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Abstract

In the last 20 years, research focused on developing retinal imaging as a source

of potential biomarkers for Alzheimer’s disease and other neurodegenerative dis-

eases, has increased significantly. The Alzheimer’s Association and the Alzheimer’s &

Dementia: Diagnosis, Assessment, Disease Monitoring editorial team (companion journal

to Alzheimer’s & Dementia) convened an interdisciplinary discussion in 2019 to iden-

tify a path to expedite the development of retinal biomarkers capable of identifying
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to read: “ChiefPublicHealthOfficer,American

OptometricAssociation,Washington,D.C.” biological changes associated with AD, and for tracking progression of disease sever-

ity over time. As different retinal imaging modalities provide different types of struc-

tural and/or functional information, the discussion reflected on these modalities and

their respective strengths and weaknesses. Discussion further focused on the impor-

tance of defining the context of use to help guide the development of retinal biomark-

ers. Moving from research to context of use, and ultimately to clinical evaluation, this

article outlines ongoing retinal imaging research today in Alzheimer’s and other brain

diseases, including a discussion of future directions for this area of study.
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1 INTRODUCTION

Decades before individuals develop clinical symptoms that lead to

a diagnosis of Alzheimer’s disease (AD) dementia, neuropathological

evidence of the disease may be detectable through the use of amy-

loid positron emission tomography (PET) imaging or by cerebrospinal

fluid (CSF) assays.1,2 This preclinical stage of AD, before the occur-

rence of substantial and irreversible brain damage, represents a win-

dow to intervene with potential therapies to stop or slow the disease

progression.3-5 According to a recent model of the course of AD dis-

ease severity, 38% of U.S. adults over the age of 50 years are at high

risk for preclinical AD,6 althoughmost of themwill not develop demen-

tia during their lifetimes.7

Because clinical research has focused increasingly on the devel-

opment of treatments and strategies to reduce risk, or stop or slow

the disease progression, there remain unmet needs for identifying and

validating sensitive, reliable, cost-effective, and widely available clin-

ical assessment and diagnostic tools, especially in the earliest stages

of the disease, where interventions to stop or slow disease progres-

sion are being developed. Amyloid PET neuroimaging and CSF test-

ing are among the diagnostic biomarker tests most commonly used

in clinical trials and some clinical practice, and they provide satisfac-

tory sensitivity and specificity to be considered useful tools in increas-

ing the certainty of an individual’s diagnosis.8 However, these tools

are limited in their availability, and they can be invasive and/or time-

consuming and have high cost. These barriers hamper widespread use

of these approaches for population-level use. Blood-based biomark-

ers offer advantages in terms of cost, availability, and acceptance by

both health care providers and their patients.9 Substantial progress

has beenmade over the past decade in addressing themany challenges

todevelopingblood-basedbiomarkers, although issues related to repli-

cation and standardization remain.9-11

Although blood-based biomarkers increasingly appear to be viable

tools for identifying and/or predicting individuals who are at increased

risk for AD,12 additional approaches are needed to effectively provide

early detection of those who are at increased risk and to follow treat-

ment response at the population level. The pathogenesis of dementia

involves structures such as cerebral small vessels and cellular mecha-

nisms that are too small or inaccessible to be visualized with current

technologies. One emerging technology that may yield low-cost and

non-invasive markers of early disease burden and progression is reti-

nal imaging. The retina is a central nervous system (CNS) compartment

that can be readily imagedwith optical techniques, and retinal changes

may reflect the pathological features in the brain early in the disease

process. For example, some studies show that changes in retinal neu-

ronal layers correspond to cerebral amyloid accumulation, asmeasured

by amyloid PET, in preclinical AD.71,72

Since the turn of the century, interest in developing retinal imag-

ing biomarkers for AD and other neurodegenerative diseases has

exploded. A PubMed search using the terms “retina” and “Alzheimer”

produced zero matches in 2000 and only seven in 2001, but 1283

in 2019. Since the Alzheimer’s Association launched the journal

Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring

(DADM) in 2015, it has included a regular section on retinal imaging

within its table of contents. Continued interest in this topic prompted

the Alzheimer’s Association, in collaboration with the editorial team of

DADM, to convene a think tank interdisciplinarymeeting onMay 22nd

and 23rd, 2019 inWashingtonD.C., which attracted 90 registrants and

speakers fromnine countries and fromacademia, industry, professional

and funding organizations, and governmental agencies.

The goal of this conference was to identify a path forward to expe-

dite the development of retinal biomarkers capable of identifying bio-

logical changes associatedwith AD, and for tracking the progression of

disease severity over time. Participants discussed multiple challenges,

including the wide variety of imaging modalities available or in devel-

opment; the likelihood that retinal markers of disease at one stage

(eg, preclinical) may not be as sensitive at other stages or at different

levels of disease severity; the possibility that optimal retinal biomark-

ers for disease progression versus staging versus response to treat-

ment may differ; and the variability in methodologies, technologies,

vendors, instrument limitations, and so on. These complications have

resulted in studies with variable, inconsistent, and often contradictory

results, making it difficult to draw firm conclusions about the reliabil-

ity of various approaches. Most published studies thus far have also

been cross-sectional in design, comparing individuals living with symp-

toms to cognitively unimpaired matched individuals, often lacking AD
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biomarker confirmation; thus the natural course of retinal pathological

changesover the courseof clinical diseaseprogressionhasnot yet been

established.

2 THE RETINA AS A WINDOW TO THE BRAIN

The neurosensory retina is a developmental outgrowth of the brain

and is the only (CNS) tissue not shielded by bone (eg, with the excep-

tion of the bony orbital floor and wall). Because of the eye’s anatomy

and transparency to light, the neurosensory retina is more accessible

to non-invasive, repeated, high spatial resolution imaging. Moreover,

the retina shares structural and pathogenic pathways with the CNS

including the cerebral microvasculature and neural cells. Retinal cells

are arranged in multiple layers: three layers of nerve and glial cell bod-

ies and three layers of synapses. Photoreceptors capture visual infor-

mation and transmit it via interneurons to retinal ganglion cells (RGCs).

Extending from the inner retina, these cells make direct synaptic con-

nections with the CNS through the optic nerve and optic pathways.13

Retinal changes have been observed across the continuum of AD

and in other proteinopathies and neurodegenerative disorders, clearly

establishing the importance of eye pathology in these diseases.14 For

example, the hallmark biomarkers of AD—amyloid beta (Aβ) plaques
and neurofibrillary tangles (NFTs) composed of the protein tau—have

been identified in the retina of individuals with AD15 and may either

trigger, or be otherwise associated with, a pathological cascade.16,17

This cascade can lead to retinal degeneration, thinning of the retinal

nerve fiber layer (RNFL), and other structural and functional changes

observed in AD.18 Although there is conflicting literature, several stud-

ies have corroborated findings by Koronyo-Hamaoui et al., pointing to

the existence of Aβ40 and Aβ42 alloforms, Aβ deposits, (p)tau, NFTs,

and inflammation in the retina of AD patients.16,17,19-25 Aβ in the

retina is also thought to cause microvascular changes similar to those

observed in the cerebral microvasculature in AD.26,27 Indeed, a recent

study demonstrated in retinal tissue from mild cognitive impairment

(MCI) and AD patients the accumulation of Aβ40 and Aβ42 in blood

vessels, especially capillaries, and that this was associated with early

and progressive loss of retinal vascular platelet-derived growth factor

receptor-beta and pericytes, which are key components of the blood-

retina and blood-brain barriers.24

More thanone research grouphas shown, in both rodent andhuman

neuropathological studies, similarities between Aβ plaques, including
vascular Aβ deposits, in the retina and those in the brain of individu-

als with AD, although some plaques in the retina are smaller16 than

those in the brain14,15,17 and larger ones differ in shape from those

in the brain.17,28 Moreover, the presence of amyloid pathology has

beendemonstrated also inmelanopsin-containing retinal ganglion cells

(mRGCs).17 These cells, projecting to the suprachiasmatic nucleus of

the hypothalamus, are crucial for circadian photoentrainment and they

are lost in AD, possibly contributing to the occurrence of circadian and

sleepdisturbances inAD.17 Still, in a cross-sectional studyof caseswith

a clinical diagnosis of AD and neuropathological Braak staging ≥4, Den

Haan et al. concluded that amyloid precursor protein and Aβ pathol-

RESEARCH INCONTEXT

1. Research in Context: Because clinical research has

focused increasingly on the development of treatments

and strategies to reduce risk, or stop or slow the dis-

ease progression, there remain unmet needs in identify-

ing and validating sensitive, reliable, cost-effective, and

widely available clinical assessment and diagnostic tools.

Emerging tools like retinal imaging may offer advantages

in terms of cost, availability, and acceptance by both

health care providers and their patients. The goal of this

workshop was to identify a path forward to expedite the

development of retinal biomarkers capable of identifying

biological changes associated with Alzheimer’s disease

(AD), and for trackingprogressionof disease severity over

time.

2. Process: The Alzheimer’s Association and the editorial

team of Diagnosis, Assessment & Disease Monitoring (the

companion journal to Alzheimer’s & Dementia), convened

an interdisciplinary discussion in May 2019, to identify

a path forward to expedite the development of reti-

nal biomarkers capable of identifying biological changes

associated with AD, and for tracking the progression of

disease severity over time.

3. Interpretation: Moving from research to context of use

and, ultimately, clinical evaluation, this article outlines the

status of research today on retinal imaging in Alzheimer’s

and other brain diseases and provides a discussion on the

future direction tomove this work forward.

4. Future Directions: The Retinal Imaging in Alzheimer’s

andNeurodegenerationworkshop participants identified

a number of gaps in understanding the biological under-

pinnings, considerations for technology evaluation and

validation, developing case of appropriate use, and com-

parisons between the emerging technologies.

ogy in the retina differ from that seen in the cerebral cortex, and that

no retinal differences were found between individuals with AD and

those who did not have AD. They did observe diffuse phosphorylated

or fibrillary or paired helical filament tau in AD retina, particularly in

the peripheral retina of individuals with AD. In addition, they did not

observe Aβ plaques in the AD retinas.29 Contrariwise, Koronyo et al.

have reported findingneurofibrillary tangles inhumanADretina,16 and

this is a topic requiring further exploration.

3 RETINAL IMAGING MODALITIES AND THEIR
USE IN AD CLINICAL CARE AND RESEARCH

Different retinal imaging modalities provide different types of struc-

tural and functional information. An empirically derived combination
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of both structural and functional retinal measures may be required to

understand how this complex neurovascular/glial system is affected

by AD.30 Moreover, this is a rapidly evolving field, and the pace of

engineering advances in these imaging modalities, like any other, out-

paces needed advances in signal analyses and data interpretation. In

addition, this provides a roadblock in moving retinal biomarkers from

the discovery to the validation phase. In the sections below, we pro-

vide a cursory review of current work across several imaging modal-

ities; see Alber et al., 2020, for a review and discussion of these

technologies.14

3.1 Optical coherence tomography to detect
structural changes in the retina

Optical coherence tomography (OCT) provides two-dimensional cross-

sectional images and three-dimensional (3D) volumetric measure-

ments of retinal anatomy, and it is widely used for assessing reti-

nal abnormalities in ophthalmologic and neurologic diseases such as

glaucoma and multiple sclerosis.31 OCT generates high-resolution

images by measuring the time delay of reflected light. This type of

imaging has high depth resolution and can image 2D and 3D vol-

umes over a large field of view. Using interference data from multi-

ple rapid scans, the OCT scanner generates 3D maps of the retina,

which enable measurement of the thickness of the RNFL, the layer

composed of axons; The ganglion cell layer (GCL) comprising pri-

marily the neuron somata; the inner and outer plexiform layers (IPL

and OPL) composed of microglia; and the outer retina where pho-

toreceptors are found. OCT, first introduced clinically in the mid-

1990s, has evolved over the years as the laser technology improved.

An advanced technology called spectral-domain OCT (SD-OCT) was

introduced in 2001.32 SD-OCT produces faster imaging and is now a

commonly used technology in clinical settings,31 although advances

with ultra-high-resolution andOCT-AO (adaptive optics) are promising

too.

In a meta-analysis of 11 OCT studies in AD and MCI, Mahajan

et al. concluded that AD was associated with thinning of the retina

and loss of retinal ganglion cells, as well as decreased volume of the

optic nerve. Similar but less-robust changes were seen in individuals

with MCI.33,34 A meta-analysis of 25 OCT studies found that individ-

uals with AD and MCI had RNFL thinning compared to those without

AD or MCI,35 with glaucoma singled out as an important confound-

ing factor to consider. In another review of 33 cross-sectional stud-

ies that compared OCT measures from individuals with and without

AD, Santos et al. also found RNFL thinning in those individuals with

AD compared to cognitively unimpaired individuals, but noted that

although there is normal age-related thinning of the RNFL, most stud-

ies failed to control for the participants’ age.36 Several studies have

shown that age-related loss is important to consider in assessment of

RNFL changes in any chronic disease.37 However, limitations to RNFL

thickness as a marker include the lack of standardization in OCT stud-

ies, and this limits comparison across studies38 and it is not specific for

AD.

Santos et al. evaluated, within individuals, longitudinal relationships

between retinal thickness and cognitive functioning, as well as AD

brain changes among adults with preclinical AD. Participants with

preclinical ADwere selected based on evidence of Aβ burden as deter-
mined by amyloid PET imaging and reduced cognitive functioning in

response to a challenge with very low-dose of scopolamine hydrochlo-

ride, a muscarinic anticholinergic agent. SD-OCT imaging was used

to assess volume and thickness of all retinal neuronal layers and

participants completed PET amyloid imaging at the beginning and end

of the study period. Over a 27-month period, as comparedwith normal

controls, participants in the preclinical stage of AD showed decreases

in the macular RNFL, outer nuclear layer, and inner plexiform layer

volume. Decreases in RNFL volume correlated with increased PET

amyloid burden and reduced performance on a cognitive measure of

audiovisual integration efficiency.36,39

OCT may also have predictive value according to two recent stud-

ies. Ko et al. demonstrated an association between lower RNFL thick-

ness at baseline and cognitive decline over a 3-year period.40 Mutlu

et al. reported an association between thinner RNFL at baseline and an

increased risk of developing dementia.41

3.2 Imaging of retinal Aβ and other
proteinopathies

The retinas of individuals with AD may exhibit specific pathological

changes in addition to RNFL thinning. Some groups have identified

Aβ plaques in the retina in living AD patients, using the food additive

curcumin.15-17,19,21-25,29,42 Curcumin, which has fluorescent proper-

ties and binds to fibrillary Aβ, has been studied for its diagnostic poten-
tial in AD by enabling non-invasive retinal fluorescent imaging.15,16,43

Thepresenceof amyloid plaqueshasbeendemonstrated inhuman reti-

nas using curcumin and scanning laser ophthalmoscope (SLO).15,16,44

Non-invasive polarimetric imaging of retinal amyloid deposits

(which also detects pure fibrillary Aβ) may provide a low-cost, non-

invasive screening method for presymptomatic detection of AD Imag-

ing, with polarized light correlating with fluorescent Aβ markers.

Campbell et al. have shown that the number of Aβ deposits in human

retinas ex vivo correlatewith brain histopathology, even in early stages,

and are nowworking to compare polarimetric markers with PET imag-

ing of amyloid.45,46

Hyperspectral imaging of the retinamay provide an alternative non-

invasive method of measuring Aβ. The approach is based on the find-

ing that Aβ has an influence on light scatter that varies with the wave-
length of light. Hadoux et al. recently used retinal hyperspectral imag-

ing in conjunction with machine-learning image analysis methods to

distinguish between people with MCI and high brain Aβ burden on

PET imaging from matched controls (Aβ PET negative).21 The tech-

nique was also used to distinguish transgenic ADmice (5xFAD), known

to accumulate Aβ in the brain and retina, from age-matched wild-type

control mice. More et al. used a similar imaging method to distinguish

between peoplewith clinically diagnosedAD and cognitive unimpaired

participants.47
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These retinal imaging modalities require replication and neu-

ropathological validation to move from the biomarker discovery to the

biomarker validation phase.

3.3 Vascular imaging of the retina

Because the retina shares developmental, structural, and pathogenic

pathways with the CNS, its microvascular system is also very similar

to, and contiguous with, the vascular supply of the CNS. Changes in

the condition of the retinal microvessels thus may provide informa-

tion about various cerebrovascular and neurodegenerative disorders

including AD. Like the brain, the retina does not have traditional lym-

phatic vessels. The drainage of interstitial fluid from the brain occurs

along the basement membranes of capillaries and arteries as intramu-

ral periarterial drainage fails in cerebral amyloid angiopathy (CAA).48 It

remains to be seen if a similarmechanism for clearance exists in the eye

and whether the accumulation of amyloid in retinal vessels may be an

early biomarker for cerebral CAA.

Emerging technologies provide a larger perspective that allows

peripheral vasculature of the retinal microcirculation to be evalu-

ated, without the need for angiography and contrast dyes.49 These

technologies include OCT angiography (OCT-A) and dynamic vessel

analyzer examination of the fundus. For example, among individuals

withADandMCI,OCT-A imaging has revealed loss of retinalmicrovas-

cular density in some studies50,51 although not in others.52 Retinal

microvascular abnormalities and structural alterations have also been

observed using OCT-A in people with elevated Aβ PET imaging or

by CSF protein assays, indicative of preclinical AD.53 Although not

explicitly discussed at the Retinal Imaging in AD (RIAD) meeting, there

are several retinal vascular changes that have been examined in AD,

including, but not limited to, fractal dimension, vessel caliber, vessel

branching, blood flow velocity, and retinal oximetry. These techniques

have shown mixed results when comparing AD patients to healthy

controls (see Alber et al., 2020 for a review), and standardization

of methods is necessary to determine the context of use for these

potential retinal vascular biomarkers.

3.4 Imaging neuroinflammation and metabolism
in the retina

In retinal tissue of triple transgenic AD mice, astrocytes and microglia

are found in association with Aβ in the RGC. Widefield autoflu-

orescence (AF) in vivo imaging of the retina has been used in

mice to demonstrate the presence of inflammatory microglial cells,

which may reflect CNS inflammation.54 Adaptive optics SLO has

also been used to examine leukocyte-endothelial interactions in the

retinae of mice. Further analysis revealed that retinal microglia

express an anti-inflammatory phenotype in presymptomatic stages

of AD but adopt a pro-inflammatory phenotype as the disease

progresses.20

3.5 Next-generation retinal imaging approaches

Changes in cellular metabolism are among the earliest signs of reti-

nal disease55 and can be detected using AF imaging approaches, since

intracellular coenzymes involved in mitochondrial function and energy

metabolism are naturally autofluorescent.55,56 Fundus autofluores-

cence (FAF) imaging can be accomplished using several different imag-

ing systems including the fundus camera, sSL orchestrator (sSLO), and

ultrawide field (UWF) imaging devices.57

Fluorescent lifetime imaging ophthalmoscopy (FLIO) is one

advanced retinal imaging method that measures the decay in fluores-

cence intensity over time for endogenous fluorophores.58 The decay

time of the fluorescence signal depends on the specific fluorophores

present andmay be affected bymany factors, including age. In patients

with AD, fluorescence lifetime parameters have been shown to cor-

relate with cognition (Mini-Mental State Examination [MMSE] score)

and CSF concentrations of Aβ42 and phosphorylated tau.59 In a pilot

study of individuals identified to have AD-related brain pathology and

therefore identified as preclinical AD, FLIO parameters correlated not

only with CSF AD biomarkers but also with GCL-inner plexiform layer

(IPL) thickness on OCT, suggesting its use as a simple, non-invasive

diagnostic and assessment tool to identify individuals defined as

having preclinical AD.60 Further studies in larger longitudinal cohorts

are needed, however, to define the most important parameters for

discrimination.

As well as novel imaging of amyloid deposits with polarized light

mentioned earlier, another novel approach involves the detection of

apoptotic retinal cells (DARCs). Neurodegenerative diseases includ-

ing AD are characterized by loss of RGCs. Using fluorescently labeled

Annexin, Cordeiro et al. have demonstrated the ability to visualize

apoptosis of individual RGCs in experimental models of neurodegen-

eration and in humans with glaucoma.61 DARCs may be able to regis-

ter early stages of RGC pathology, although it is not well established

whether DARCs can detect changes in RNFL thickness reliably ear-

lier than OCT62; however, recent published findings from the Phase 2

DARC trial demonstrate it to predict RNF loss by 18 months in glau-

coma eyes.73

Furthermore, studies in Parkinson disease (PD) models suggest

that these retinal changes occur before pathological signs of PD

in the CNS are apparent, raising the possibility that this may rep-

resent a biomarker of early PD as well as a biomarker of treat-

ment efficacy.63 The application of this technology for early detec-

tion of AD has not yet been well delineated, and further validation is

needed.

An important caveat when examining these retinal imaging tech-

niques is that their specificity to AD cannot be determined with-

out within-subject, longitudinal studies including histology- and/or

biomarker-confirmed diagnostic criteria. There are few studies that

make these comparisons, most of which are cross-sectional in nature.

Another potential confounder is the presence of multiple pathologies,

including cardiovascular and cerebrovascular insults, which can affect

retinal and cerebral pathology.
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4 DISCOVERY AND VALIDATION OF RETINAL
IMAGING BIOMARKERS FOR CLINICAL USE

4.1 Lessons learned from plasma biomarker
development

The development of blood-based biomarkers for AD has progressed

rapidly since 2012, when a think tank similar to this one was con-

vened by the Alzheimer’s Association in partnership with others.64

That meeting led to the establishment of a blood-based biomarker

professional interest area (PIA) within the Association’s International

Society to Advance Alzheimer’s Research and Treatment (ISTAART),

and the development of guidelines to enable moving from discovery to

application.9 This approach provides a model for the development of

retinal imaging biomarkers of AD, which are currently in the very early

stage discovery phase. Among the lessons learned in the development

of blood-based biomarkers are the need for collaboration among aca-

demic and industry researchers and the importance of transparency in

methods for replication and validation across institutions, cultures, and

populations. Other essential considerations to enable rapid progress in

the field include the generation of novel collaborative paradigms, and

the creation of large cohorts to enable:

∙ Providing partners with improved access to raw data

∙ Harmonizing, standardizing, and replicating methods, such that

comparable results can be obtained across other various imaging

technologies produced bymultiple vendors

∙ Ensuring that chosenmethods are scalable

∙ Considering possible confounders, including other age-related dis-

eases that affect the eye (ie, macular degeneration and glaucoma)

∙ Including sex differences and racial and ethnic variables that may

affect results

∙ Accounting of clinical use parameters to ensure that themethods fit

into existingmedical infrastructure and practice patterns.

Defining the context of use (COU) will guide the development of

retinal biomarkers. Possible COUs may be (1) Identifying AD-related

changes as a component of regular optometric or ophthalmologic

examinations; (2) retinal exams as part of a multi-step detection pro-

cess beginning in primary care settings (eg, following blood-based

screening and before PET or CSF amyloid assessment); or (3) retinal Aβ
as a surrogate for cerebral Aβ positivity. Other potential COUs could

include screening for clinical trials, distinguishingADfromother causes

of dementia, determining AD disease subtypes, diagnosing CAA early,

before the signs of the modified Boston criteria, or a surrogate out-

come for trials.

4.2 Regulatory issues

The U.S. Food and Drug Administration (FDA) and other regulatory

agencies worldwide have demonstrated an interest in expediting the

development of safe and effective medical devices. At the FDA, the

Center for Devices and Radiological Health (CDRH) regulates all medi-

cal devices and has issued guidance to help developers and researchers

navigate the regulatory pathway. One of these is a draft guidance on

the breakthrough devices program.65 A retinal imaging platformdevel-

oped by Optina Diagnostics to help in the diagnosis of AD obtained

breakthrough device designation from the FDA inMay 2019. The plat-

form combines a cerebral amyloid predictor retina scan (or CAPRS)

with a metabolic hyperspectral retinal camera (MHRC) and uses arti-

ficial intelligence to assess the hyperspectral retinal images captured

withMHRC.

CDRH has also advocated for the creation of collaborative commu-

nities to bring together all stakeholders in the development of innova-

tive devices and has published a toolkit to help in establishing such a

community.66 In addition, the CDRH has established The Network of

Experts, a vetted network of partner organizations and their member

scientists, clinicians, and engineers who can provide CDRH and CDER

staff with rapid access to expertise when it is needed to supplement

existing knowledge and expertise within the centers.71

5 NEXT STEPS

This first RIAD think tank meeting represented the first step in a pro-

cess of building collaborations across academia and industry to address

the challenges associated with developing and implementing retinal

imaging biomarkers. Although research in this area is still in the early

development stages, retinal imaging is promising not only as a tool for

prevention and early diagnosis, but also for the sub-stratification of

individuals to facilitate precisionmedicine approaches to treatAD.Any

new retinal imaging biomarker—or any biomarker—put forward will

require rigorous testing and validation bymultiple clinics.

A wide spectrum of methods and perspectives were introduced at

this meeting. Moving forward, it will be necessary to reach consensus

on best approaches and metrics for retinal imaging–related technolo-

gies, which may vary over the course of disease progression. These

approaches should include the opportunities and the challenges of

eachmethod individually and take into account, themethods in combi-

nation with other biomarkers. Multimodal approaches and novel ana-

lytical methods should provide rich information.30 Layering multiple

tools together from the outset and considering them in the context of

other biomarkers (eg, blood assays) may lead to the identification of

preclinical disease with desirable sensitivity and specificity.

OCT retinal imaging has already been included as a sub-studywithin

the Anti-Amyloid in Asymptomatic Alzheimer’s Disease (A4) study, a

secondary prevention trial in asymptomatic individuals who are amy-

loid positive (NCT02008357)67; and in the Longitudinal Evaluation of

Amyloid Risk and Neurodegeneration (LEARN) observational cohort

of amyloid-negative individuals (NCT02488720). Retinal imaging was

added to the A4 and LEARN protocols to determine whether patho-

logical changes in the retina occur before, coincident with, or after

onset of AD neuropathology in the brain. The Atlas of Retinal Imaging

in Alzheimer’s (ARIAS) study (NCT03862222) is also underway, which

will include OCT, OCT-A, blue light autofluorescence, measurement of
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macular pigment optical density, as well as vision and neuropsycholog-

ical tests, apolipoprotein E gene (APOE) genotyping, and other assess-

ments. ARIASparticipantswill span theADcontinuum fromcognitively

normal to mild dementia, and participants will be followed for at least

36 months. Several other large retinal imaging trials in AD are either

launching or in the planning stages, andwe expect this line of investiga-

tion to progress rapidly. It will be important to include all stages of the

cognitive aging continuum in future studies, from cognitively normal to

high risk for AD to MCI to AD dementia, in order to fully appreciate

which retinal biomarker targets provide high sensitivity and specificity

at each stage of the disease. The majority of the studies investigat-

ing retinal AD biomarkers to date have compared the clinically symp-

tomatic AD population to a group of cognitively normal older adults: it

will be essential target the pre-clinical and MCI phases of the disease

to determinewhich retinal biomarkers are useful to detect AD risk and

progression. Moreover, inclusion of techniques such as electroretinog-

raphy,will be helpful to understand localized functional retinal changes

and how they related to retinal AD pathology.

As has been shown in the development of fluid and imaging

biomarkers, standardization and ensuring data quality are key. This

includes a need to fully understand differences between manufactur-

ers and instruments and how these instrumental differences impact

variability in measurements across labs. Not only is standardization

of retinal imaging techniques required, but standardization of reti-

nal histology techniques will be essential to resolve somewhat dis-

crepant literature on the quantity, localization, andmorphology of reti-

nal amyloid and tau deposition. Standardization and harmonization of

image-processing techniques is also needed to ensure interoperability

of measurements across devices produced by varying vendors. These

efforts will require development of standard references and the open

sharing of data across labs. Translating standardized methods to the

clinic will also require novel ways to display information tomake it use-

ful to providers.

Establishing research cores with leaders who will both champion

and be expert in the associated technologies—amodel that proved suc-

cessful in the AD Neuroimaging Initiative—may provide the impetus

for progress in standardization. At the National Institutes of Health

(NIH), many institutes support research relating to the eye and should

play a key role in helping to shape this effort. Although the field is

not yet ready to reach consensus on methods, agreement on a stan-

dard “minimum data set” (eg, availability of biomarker data through

CSF or PET imaging) may now be possible to allow for comparisons

across labs and programs. It may also be valuable to consider integrat-

ing retinal imagingwith other technologies that provide information on

the physiology of the retina, for example, oximetry, macular pigment

optical imaging, pupillometry, and functional assessment of vision. Of

interest, chromatic pupillometry is a noninvasive technique that specif-

ically addresses mRGC function, even in the pre-clinical stage of the

disease, andcanbeusedasavaluable tool fordetectingmRGCdysfunc-

tion in AD.68-70 Convening research teams from around the world in a

shared environment, such as aPIAof ISTAART,would enable continued

discussion on harmonization and standardization of research proce-

dures for retinal AD projects to emerge together.

ACKNOWLEDGMENTS

The authors wish to acknowledge the team who provided significant

logistical, coordination and administrative support in the planning of

the RIA D workshop and the preparation of the report on its proceed-

ing:Ms. A shleyHansen;Ms.MeredithMcNeil,Ms. Patricia Correia and

Dr. A pril Q. Ross.

CONFLICTS OF INTEREST

B. Bouma has patents related to OCT instrumentation and signal pro-

cessing, which are assigned to Mass General Hospital and licensed to

Heidelberg Engineering. M.C. Carrillo and H.M. Snyder are full time

employees of the Alzheimer’s Association. M. Campbell is a member of

the board of directors of LumeNeuro, a shareholder in LumeNeuro, and

holds related patents through the University of Waterloo. M. Dueñas

was a full time employee of the American Optometric Association

when this conference took place. B. Fernández is a full time employee

ofHeidelbergEngineering.M.Koronyo-Hamaoui is a co-founder,minor

shareholder, and consultant of NeuroVision Imaging, Inc. C. La Morgia

received speaker honoraria and meeting reimbursement from San-

theraPharmaceuticals and receives funding fromthe ItalianMinistryof

Health (GR-2013-02358026). S.R. Sadda received honoraria from Top-

con, Nidek, Heidelberg, Centervue, Optos, Amgen, Allergan, Novartis,

Roche/ Genentech, Oxurion, 4DMT, and Merck; and he also received

research instruments from Topcon, Nidek, Carl Zeiss Meditec, Cen-

tervue, Heidelberg, and Optos. P. van Wijngaarden is a founder of

Enlighten Imaging PTY LTD, a start-up company focused on developing

novel retinal imaging solutions for neurological and retinal diseases.

FUNDING

The workshop was fully funded by the Alzheimer’s Association.

Authors are supported in part by the following: P.J. Snyder: theMorton

Plant Mease Health Care Foundation, Clearwater, FL., USA.; Brett E.

Bouma: NIH (grant P41EB-015903). Delia Cabrera DeBuc: the Finker

Frenkel Legacy Foundation and the Alzheimer’s Association (AARGD-

17-531255). M. Koronyo-Hamaoui: the NIH/NIA R01 AG055865 and

R01 AG056478 awards. P. vW: Yulgilbar Alzheimer’s Research Pro-

gram, Pratt Foundation, Joan Margaret Ponting Charitable Trust &

Hecht Charitable Trust (Perpetual), National Foundation for Medi-

cal Research and Innovation, Alzheimer’s Drug Discovery Foundation.

M. Campbell: the Natural Sciences and Engineering Research Council

of Canada (NSERC) and the Canadian Institutes of Health Research,

Canada (CIHR).

ORCID

HeatherM. Snyder https://orcid.org/0000-0002-7665-7696

REFERENCES

1. Fleisher AS, Chen K, Quiroz YT, et al. Associations between

biomarkers and age in the presenilin 1 E280A autosomal domi-

nant Alzheimer disease kindred: a cross-sectional study. JAMA Neurol.
2015;72(3):316-324.

2. McDade E, Wang G, Gordon BA, et al. Longitudinal cognitive and

biomarker changes in dominantly inherited Alzheimer disease.Neurol-
ogy. 2018;91(14):e1295-e306.

https://orcid.org/0000-0002-7665-7696
https://orcid.org/0000-0002-7665-7696


8 SNYDER ET AL.

3. Sperling RA, Jack CR, Jr., Aisen PS. Testing the right target and right

drug at the right stage. Sci Transl Med. 2011;3(111):111cm33.

4. Dubois B, Hampel H, Feldman HH, et al. Preclinical Alzheimer’s dis-

ease: definition, natural history, and diagnostic criteria. Alzheimers
Dement. 2016;12(3):292-323.

5. Sperling RA, Aisen PS, Beckett LA, et al. Toward defining the preclini-

cal stages of Alzheimer’s disease: recommendations from theNational

Institute on Aging-Alzheimer’s Association workgroups on diagnostic

guidelines for Alzheimer’s disease. Alzheimers Dement. 2011;7(3):280-
292.

6. Brookmeyer R, Abdalla N, Kawas CH, Corrada MM. Forecasting the

prevalence of preclinical and clinical Alzheimer’s disease in the United

States. Alzheimers Dement. 2018;14(2):121-129.
7. Brookmeyer R, Abdalla N. Estimation of lifetime risks of Alzheimer’s

disease dementia using biomarkers for preclinical disease. Alzheimers
Dement. 2018;14(8):981-988.

8. Jack CR, Jr., Bennett DA, Blennow K, et al. NIA-AA research frame-

work: toward a biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018;14(4):535-562.

9. O’Bryant SE, Mielke MM, Rissman RA, et al. Blood-based biomark-

ers in Alzheimer disease: current state of the science and a novel col-

laborative paradigm for advancing from discovery to clinic. Alzheimers
Dement. 2017;13(1):45-58.

10. Hampel H, O’Bryant SE, Molinuevo JL, et al. Blood-based biomarkers

for Alzheimer disease: mapping the road to the clinic. Nat Rev Neurol.
2018;14(11):639-652.

11. Shi L, Baird AL, Westwood S, et al. A decade of blood biomark-

ers for Alzheimer’s disease research: an evolving field, improving

study designs, and the challenge of replication. J Alzheimers Dis.
2018;62(3):1181-1198.

12. Nakamura A, Kaneko N, Villemagne VL, et al. High performance

plasma amyloid-beta biomarkers for Alzheimer’s disease. Nature.
2018;554(7691):249-254.

13. Liu YL, Hsieh YT, Chen TF, et al. Retinal ganglion cell-inner plexi-

form layer thickness is nonlinearly associated with cognitive impair-

ment in the community-dwelling elderly. Alzheimers Dement (Amst).
2019;11:19-27.

14. Alber J, Goldfarb D, Thompson LI, et al. Developing retinal biomarkers

for the earliest stages of Alzheimer’s disease: what we know, what we

don’t, and how to move forward. Alzheimers Dement. 2020;16(1):229-
243.

15. Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV, et al. Identification of

amyloid plaques in retinas from Alzheimer’s patients and noninvasive

in vivo optical imaging of retinal plaques in amousemodel.Neuroimage.
2011;54:S204-S217.

16. Koronyo Y, Biggs D, Barron E, et al. Retinal amyloid pathology and

proof-of-concept imaging trial in Alzheimer’s disease. JCI Insight.
2017;2(16):e93621.

17. La Morgia C, Ross-Cisneros FN, Koronyo Y, et al. Melanopsin retinal

ganglion cell loss inAlzheimer disease.AnnNeurol. 2016;79(1):90-109.
18. Liao H, Zhu Z, Peng Y. Potential utility of retinal imaging for

Alzheimer’s disease: a review. Front Aging Neurosci. 2018;10:188.
19. Alexandrov PN, Pogue A, Bhattacharjee S, Lukiw WJ. Retinal amyloid

peptides and complement factorH in transgenicmodels ofAlzheimer’s

disease.Neuroreport. 2011;22(12):623-627.
20. Grimaldi A, Brighi C, Peruzzi G, et al. Inflammation, neurodegen-

eration and protein aggregation in the retina as ocular biomarkers

for Alzheimer’s disease in the 3xTg-AD mouse model. Cell Death Dis.
2018;9(6):685.

21. Hadoux X, Hui F, Lim JKH, et al. Non-invasive in vivo hyperspectral

imaging of the retina for potential biomarker use in Alzheimer’s dis-

ease.Nat Commun. 2019;10(1):4227.
22. Schon C, Hoffmann NA, Ochs SM, et al. Long-term in vivo imag-

ing of fibrillar tau in the retina of P301S transgenic mice. PLoS One.
2012;7(12):e53547.

23. Schultz N, Byman E, Netherlands Brain B, Wennstrom M. Levels of

retinal amyloid-beta correlate with levels of retinal IAPP and hip-

pocampal amyloid-beta in neuropathologically evaluated individuals.

J Alzheimers Dis. 2020;73(3):1201-1209.
24. Shi H, Koronyo Y, Rentsendorj A, et al. Identification of early pericyte

loss and vascular amyloidosis in Alzheimer’s disease retina. Acta Neu-
ropathol. 2020;139(5):813-836.

25. Tsai Y, LuB, LjubimovAV, et al.Ocular changes inTgF344-ADratmodel

of Alzheimer’s disease. Invest Ophthalmol Vis Sci. 2014;55(1):523-534.
26. Williams MA, McGowan AJ, Cardwell CR, et al. Retinal microvascular

network attenuation in Alzheimer’s disease. Alzheimers Dement (Amst).
2015;1(2):229-235.

27. Shah TM, Gupta SM, Chatterjee P, Campbell M, Martins RN. Beta-

amyloid sequelae in the eye: a critical review on its diagnostic sig-

nificance and clinical relevance in Alzheimer’s disease.Mol Psychiatry.
2017;22(3):353-363.

28. Campbell MCW, Corapi F, Emptage L, et al. The relationship between

amyloid in the retina and a brain-based post-mortem diagnosis of

Alzheimer’s disease. Alzheimers Dement. 2017;13(7S Part 5):P284-

P285.

29. denHaan J,Morrema THJ, Verbraak FD, et al. Amyloid-beta and phos-

phorylated tau in post-mortem Alzheimer’s disease retinas. Acta Neu-
ropathol Commun. 2018;6(1):147.

30. CabreraDeBucD, SomfaiGM,ArthurE,KosticM,OropesaS,Mendoza

SantiestebanC. Investigatingmultimodal diagnostic eye biomarkers of

cognitive impairment by measuring vascular and neurogenic changes

in the retina. Front Physiol. 2018;9:1721.
31. MaldonadoRS,Mettu P, El-DairiM, BhattiMT. The application of opti-

cal coherence tomography in neurologic diseases. Neurol Clin Pract.
2015;5(5):460-469.

32. DrexlerW, Morgner U, Ghanta RK, Kartner FX, Schuman JS, Fujimoto

JG. Ultrahigh-resolution ophthalmic optical coherence tomography.

NatMed. 2001;7(4):502-507.
33. MahajanD,VotrubaM.Can the retina be used to diagnose and plot the

progressionofAlzheimer’s disease?.ActaOphthalmol. 2017;95(8):768-
777.

34. Chan VTT, Sun Z, Tang S, et al. Spectral-domain OCTmeasurements in

Alzheimer’s disease: a systematic review and meta-analysis. Ophthal-
mology. 2019;126(4):497-510.

35. den Haan J, Verbraak FD, Visser PJ, Bouwman FH. Retinal thickness in

Alzheimer’s disease: a systematic reviewandmeta-analysis.Alzheimers
Dement (Amst). 2017;6:162-170.

36. Santos CY, Johnson LN, Sinoff SE, Festa EK, Heindel WC, Snyder PJ.

Change in retinal structural anatomy during the preclinical stage of

Alzheimer’s disease. Alzheimers Dement (Amst). 2018;10:196-209.
37. Wu Z, Saunders LJ, Zangwill LM, Daga FB, Crowston JG, Medeiros

FA. Impact of normal aging and progression definitions on the speci-

ficity of detecting retinal nerve fiber layer thinning. Am J Ophthalmol.
2017;181:106-113.

38. Cabrera DeBuc D, Gaca-Wysocka M, Grzybowski A, Kanclerz P. Iden-

tification of retinal biomarkers in Alzheimer’s disease using optical

coherence tomography: recent insights, challenges, and opportunities.

J Clin Med. 2019;8(7):996.
39. Sanchez D, Castilla-Marti M, Marquie M, et al. Evaluation of mac-

ular thickness and volume tested by optical coherence tomography

as biomarkers for Alzheimer’s disease in a memory clinic. Sci Rep.
2020;10(1):1580.

40. Ko F, Muthy ZA, Gallacher J, et al. Association of retinal nerve fiber

layer thinning with current and future cognitive decline: a study using

optical coherence tomography. JAMANeurol. 2018;75(10):1198-1205.
41. MutluU, Colijn JM, IkramMA, et al. Association of retinal neurodegen-

erationonoptical coherence tomographywithdementia: a population-

based study. JAMANeurol. 2018;75(10):1256-1263.
42. Grimaldi A, Pediconi N, Oieni F, et al. Neuroinflammatory processes,

A1 astrocyte activation and protein aggregation in the retina of



SNYDER ET AL. 9

Alzheimer’s disease patients, possible biomarkers for early diagnosis.

Front Neurosci. 2019;13:925.
43. den Haan J, Morrema THJ, Rozemuller AJ, Bouwman FH, Hoozemans

JJM.Different curcumin forms selectively bind fibrillar amyloid beta in

post mortem Alzheimer’s disease brains: implications for in-vivo diag-

nostics. Acta Neuropathol Commun. 2018;6(1):75.
44. Rafii MS,Wishnek H, Brewer JB, et al. The down syndrome biomarker

initiative (DSBI) pilot: proof of concept for deep phenotyping of

Alzheimer’s disease biomarkers in down syndrome. Front Behav Neu-
rosci. 2015;9:239.

45. CampbellMCW,Emptage L, RedekopR, et al. Amyloid deposits imaged

in postmortem retinas using polarimetry predict the severity of a

postmortem brain based diagnosis of Alzheimer’s disease. Alzheimers
Dement. 2018;14(7S Part 14):P774-P775.

46. Campbell MCW, Gowing LJ, Choi Y, Leonenko Z. Imaging of amyloid-

beta deposits in the postmortem retina in Alzheimer’s disease. Invest
Ophthalmol Vis Sci. 2010;51(13):5778.

47. More SS, Beach JM, McClelland C, Mokhtarzadeh A, Vince R.

In vivo assessment of retinal biomarkers by hyperspectral imag-

ing: early detection of Alzheimer’s disease. ACS Chem Neurosci.
2019;10(11):4492-4501.

48. Morris AW, SharpMM, Albargothy NJ, et al. Vascular basement mem-

branes as pathways for the passage of fluid into and out of the brain.

Acta Neuropathol. 2016;131(5):725-736.
49. CabreraDeBucD, SomfaiGM,KollerA. Retinalmicrovascular network

alterations: potential biomarkers of cerebrovascular and neural dis-

eases. Am J Physiol Heart Circ Physiol. 2017;312(2):H201-H212.
50. Bulut M, Kurtulus F, Gozkaya O, et al. Evaluation of optical coherence

tomography angiographic findings in Alzheimer’s type dementia. Br J
Ophthalmol. 2018;102(2):233-237.

51. Jiang H, Wei Y, Shi Y, et al. Altered macular microvasculature in

mild cognitive impairment and Alzheimer disease. J Neuroophthalmol.
2018;38(3):292-298.

52. Querques G, Borrelli E, Sacconi R, et al. Functional and morphological

changes of the retinal vessels inAlzheimer’s disease andmild cognitive

impairment. Sci Rep. 2019;9(1):63.
53. O’Bryhim BE, Apte RS, Kung N, Coble D, Van Stavern GP. Association

of preclinical Alzheimer disease with optical coherence tomographic

angiography findings. JAMAOphthalmol. 2018;136(11):1242-1248.
54. Kokona D, Schneider N, Giannakaki-Zimmermann H, Jovanovic J,

Ebneter A, Zinkernagel M. Noninvasive quantification of retinal

microglia using widefield autofluorescence imaging. Invest Ophthalmol
Vis Sci. 2017;58(4):2160-2165.

55. Feher J, Kovacs I, Artico M, Cavallotti C, Papale A, Balacco Gabrieli C.

Mitochondrial alterations of retinal pigment epithelium in age-related

macular degeneration.Neurobiol Aging. 2006;27(7):983-993.
56. Heikal AA. Intracellular coenzymes as natural biomarkers for

metabolic activities and mitochondrial anomalies. Biomark Med.
2010;4(2):241-263.

57. Yung M, Klufas MA, Sarraf D. Clinical applications of fundus autofluo-

rescence in retinal disease. Int J Retina Vitreous. 2016;2:12.
58. Sadda SR, Borrelli E, FanW, Ebraheem A, Marion KM, Kwon S. Impact

of mydriasis in fluorescence lifetime imaging ophthalmoscopy. PLoS
One. 2018;13(12):e0209194.

59. Jentsch S, Schweitzer D, Schmidtke KU, et al. Retinal fluorescence

lifetime imaging ophthalmoscopy measures depend on the severity of

Alzheimer’s disease. Acta Ophthalmol. 2015;93(4):e241-e247.

60. Sadda SR, Borrelli E, FanW, et al. A pilot study of fluorescence lifetime

imaging ophthalmoscopy in preclinical Alzheimer’s disease. Eye (Lond).
2019;33(8):1271-1279.

61. Cordeiro MF, Normando EM, Cardoso MJ, et al. Real-time imaging

of single neuronal cell apoptosis in patients with glaucoma. Brain.
2017;140(6):1757-1767.

62. MungubaGC,GalebS, LiuY, et al.Nerve fiber layer thinning lags retinal

ganglion cell density following crush axonopathy. Invest Ophthalmol Vis
Sci. 2014;55(10):6505-6513.

63. Normando EM, Davis BM, De Groef L, et al. The retina as an early

biomarker of neurodegeneration in a rotenone-induced model of

Parkinson’s disease: evidence for a neuroprotective effect of rosigli-

tazone in the eye and brain. Acta Neuropathol Commun. 2016;4(1):
86.

64. Snyder HM, Carrillo MC, Grodstein F, et al. Developing novel

blood-based biomarkers for Alzheimer’s disease. Alzheimers Dement.
2014;10(1):109-114.

65. Food and Drug Administration. Breakthrough devices program: guid-

ance for industry and Food and Drug Administration staff. At https:

//www.fda.gov/media/108135/download, 7/28/19. In: CDRH C, edi-

tor. 2018. Accessed online.

66. Food and Drug Administration. Collaborative Communities Toolkit.

At https://www.fda.gov/media/116467/download 7/26/19. In: CDRH,

editor. 2018. Accessed online.

67. Sperling RA, Rentz DM, Johnson KA, et al. The A4 study: stop-

ping AD before symptoms begin?. Sci Transl Med. 2014;6(228):

228fs13.

68. Chougule PS, Najjar RP, Finkelstein MT, Kandiah N, Milea D. Light-

induced pupillary responses in Alzheimer’s disease. Front Neurol.
2019;10:360.

69. LaMorgia C, Carelli V, Carbonelli M. Melanopsin retinal ganglion cells

and pupil: clinical implications for neuro-ophthalmology. Front Neurol.
2018;9:1047.

70. Oh AJ, Amore G, Sultan W, et al. Pupillometry evaluation

of melanopsin retinal ganglion cell function and sleep-wake

activity in pre-symptomatic Alzheimer’s disease. PLoS One.
2019;14(12):e0226197.

71. Snyder PJ, Johnson LN, LimY-Y, Santos C,Maruff P, Fernández B, Non-

vascular retinal imaging markers of preclinical Alzheimer’s disease.

Alzheimer’s & Dementia: diagnosis, assessment & disease monitoring.

2016;4:169-178.

72. Asanad S, Fantini M, Sultan W, et al. Retinal nerve fiber layer thick-

ness predicts CSF amyloid/tau before cognitive decline. PLoS ONE.
2020;15(5):e0232785.

73. Normando EM, Yap TE, Maddison J, et al. A CNN-aided method

to predict glaucoma progression using DARC (Detection of

Apoptosing Retinal Cells). Expert Rev Mol Diagn. 2020;20:

737-748.

How to cite this article: Snyder PJ, Alber J, Alt C, et al. Retinal

imaging in Alzheimer’s and neurodegenerative diseases.

Alzheimer’s Dement. 2020;1–9.

https://doi.org/10.1002/alz.12179

https://www.fda.gov/media/108135/download
https://www.fda.gov/media/108135/download
https://www.fda.gov/media/116467/download
https://doi.org/10.1002/alz.12179

	Retinal imaging in Alzheimer’s and neurodegenerative diseases
	Abstract
	1 | INTRODUCTION
	2 | THE RETINA AS A WINDOW TO THE BRAIN
	3 | RETINAL IMAGING MODALITIES AND THEIR USE IN AD CLINICAL CARE AND RESEARCH
	3.1 | Optical coherence tomography to detect structural changes in the retina
	3.2 | Imaging of retinal A&#x03B2; and other proteinopathies
	3.3 | Vascular imaging of the retina
	3.4 | Imaging neuroinflammation and metabolism in the retina
	3.5 | Next-generation retinal imaging approaches

	4 | DISCOVERY AND VALIDATION OF RETINAL IMAGING BIOMARKERS FOR CLINICAL USE
	4.1 | Lessons learned from plasma biomarker development
	4.2 | Regulatory issues

	5 | NEXT STEPS
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	FUNDING
	ORCID
	REFERENCES


