic for comprehensive 
eye-care who have no prior dementia diagnosis and 
are ≥ 50 years of age. As illustrated in Fig. 2, the BeyeO-
MARKER study comprises an initial screening phase, 
including the plasma p-tau217 assessment, followed 
by two longitudinal arms for subsequent follow-up. 
All BeyeOMARKER participants (prospected n = 700) 
will be followed-up remotely at T1 (9–12  months after 
screening) and T2 (9–12  months after T1). This will 
include online questionnaires and a web-based cogni-
tive test (cCOG; [108]) partly in collaboration with the 
online ABOARD (“A Personalized Medicine Approach 
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Table 4  Objectives and endpoints of the BeyeOMARKER study

Abbreviations: p-tau Phosphorylated tau, HS Hyperspectral, mPACC5 Modified preclinical Alzheimer cognitive composite 5, AD Alzheimer’s Disease, Aβ Amyloid beta, 
PET Positron Emission Tomography, PCA Posterior Cortical Atrophy

Objectives of the BeyeOMARKER study Corresponding endpoints

Primary 1. Evaluate and compare the performance of plasma p-tau217 
and HS retinal scans to predict AD pathophysiology and 
cognitive decline

Accuracy of plasma p-tau217 and HS retinal scanning to detect 
1) AD pathophysiology based on Aβ-PET and tau-PET visual read, 
and 2) clinical decline based on cognition (mPACC5)

Secondary 2. Assess the individual and complementary clinical predic-
tive value of other blood- and eye-based biomarkers

Associations between blood-based biomarkers and eye-based 
biomarkers with down-stream effects of AD (e.g. atrophy, cognition 
and cortical vision)

3. Explore the potential mechanisms contributing to the link 
between AD and the conditions of the visual system

Group-comparisons of neurobiological and cognitive manifesta‑
tions in the BeyeOMARKER cohort versus a traditional memory clinic 
cohort, including suspected and confirmed PCA patients

4. Investigate enrichment for AD in an eye clinic population The observed prevalence of AD biomarker positivity in an eye 
clinic population compared to a modeled prevalence estimate 
for the general population

Fig. 1  BeyeOMARKER study aims. Abbreviations: AD = Alzheimer’s Disease, PET = Position Emission Tomography, MRI = magnetic resonance imaging, 
Aβ = Amyloid beta, PCA = Posterior Cortical Atrophy
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for Alzheimer’s Disease”) platform [109], and cogni-
tive screening via telephone (Fig.  2, blue route). In 
addition, from the full BeyeOMARKER cohort a BeyeO-
MARKER + subcohort will be recruited, which will con-
sist of 100 plasma p-tau217 positive individuals and 50 

plasma p-tau217 negative individuals matched on age, 
sex and eye condition. The BeyeOMARKER + cohort 
(n = 150) will be invited to the Amsterdam UMC for 
assessment at T0 (± 3  months and maximum 6  months 
after screening) and T2 (21–24  months after T0). 

Fig. 2  Study design including study visits, study procedures, time-intervals and the study population for all participants (blue route) 
and the BeyeOMARKER + cohort (green route). Abbreviations: MoCA = Montreal Cognitive Assessment, MRI = magnetic resonance imaging, 
HS = hyperspectral, ABOARD = A Personalized Medicine Approach for Alzheimer’s Disease cohort study, yellow and black individuals represent 
the estimated plasma p-tau217 positive and negative individuals, respectively. *only applicable if the required optional consent has been provided
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Assessment at T0 includes standard and HS retinal imag-
ing, structural MRI, Aβ-PET, tau-PET, and a cognitive 
and cortical vision test battery. Assessment at T2 includes 
a follow-up MRI and cognitive and cortical vision assess-
ment (Fig.  2, green route). Outcomes available for the 
BeyeOMARKER and BeyeOMARKER + cohort are listed 
in Table S2 and will be described in further detail below. 
Additional funding will be sought to allow extended fol-
low-up and repeated assessments.

Targeted sample size
A conservative estimate of the prevalence of plasma 
p-tau217 positivity in cognitively unimpaired subjects 
between 65 to 69 years of age is 17.0% based on the lower 
bound of the 95%-confidence interval derived from a 
large meta-analysis on amyloid abnormality across the 
AD spectrum [110]. We estimated the plasma p-tau217 
prevalence based on amyloid-based estimates since the 
two are strongly related to each other [111]. Based on an 
open access sample size calculator for prevalence studies 
[112], we subsequently estimated a required screening 
sample size of n = 700 (prevalence = 17.0%, level of confi-
dence (Z) = 95%, precision estimate (D) = 3.0%, expected 
attrition rate = 10%). Given the expected prevalence of 
amyloid positivity (i.e., 17.0%), the screening sample of 
700 subjects is expected to be sufficient to identify 100 
p-tau217 positive cases for the BeyeOMARKER + cohort, 
and to determine a reliable prevalence estimate of AD 
pathology in our eye-clinic population.

Participants
Participants will be recruited from a clinic for compre-
hensive eye-care (i.e., Bergman clinics) located in an area 
of Amsterdam known for its socio-culturally and socio-
economically diverse population. To be eligible to par-
ticipate, a subject 1) must be ≥ 50 years of age, and 2) did 
not receive a formal dementia diagnosis. Individuals vis-
iting the eye clinic based on solely the following reasons 
are excluded from participation: 1) a traumatic insult, 2) 
a superficial inflammatory eye disease, and 3) a condi-
tion in a structure surrounding the eye that is not directly 
involved in visual processing (e.g. the tear-ducts and eye 
muscles). Individuals who are eligible and express their 
interest in the BeyeOMARKER study will receive written 
and oral information and are invited to the eye clinic for 
informed consent procedures and a screening visit at the 
Bergman eye-clinic after the mandatory consideration 
time (i.e., one week after receiving the participant infor-
mation form).

For enrolment in the BeyeOMARKER + cohort, 
results of the plasma p-tau217 measurement will be 
prospectively evaluated based on an a priori defined 
cut-off for plasma p-tau217 positivity, established in 

a large independent data-set of patients and controls 
from the Amsterdam Dementia Cohort [113]. Sub-
sequently, all p-tau217 positive participants (n = 100) 
and a group of matched p-tau217 negative controls 
(ratio 2:1, n = 50) will be selected to be included in the 
BeyeOMARKER + cohort (n = 150). Matching will be 
based on age, sex and eye condition categorized into 1) 
anterior eye conditions, 2) posterior eye conditions, 3) 
refractive errors, and 4) unexplained visual impairment 
to allow identification of individuals with suspected 
PCA(Table  S1). Selected participants who are eligible 
(e.g., based on safety criteria described in Text S1) to par-
ticipate will receive additional written and oral informa-
tion on the BeyeOMARKER + study and will be invited 
to the Amsterdam UMC (location VUmc) for informed 
consent procedures and additional assessments after the 
mandatory consideration time.

Base clinical dataset for all BeyeOMARKER participants
Pre‑specified blood‑based AD biomarkers: screening for AD 
pathology
For each participant, at least one EDTA blood tube 
(6 mL) is collected. This will primarily be used for eval-
uating the plasma p-tau217 level and secondarily for 
assessing the levels of plasma Aβ40, Aβ42, GFAP, and 
NfL using the N4PE (Neurology 4-Plex E) assay [114]. 
The complete panel of plasma p-tau217, Aβ40, Aβ42, 
GFAP and NfL has demonstrated diagnostic and prog-
nostic performance for AD and neurodegenerative dis-
eases, and their combined use has the potential to further 
improve the diagnostic and prognostic performance of 
blood tests [12, 115–117]. Both assays will be performed 
using the Simoa HD-X automated platform in line with 
standard lab procedures and in accordance with pre-ana-
lytical handling recommendations [114].

Future blood‑biomarkers and genetic analyses: 
the BeyeOMARKER biobank
For participants who provide consent for the BeyeO-
MARKER biobank, three additional 6 mL EDTA blood 
tubes will be collected for storage of plasma and whole-
blood in the BeyeOMARKER biobank. This will serve to 
conduct future genetic and biomarker research into (risk 
factors for) AD and dementia, for instance by investigat-
ing newly emerging plasma biomarkers and by exploring 
genetic risk modifiers. For example, APOE4 carriership is 
a known genetic risk factor for AD but findings related 
to the visual system have been counterintuitive. First, 
compared to amnestic AD, the prevalence of APOE4-
carriership is lower in visual-variant AD and associations 
appear weaker [74, 118]. Second, even though eye dis-
eases like age-related macular degeneration [50, 119] and 
glaucoma [120, 121] are associated with increased AD 
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risk, APOE4-carriership appears a protective factor for 
these eye conditions. The BeyeOMARKER biobank will 
enable a rapid response to developments in the field to 
further optimize biomarker-based diagnostic algorithms, 
and may provide more insight into genetic risk factors for 
AD and conditions of the visual system.

Sociodemographic and medical data collection
The collection of sociodemographic information serves 
to evaluate how representative our study sample is to the 
general population, and to investigate whether there are 
group-differences associated with sociodemographic fac-
tors that call for stratification and/or tailored interpre-
tation of AD risk-estimates. Variables include sex, age, 
marital status, socio-economic status (SES), country of 
birth (age of immigration, if applicable) and country of 
birth of the parents and ancestors. Collection of country 
of birth is based on the updated guidelines provided by 
the Dutch central bureau of statistics (CBS) in 2022 [122]. 
SES is based on overall SES of the resident living com-
munity (information provided by the CBS), educational 
attainment [123, 124] and occupational attainment [125].

General and ophthalmological medical history will be 
collected to evaluate their associations with biomarker 
measurements and to investigate shared risk factors and 
pathological features between eye-disease and demen-
tia. General medical history includes current diagnoses, 
medication use, relevant family history, and an assess-
ment of cardiovascular risk factors (e.g. length and weight 
for body mass index, smoking, alcohol use, diabetes, 
blood pressure, treatment status [126]). Ophthalmologi-
cal medical history includes presence of eye disorders, 
ophthalmological interventions and self-reported (func-
tional) visual impairment with use of visual aids based on 
the Dutch EyeQ itembank [127].

Repeated cognitive screening and questionnaires
Cognitive screening will be performed using the Dutch 
or English version of the Montreal Cognitive Assessment 
(MoCA) standard or MoCA blind. The MoCA is a vali-
dated tool to screen for cognitive impairment and covers 
all cognitive domains (visuospatial function, executive 
function, language, memory and attention/processing 
speed [128]). The MoCA blind [129, 130] is similar to 
the standard MoCA but leaves out the vision-depend-
ent subtasks making it suitable to administer to visu-
ally impaired participants. The MoCA blind also allows 
annual remote cognitive screening via telephone, which 
will be combined with online follow-up questionnaires to 
track medical and ophthalmological changes. Additional 
questionnaires including patient-centered outcomes (e.g. 
health, mobility, work-status, social environment and use 
of healthcare) and a web-based cognitive test (cCOG; 

[108]) can be incorporated from the ABOARD platform 
[109].

Extended clinical dataset for the BeyeOMARKER + cohort
(Hyperspectral) Retinal imaging
In the current study, HS retinal imaging will be per-
formed using the Optina Mydriatic Hyperspectral Retinal 
Camera (MHRC). Unlike conventional retinal cameras, 
the Optina MHRC contains an integrated light source 
that emits monochromatic light of different wavelengths 
onto the retinal surface. The camera images a 31° field-
of-view of the retina and acquires 92 retinal images for 
successive monochromatic wavelengths in one second 
(5 nm increments across a visible to near-infrared spec-
tral range of 450–905  nm). This way, a HS retinal scan 
provides a stack of monochromatic images containing 
both spatial and spectral information (i.e., each spatial 
locus has an associated reflectance across wavelengths). 
Parameters from these data-rich retinal images have 
been correlated to amyloid status (positive or negative) 
to build a ‘Retinal Deep Phenotyping’ model. This model 
incorporates phenotypic features that provides a prob-
ability of amyloid positivity [97, 98, 102–104]. Optina’s 
existing model will be used to predict the Aβ-PET and 
Tau-PET status of BeyeOMARKER participants.

Other imaging modalities that have been extensively 
reviewed [15, 16, 37–39] and are in line with a recom-
mended minimum data set framework provided by 
experts in neuroscience, neurology, optometry and oph-
thalmology [16] are optical coherence tomography (OCT; 
Heidelberg spectralis), OCT-A (OCT-angiography; Zeiss 
plex elite 9000), and (blue autofluorescence) widefield 
fundus imaging (Optos). OCT provides structural infor-
mation, such as the thickness of the retinal layers at the 
macular region and at the optic disc. The OCT-A yields 
vascular parameters, such as vessel density in the macu-
lar area and around the optical nerve head. In addition, 
a widefield fundus photo allows visualization of the far 
periphery of the retina (i.e., 200 degrees or 80% of the ret-
inal surface), which has been shown to contain significant 
AD pathology as well [42]. Finally, blue autofluorescence 
imaging adds information on fluorescent properties of 
pigments in the retina, which is informative for various 
retinal disorders (e.g. age related macular degeneration, 
macular dystrophies) and potentially AD-related patho-
logical changes [15, 131, 132]. Altogether, these imaging 
techniques could provide more insight into the eye-brain 
connection and in which of the parameters provided by a 
HS retinal scan contribute (the most) to the classification 
of AD biomarker status, particularly since HS imaging 
specifically for AD detection purposes has been validated 
in populations without eye conditions.
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To ensure retinal image quality, participants first 
undergo pupil mydriasis achieved by administration 
of Tropicamide 0.5% drops into both eyes according to 
standard procedure ophthalmological clinical practice. If 
one eye is not suitable for retinal imaging, pupil mydria-
sis and subsequent scanning is performed on a single eye.

Structural MRI
Structural MRI will be performed to assess associations 
with our primary screening biomarkers (plasma p-tau217 
and HS retinal scans) and to gain a deeper understanding 
of the interplay between conditions of the visual system, 
AD pathology and the down-stream effects of pathol-
ogy (e.g. atrophy and white matter damage). Images are 
acquired on a 3T MR scanner at the Amsterdam UMC 
(location VUmc). To minimize participant burden we 
only include the following standard sequences: sagit-
tal 3D T1, axial T2, Axial Susceptibility Weighted Image 
(SWI), Axial Diffusion Weighted Image (DWI) and Sag-
ittal 3D Fluid-attenuated inversion recovery (FLAIR). 
These sequences are part of the standard diagnostic pro-
tocol for dementia at the Amsterdam UMC and provide 
neurodegenerative markers including cortical thickness, 
grey matter volume, white matter volume, and cerebro-
vascular outcomes such as white matter hyperintensities, 
lacunes and microbleeds.

Aβ‑PET and tau‑PET visual read and quantification
Aβ-PET and tau-PET are a validated reference stand-
ard to evaluate novel AD biomarkers [13]. Abnormal-
ity on both Aβ-PET and tau-PET is strongly associated 
with short-term subsequent cognitive decline [133] and, 
beyond binary classification, PET allows valuable insight 
into the extent and regional distribution of pathology 
[134, 135]. PET scans will be performed on a Siemens 
Whole-Body PET-CT-scanner (Biograph Vision Quadra) 
as this scanner provides excellent imaging results at 
lower tracer dosages. For the Aβ-PET scan acquisition, 
participants receive a single intravenous bolus injection 
of approximately 140  MBq [18F]florbetapir and undergo 
a static scan from 50 until 70 min post-injection. For the 
tau-PET scan, participants receive a single intravenous 
bolus of approximately 140  MBq [18F]flortaucipir and 
undergo a static scan from 80 until 100  min post-injec-
tion. Scanning procedures also include acquisition of a 
low-dose Computerized Tomography (CT) scan prior 
to the PET scan for attenuation and motion correction. 
After PET scan acquisition, the scans will be recon-
structed into 4 × 5-min frames, corrected for movement 
when necessary, co-registered to the corresponding T1 
MR image, and reoriented to remove head tilt. Visual 
reads will then be performed in correspondence with 
company guidelines for [18F]florbetapir (Amyvid) and 

[18F]flortaucipir (Tauvid) [136, 137]. Furthermore, semi-
quantification will be performed by calculating standard-
ized uptake value ratios (SUVR) to address our secondary 
study objectives [137–145].

Cognitive and cortical vision assessment
Cognitive and cortical vision assessment will be per-
formed to assess the clinical effects of AD pathophysi-
ological changes, to assess clinical trajectories in the 
BeyeOMARKER cohort and to the determine the pres-
ence of suspected PCA based on positive AD biomarkers 
and adherence to clinical criteria for PCA (i.e., based on 
cognitive and cortical vision tests) [73].

The comprehensive cognitive test battery (Table  S3) 
covers all cognitive domains based on vision-dependent 
as well as non-vision-dependent tasks (with exception of 
the visuospatial domain, which includes the Visual Object 
and Space Perception Battery [VOSP] and is inherently 
vision dependent). Of note, given the expected cultural 
and educational diversity of the study population, a short 
20-item version of the Naming Assessment in Multicul-
tural Europa (NAME) task will be administered [146], 
which is less culture- and education-dependent com-
pared to other naming tasks. Furthermore, most tasks are 
suitable administer and execute in English when appro-
priate (e.g., Rey-complex figure, digit-span task, trail 
making task, and the VOSP). Additional cortical vision 
tests (Table S4) will cover all basic visual perception and 
visual spatial processing domains based on tasks from the 
Cortical Vision Screening Test (CORVIST) and the self-
report Colorado screening questionnaire for posterior 
cortical symptoms [147] as recommended by the Atypi-
cal AD Professional Interest Area of the Alzheimer’s 
association [148].

Outcome measures
The performance of plasma p-tau217 and AI-based 
Aβ-status classification from the HS retinal scan will be 
evaluated for detecting AD pathophysiology and cog-
nitive decline. First, it is essential to evaluate novel AD 
biomarkers against an extensively validated reference 
standard like PET [13]. Therefore, the primary patho-
physiological outcome of interest is the visual read of the 
Aβ-PET and tau-PET scan to determine positivity for AD 
biomarkers. Visual examination will be performed by by 
a trained nuclear medicine physician in accordance with 
the company guidelines for [18F]florbetapir (Amyvid) and 
[18F]flortaucipir (Tauvid) [136, 137]. Second, the primary 
clinical outcome of interest is change on the modified 
preclinical Alzheimer cognitive composite 5 (mPACC5 
[133, 149]) across a 21–24 month interval (i.e., timepoint 
T0 to T2). For the BeyeOMARKER study, the mPACC5 
will be compiled as a vision-independent composite of 
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the Rey Auditory verbal Learning test delayed recall (epi-
sodic memory), digit-span backward (executive func-
tion), animal fluency (semantic memory) and the MoCA 
blind (global cognition).

Statistics
Statistical analyses will be performed using R studio. 
First, the performance of plasma p-tau217 and AI-based 
Aβ-status classification from the HS retinal scan will be 
determined based on logistic regression and Receiver 
operating characteristic (ROC) analysis for 1) presence of 
AD pathophysiology defined as a positive Aβ-PET and/or 
tau-PET visual read and 2) clinical decline defined as ≤ -1 
versus > -1 standard deviation decline on the mPACC5). 
The logistic regression models will be performed includ-
ing plasma p-tau217, the HS scan, and both methods 
combined to compare their performance to detect cog-
nitive decline and AD pathophysiology. Models will be 
corrected for age and sex, and additionally for educa-
tional attainment when assessing cognitive outcomes. 
The ROC curve will be calculated using the predicted 
probabilities from the logistic regression models and 
sensitivity, specificity, accuracy, positive predictive value, 
negative predictive value and the Area Under the Curve 
(AUC) will be derived to assess the models’ discrimina-
tive power. Appropriate tests will be used to compare the 
performance between biomarkers (e.g., the DeLong test 
to compare AUCs).

In secondary analyses (Table 4), general linear and non-
linear models will be explored to assess and compare the 
performance of p-tau217 and the retinal scan to predict 
down-stream effects of AD (e.g. MRI markers and cog-
nitive and cortical vision outcomes). We will additionally 
compare MRI features and cognitive measures between 
the BeyeOMARKER cohort and an independent refer-
ence sample from the Amsterdam Dementia Cohort 
[113] to explore how comorbid eye-disease affects the 
neurobiological and clinical manifestations of AD. Since 
these outcomes may also be affected by other comorbid 
conditions (e.g. other neurological or psychiatric condi-
tions), this will be evaluated in post-hoc assessments. 
Lastly, we aim to report the observed prevalence of 
plasma p-tau217 positivity in the BeyeOMARKER cohort 
and compare our findings with a memory clinic cohort 
and the general population, while also exploring the 
effect of demographic features (such as age, sex, SES and 
APOE genotype) using general linear models.

Ethical considerations
General ethical considerations
The BeyeOMARKER study will be conducted in accord-
ance with the Medical Research Involving Human Sub-
jects Act (WMO) and according to the principles of the 

World Medical Association (WMA) Declaration of Hel-
sinki, version 64 WMA General Assembly, Fortaleza 
October 2013. The study will be conducted in compliance 
with the protocol Clinical Trials Regulation No 536/2014 
and with the principles of good clinical practice (GCP). 
Data and human material will be handled confidentially 
and in agreement with the Dutch Act on Implementation 
of the General Data Protection (GDPR) (in Dutch: alge-
mene verordening gegevensbescherming; AVG).

The study has been reviewed and approved by the 
Medical Ethics Committee from the Amsterdam UMC. 
Adequate time, a week at minimum, will be given for the 
subject to consider his or her decision to participate in 
the study. Consent procedures will clarify that consent 
can be withdrawn at any stage, and research participants 
can refuse participation in any of the BeyeOMARKER 
study procedures at any time without consequence. 
Optional consent will be obtained with regard to shar-
ing of data for countries outside the European Union. 
Consent procedures make it clear that data protection 
is either at an adequate level of data protection based on 
article 45 of Regulation (EU) 2016/679 (Adequacy deci-
sions (europa.eu) (e.g. for Canada) or will be at the best 
possible level of confidence when other standards apply 
(e.g. for the United States).

Ethical considerations around biomarker disclosure
For all personal data, BeyeOMARKER follows a non-dis-
closure policy, meaning that one’s own personal data will 
never be automatically disclosed to the individual. How-
ever, participants may still learn their study results when 
the treating physician considers it clinically relevant and 
responsible to disclose a result or when legal require-
ments around personal data oblige the study to return 
personal data to the participant when this is requested.

A recent systematic review reported high interest in 
biomarker disclosure (72–81% for individuals involved 
in research and 50% in the general population) and no 
significant short-term psychological effects. Moreover, 
disclosure was generally considered actionable in terms 
of implementing lifestyle changes, seeking clinical trial 
participation and preparing for the future (e.g. financial, 
legal and living arrangements) [150]. However, the per-
sonal attitude towards biomarker disclosure and the con-
sequent impact is highly personal and remains dependent 
on the clinical, personal and societal context. Further-
more, as the landscape around Alzheimer biomarkers 
and care will continue to change, so will the ethical con-
siderations around biomarkers disclosure. In the BeyeO-
MARKER study we aim to further minimize the risk of 
negative impacts. First, the BeyeOMARKER study is 
initiated by a specialized memory clinic with longstand-
ing experience at the forefront of innovative biomarker 
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research, which has provided extensive experience with 
novel biomarker interpretation, disclosure and commu-
nication. Second, the BeyeOMARKER study implements 
a disclosure protocol in order to standardize procedures 
that ensure understanding and mitigate the impact of 
receiving information on one’s own AD biomarker status. 
With these strategies in place, participants are supported 
in making informed decisions concerning their own bio-
marker data.

Results
The Medical Ethics Committee approved the BeyeO-
MARKER study in March 2024. We aim to implement 
the current protocol between April 2024 and March 2027 
and are intending to seek additional funding for extended 
annual follow-up. Primary outcomes include the perfor-
mance of plasma p-tau217 and HS retinal scanning for 1) 
Aβ-PET and tau-PET visual read as reference standard, 
and 2) cognitive change (Table 4).

Discussion
The BeyeOMARKER study is a single-center prospec-
tive, observational, longitudinal cohort study that aims 
to evaluate both blood- and eye-based screening tools for 
early detection of AD in a cohort of patients from a clinic 
for comprehensive eye-care. First, the implementation of 
optimized multimodal screening outside of a specialized 
memory clinic setting has the potential to make early 
AD detection more accessible and cost-effective, thereby 
reducing the per-person cost for an AD diagnosis com-
pared to existing tools [84]. This will aid in facilitating 
accessibility of early interventions that improve patient- 
and caregiver wellbeing [4–6], which will in turn reduce 
long-term care costs [151, 152]. Second, the multimodal 
dataset in a unique study population of eye patients could 
increase our understanding of the eye-brain connection 
and provide new routes for early intervention, poten-
tially even for both classes of disease (i.e., brain and eye 
disease). Recently, the population attributable fraction 
(PAF) of vision impairment of dementia was estimated 
to be 1.8%, meaning that a proportion of these dementia 
cases could have been prevented by appropriate manage-
ment of eye disorders [54]. Despite this seemingly low 
percentage, vision impairment is deemed an important 
factor to consider in life-course models of potentially 
modifiable dementia risk factors [54] given that 9 out of 
10 cases of vision impairment are preventable or treat-
able by relatively simple and cost-effective interventions 
(e.g. corrective lenses or cataract surgery). The observed 
co-existence of visual and cognitive impairment and the 
availability of effective, yet underused, ophthalmologi-
cal interventions suggest an important interplay between 
ophthalmological and memory clinic practice that could 

allow relatively easily obtainable health and quality of life 
benefits [52, 153].

Complementary value of blood‑ and eye‑based biomarkers
Thus far, blood- and eye-biomarkers have not been 
applied in a combined multimodal screening approach. 
Hence, the (extent of ) added value of applying these bio-
marker modalities in conjunction remains a key question 
to be addressed in the BeyeOMARKER study. Multi-
modal biomarker approaches for AD are gaining traction 
to improve AD detection, prognosis, and monitoring. 
After all, AD is a complex disease with many patho-
physiological contributors and each modality has its own 
strengths and limitations in capturing different aspects 
and stages of AD-related pathophysiological changes [13, 
14, 154, 155]. Currently, several blood tests allow detec-
tion of AD-pathology with high accuracy, including the 
core pathophysiological hallmarks, as well as neurode-
generative and inflammatory markers [12]. However, 
the interpretation of blood-based biomarkers may be 
affected by variability due to interindividual differences in 
general systemic metabolism, or comorbidities (e.g., obe-
sity, chronic kidney disease, cardiovascular conditions) 
and/or sociodemographic factors (e.g., sex, diversity in 
race or ethnicity) that potentially affect metabolic rates 
[156, 157]. In contrast, retinal imaging provides an acces-
sible way to directly visualize the retinal component of 
the CNS, thereby offering a direct insight into molecular 
changes (e.g., protein depositions) and structural changes 
(e.g., neurodegenerative and vascular changes) [14, 107]. 
Interindividual differences in, and dynamic changes of, 
systemic metabolism will less likely impact structural 
retinal imaging parameters compared to dynamic blood-
biomarker concentrations. However, retinal changes may 
occur in other (neurodegenerative) diseases and are less 
AD-specific [36, 39, 107] than markers of plasma p-tau. 
We therefore hypothesize that retinal markers should not 
be regarded as an alternative to blood-based biomarkers 
but rather that combining eye- and blood-based could 
have complementary value in detecting AD pathophysi-
ology and cognitive decline.

Future opportunities
The characterization of the BeyeOMARKER cohort pro-
vides multiple avenues for future research beyond the 
objectives outlined in this report. First, the field of blood-
biomarkers is evolving rapidly and creating a biobank 
allows future assessment of novel and potentially bet-
ter performing biomarkers. Secondly, questionnaires 
implemented in the online ABOARD platform [109] 
provides low burden collection of long-term functional 
outcomes in relation to AD(-related) blood-biomarkers 
or to eye disease and visual impairment. Third, multiple 
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opportunities exist for AI-based classification of HS reti-
nal scans. For example, it is thus far unclear which of 
the myriad of parameters provided by a HS retinal scan 
contribute (the most) to the classification of AD bio-
marker status, and whether these parameters are directly 
reflective of amyloid pathology or of other pathological 
processes like iron accumulation, mitochondrial dysfunc-
tion, or inflammation [98, 158, 159]. Furthermore, retinal 
depositions of tau are observed in glaucoma [160] as well 
as in AD [161, 162] and a recent study suggests spectral 
signature related to retinal tau ex vivo [163]. Currently, 
the question remains whether AI-driven classification of 
data-rich HS images could provide retinal-indices that 1) 
relate to tau-PET status or to a combination of Aβ-PET 
and tau-PET status, and 2) remain specific to AD in cases 
with a simultaneous eye disease affecting the retina. 
These developments, alongside the rapid developments 
of novel blood-based biomarkers, may provide novel 
multimodal screening approaches for optimized prog-
nostication. Fourth, implementation of PCA screening 
tasks may give an estimate on the number of patients that 
present at the eye clinic with cortical (rather than ocular) 
vision complaints, indicative of early PCA [164]. Depend-
ing on the sample size, this subgroup is highly suitable 
to examine the role ophthalmological practice in iden-
tifying potential PCA cases and to further characterize 
the first symptoms and progression of these early PCA 
cases. Other future ambitions include the implementa-
tion of additional longitudinal follow-up for blood-based 
and eye-based assessment to study the dynamics of these 
markers and to assess the predictive value of changes 
over time.

Challenges
Given the novelty and ambitious nature of the BeyeO-
MARKER study design, a number of challenges are 
anticipated. First, although screening for cognitive com-
plaints in eye care settings has been proposed before [34, 
46], little is known about the willingness of patients to 
undergo screening, or of eye care professionals to per-
form this screening. Recent literature suggests that out of 
210 participants from a senior center, 194 (92.4%) would 
want to know their dementia risk based on retinal scan-
ning, particularly to be able to plan for the future [165]. A 
supportive attitude towards cognitive screening was also 
reported for audiology services, but training of the audi-
ologist and sufficient explanation was deemed important 
[166]. The latter finding points out the general chal-
lenge regarding investment of time and staff resources, 
and the degree of willingness to make these invest-
ments is currently unknown among ophthalmologists. 
Secondly, the targeted sample size of 700 participants is 
ambitious, particularly in currently under-represented 

socio-culturally and socio-economically diverse popu-
lations where enrollment barriers are relatively high 
[62, 167, 168]. Recruitment will be continuously moni-
tored, and our criteria and recruitment strategies may be 
adapted throughout the study when deemed necessary. 
Alternatively, the BeyeOMARKER project will continue 
as planned but with reduced sample sizes. Third, addi-
tional study procedures for the BeyeOMARKER + cohort 
can be experienced as relatively burdensome. Even 
though the procedures are standard clinical procedures 
with known and acceptable risks, in this part of the study 
we may encounter reduced willingness to participate 
[169]. Therefore, we aim to minimize study burden where 
possible by scheduling visits at a familiar location (i.e., 
the eye clinic), implementation of home-based online 
questionnaires, providing flexibility in scheduling, pro-
viding a clear and accessible point of contact and ensur-
ing understanding of the relevance and burdens of study 
procedures. The latter may be particularly relevant for 
the PET scan procedures as this is a known study enrol-
ment barrier, especially in some previously underrepre-
sented groups [170]. Therefore, the study team will follow 
recommendations on the communication regarding PET-
scanning, such as efforts to improve understanding of the 
(minimal) risks of radiotracers by avoiding jargon, using 
visualization aids, providing understandable risk esti-
mates and implementing active listening strategies [171]. 
Finally, challenges remain in cognitive assessment of par-
ticipants with a visual impairment or culturally diverse 
background, particularly as the solutions can be counter-
acting. For example, tasks adapted for participants with 
a visual impairment are often more language-depend-
ent, while tasks adapted to culturally and linguistically 
diverse populations are often more vision-dependent. 
Any potential language- or vision-dependent bias in cog-
nitive testing will be documented and will be taken into 
account through sensitivity analyses when evaluating the 
clinical outcomes. We will report on our findings with 
regard to the performance of our clinical measures to 
inform future investigations.

Conclusions
The BeyeOMARKER study will provide a well-charac-
terized cohort to 1) investigate the feasibility of early AD 
detection based on blood- and eye-based biomarkers in 
alternative screening settings, and 2) improve our under-
standing of the eye-brain connection. Findings, future 
opportunities, challenges and limitations of the BeyeO-
MARKER study will be integrated into a roadmap for 
large-scale implementation of early AD detection, which 
will aid towards building an efficient and inclusive infra-
structures to detect individuals at risk of AD and allow 
intervention to those who need it.
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