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Abstract

Purpose: To address challenges associated with identifying retinal biomarkers for Alzheimer’s 

disease (AD) and strategies for future investigation of novel ophthalmologic biomarkers.

Design: Perspective

Methods: Summarization of the current understanding of retinal changes that have been 

identified using advances in imaging technology, analysis of current research into how these 

changes reflect neurodegenerative pathology, and recommendations for further research in this 

area that will allow for the identification of unique biomarkers for early AD.

Results: Some retinal changes detectable using various imaging modalities may reflect 

neurodegeneration or other AD-related pathology on a cellular level. Structural changes in both 

the peripapillary and macular retina and changes in vascular parameters have been identified. 

Some imaging findings correlate with known histopathological findings, and some are associated 

with cognitive decline. However, multiple challenges exist such as identifying retinal biomarkers 

that are specific to biomarker-positive AD, clinical syndrome of AD, and/or pathological AD 

brain, finding features that are highly sensitive and specific to AD in patients with other eye 

diseases, and validating them in population-based longitudinal cohorts.

Conclusions: Further research is needed to validate retinal biomarkers for AD, with accurate 

classification of patients according to diagnosis and cognitive symptoms. Advances in imaging 

technology, big data and machine learning, and carefully designed studies will help to identify and 

confirm potential biomarkers and may lead to novel treatment approaches.

Over 46 million older adults are affected by dementia worldwide and more than 131 million 

cases are expected by 2050.1 Alzheimer’s disease (AD) is the most common type of 
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dementia but the complex, molecular mechanisms underlying the pathogenesis of AD are 

poorly understood. There is a paucity of effective, non-invasive screening, prevention, or 

treatment modalities. Recent failures of highly anticipated clinical trials testing therapeutics 

for AD support the notion of a critical need for novel diagnostic approaches, sensitive 

enough to detect patients at the early or preclinical stage of AD, who then can be recruited 

into trials. In addition, novel biomarkers may identify subgroups with higher risk as well as 

ones where targeted therapeutic pathways are relevant. The ideal screening approach for AD 

would need to be rapid, noninvasive, inexpensive and scalable. Recent technological 

advances in imaging and data analysis may allow for the discovery of these types of specific 

screening biomarkers as well as further our understanding of AD pathophysiology.

As a direct extension of the central nervous system, the neurosensory retina provides 

substantial information on brain health and may facilitate non-invasive discovery of novel 

diagnostic or preventive measures.2 Given the same origin during the embryologic 

development, both the optic nerve and the retina share many similarities in the anatomy, 

vasculature, immunology and mechanisms of responding to injury with the brain. Due to this 

strong connection between the retina and the brain, many have evaluated potential 

biomarkers involving the retina and the optic nerve. Indeed, the first description of the post-

mortem eyes of patients with AD in 1986 revealed severe optic nerve degeneration, the loss 

of retinal ganglion cells, and decreased RNFL thickness by Hinton et al.

Since then, many potential retinal biomarkers of AD have been evaluated.4 The reduction in 

the RNFL thickness is likely the most well-studied and consistent feature. Although the first 

in vivo observation of RNFL reduction associated with AD occurred less than 15 years ago,5 

subsequent evolution in imaging technology has led to greater characterization of the RNFL 

thinning associated with AD. The reduction in peripapillary and/or macular RNFL thickness 

in AD has been shown in multiple studies using various imaging modalities such as fundus 

photography, visual field and OCT.6–8 However, not all studies have been conclusive, 

particularly in identifying the specific location where the RNFL thinning occurs.4,9,10 Small 

sample size, strict inclusion criteria, and the variability between OCT types (ex: time 

domain, spectral domain, swept-source) that would affect eye tracking, speed of acquisition, 

and image resolution and segmentation methodologies are important factors that may have 

contributed to varying results.11,12

Unlike other diseases involving RNFL loss such as glaucoma that produce corresponding 

visual field defects, the thinning of RNFL in AD does not produce consistent, local visual 

function loss, possibly because the RNFL changes are scattered rather than sectoral. There is 

some evidence that the visual changes that do occur with AD may be a function of primary 

degenerative processes in the retinal neurons, specifically in the superior and inferior 

quadrants.7,8 Other studies suggest that visual field defects may occur due to changes in the 

visual cortex primarily in some patients.13 Furthermore, RNFL thinning was not found to 

correlate with changes in cortical visual evoked response, and the relative sparing of the 

primary visual cortex in AD may explain the absence of some visual function loss despite 

the early RNFL loss.14 Different types of RGCs have varying susceptibility to the amyloid 

pathology associated with AD, suggesting that a particular subpopulation of RGCs may be 

most affected in AD.15 The larger magnocellular cells (M-cells) which contribute large 
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caliber fibers to the optic nerve have been shown to be selectively affected in AD, and loss 

of these cells may lead to characteristic visual deficits.16 In an AD mouse model, the inner 

retina was affected early before the onset of cognitive deficits,17 thus the discrepancy in 

visual function and cognitive function may depend on what pathology occurred first and 

how the retinal and cortical pathologies are affecting each other. Additionally, visual field 

results in advanced AD may be confounded by other cognitive factors, rendering visual field 

testing a less reliable psychophysical assessment in this population.18

Given rapid advances in OCT technology, many studies have explored various retinal layers 

and choroid as potential biomarkers in addition to RNFL thinning. A meta-analysis of 

studies of retinal AD biomarkers using spectral domain OCT found that thinning of the 

ganglion cell-inner plexiform layer (GC-IPL) and ganglion cell complex (GCC) and 

decreased macular volume and thickness were associated with AD, in addition to the 

reduction in both macular and peripapillary RNFL thickness and choroidal thickness.7 

Because the macula contains a high proportion of the large RGC bodies and cell bodies are 

much greater in size than their axons present in RNFL, GC-IPL thinning at the macula may 

be more sensitive for early changes associated with AD and may also show less individual 

variation.19,20 Using enhanced depth imaging capabilities in the OCT, several studies have 

shown thinning of the choroid in AD patients compared to healthy controls.21,22 However, 

the reliability of the segmentation, diurnal variation of the choroid, and other diseases that 

are associated with choroidal thinning such as aging, myopia, and glaucoma contribute to 

the challenges in evaluating the choroid as a biomarker.4,23,24 Interestingly, a recent 

postmortem histopathologic study showed thinning in the superonasal choroid but 

unexpected thickening in the superotemporal choroid that corresponded to increased 

vascularity in severe AD.25 The thickening was prominent in the macular region, and the 

authors discussed the different distribution of retinal Aβ deposit density, a compensatory 

vascular-inflammatory response specific to severe AD stage, and the limitations of in vivo 
OCT studies involving the choroid as potential hypotheses to explain this unexpected 

discrepancy.25 Further ex vivo studies like this will be critical in understanding the validity 

and potential mechanisms of various in vivo biomarkers.

Change in the retinal vascular parameters is another source of potential biomarkers. Many 

have investigated associations between AD and various vascular parameters such as vessel 

caliber, fractal dimensions, branching patterns, tortuosity using fundus photography but the 

reported associations have been relatively weak and not consistent among studies.26 

However, with the advent of OCTA with much sensitive detection of microvasculature, 

results have been more promising. Enlarged foveal avascular zone (FAZ), reduced vessel 

density and perfusion have been reported in AD using OCTA.22,27 One study identified 

altered central retinal thickness and FAZ in preclinical AD without any cognitive decline28 

while another study found no significant difference in the FAZ but an unexpected, higher 

vessel density in preclinical AD.29 Despite some conflicting results, these studies involving 

preclinical AD patients prior to the development of cognitive decline, suggest the possibility 

of early diagnosis and therapy before symptomatic decline.

Targets of other imaging modalities include retinal amyloid detection via curcumin30 or 

hyperspectral imaging.31 Hyperspectral imaging detects the level of soluble Aβ aggregates 
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that are specific to AD pathology and thus may be less affected by other age-related 

neurodegeneration.32 In the first in vivo study, the hyperspectral imaging signature was most 

significant during the early disease state presumably because it identifies the soluble Aβ 
deposits instead of insoluble plaques that accumulate in late AD.31,32 In addition, the study 

claimed that mild to moderate cataract or glaucoma did not appear to affect the quality of the 

data; however, additional studies are needed since patients with advanced retinopathies, 

glaucoma or severe cataract were excluded from the study. If validated in larger studies, 

hyperspectral imaging may become a useful biomarker of early disease state. A recent study 

using adaptive optics scanning laser ophthalmoscopy found hyperreflective granular 

membranes surrounding the optic nerve in patients with MCI and early AD compared to 

controls.10 The authors hypothesized that these membranes may be manifestations of inner 

retinal gliosis occurring in the early stage of disease. Although these membranes may 

obscure RNFL thinning on OCT in early AD, they may also be a potential biomarker for the 

early AD pathology.10 Recent studies showed significantly different retinophore distribution 

between AD and healthy controls via fluorescent lifetime imaging ophthalmoscopy (FLIO).
33,34 The molecules responsible for the AD signature on FLIO are not known, thus 

investigation of these metabolites may lead to novel hypotheses and/or new therapeutic 

targets. There are many important and unanswered questions including i) how these imaging 

biomarkers compare to known neuroimaging or CSF biomarkers such as tau protein and 

beta-amyloid, and ii) which biomarker(s) are predictive of early onset of dementia or rapid 

disease progression. Substantial research will be required to obtain systemic biomarker data 

on large well-characterized cohorts.

While we pursue the investigation of retinal biomarkers, there are several challenges that 

should be acknowledged. First, how the cognitive diagnosis (ex: Mild Clinical Impairment 

[MCI], AD) is made in the study population should be assessed to understand potential 

misclassification. Significant efforts have taken place to clarify the distinctions between the 

clinical syndrome of AD and the histopathological findings in the brain diagnostic of 

pathological AD, which often correlate poorly.[ref] Before the CSF or PET biomarkers of 

amyloid or tau became available for research, only clinical and autopsy data existed. 

Therefore, the National Institute of Neurological and Communicative Disorders and Stroke-

Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) criteria 

distinguished the following three:35 i) a clinical syndrome thought to be AD but with other 

conditions that could play a role in dementia (“Possible AD”), ii) a clinical syndrome 

thought to be AD without other conditions (“Probable AD”), and iii) an AD clinical 

syndrome during life with confirmed AD pathology at autopsy (“Definite AD”).35 Since that 

time, amyloid and more recently tau PET scans, and the possibility of obtaining CSF 

biomarkers, have led to more complicated nomenclatures to capture the notion that people 

may have AD neuropathology in the absence of dementia, and even without any evidence of 

cognitive decline. In several frameworks including those recently adopted by the National 

Institute on Aging (NIA) and the Alzheimer’s Association, this led to descriptions of 

“preclinical AD”, envisioned as inevitably progressing to clinical AD with sufficient time.36 

Others have looked at the same phenomena in older adults who die with substantial 

neuropathological AD findings but no clinical symptoms and refer to that as “resilience” 

instead of “preclinical AD”.37 The prevalence of this unique subgroup has been reported as 

Lee and Apte Page 4

Am J Ophthalmol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



high as 25% in some community-based cohorts.38 Thus, evaluations of potential retinal 

biomarkers will need to be very clear as to whether the investigation is addressing the 

clinical dementia syndrome of AD, the pathological findings of AD, or both and also with a 

caveat that the resilient group may be misclassified.

Second, another challenge is in identifying the retinal biomarkers that are specific to AD. A 

recent study using swept-source OCT compared macular thickness, inner retinal layer 

thickness, and peripapillary RNFL thickness in patients with amnestic MCI and found 

preferential thinning of the inner retinal layers around the fovea when compared to healthy 

controls, and that the macular changes correlated with cognitive scores particularly when 

comparing MCI patients to normal patients, suggesting that the retinal changes may 

correlate with any form of cognitive decline and not with a specific neurodegenerative 

disease such as AD.12 Another example is macular pigment optical density (MPOD) based 

on the level of retinal carotenoids which has been shown to correlate with cognitive function.
39 Thus, any retinal biomarkers should be validated as to whether or not they are specific for 

AD in larger cohorts that include various neurodegenerative diseases.

Third, the majority of studies on retinal biomarkers of AD exclude patients who have 

significant eye conditions such as AMD, glaucoma, DR or cataract due to the confounding 

effect of these diseases on the retinal neurovascular unit. However, the prevalence of these 

eye conditions is extremely high in the aging population. As such, the ideal screening tool 

will need to detect ophthalmic biomarkers even in the presence of common aging eye 

diseases,40 which will require the identification of highly sensitive and specific features 

associated with AD, even in patients with established eye conditions. Fourth, replication of 

the results in a longitudinal, population-based cohort will be critical. There is such clinical, 

genetic, and pathological heterogeneity in AD that the variability of biomarker results in 

small convenience sampling studies may be considerable. Furthermore, we do not know the 

duration of preclinical AD. Therefore, our ability to test biomarkers multiple times until the 

development of clinical manifestations of AD will be important to increase our chance of 

detecting the earliest changes. Fifth, several possibilities exist regarding what information 

the retinal biomarkers may provide. Retinal biomarkers may correlate with brain biomarkers 

and become preferable due to low-cost and non-invasiveness, they may associate with the 

symptoms at a certain stage of AD (i.e. prodromal, preclinical, early) and become useful as a 

screening tool for clinical trial recruitment, and/or they may identify a subset of people who 

are brain biomarker positive and will develop clinical dementia, differentiating them from 

the resilient subgroups and therefore providing different research strategies for different 

subgroups. Thus, careful attention to the sequence of biomarkers, clinical onset, and 

ophthalmic biomarker changes will be needed to understand the potential role of ophthalmic 

biomarkers in a strategy to characterize people with respect to AD risk.

Lastly, development of widely available, scalable, ophthalmic biomarker screening tools will 

require a substantial amount of data. Recent advances in computing vision and applications 

of deep learning in many ophthalmic imaging analyses show promise for analyzing similar 

eye imaging data related to AD and generating novel hypotheses. For example, a recent 

study used supervised machine learning to evaluate texture metrics in order to differentiate 

between the structural characteristics of the retinal tissue in AD, Parkinson’s disease, and 
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healthy patients.41 The UK Biobank data from 32,038 subjects found that retinal NFL 

thinning was predictive for decreased cognitive function over time.42 Significant 

collaborative efforts on a large scale must occur in order to agree on the minimal set of 

scanning protocols and/or to design similar protocols whose results can be calibrated across 

these kinds of studies. Collaboration is needed to ensure that data across multiple studies can 

be combined to build data sharing platforms in order to overcome the potential for 

confounding variables associated with cross-sectional or smaller cohort studies and to 

increase the size of the combined dataset to enable machine learning approaches.

The eye provides a unique opportunity to learn about the aging brain and AD pathology. 

With the rise of non-invasive imaging techniques of unprecedented resolution and the 

opportunity to combine the data interpretation with machine learning approaches, the 

potential for finding ophthalmic biomarkers of AD is brighter than ever. This exciting area 

of research will continue to accelerate with collaborations among investigators across 

different subspecialties in medicine. These studies may also provide a roadmap for other 

neurodegenerative diseases where the eye can be a window into disease pathogenesis.

Acknowledgements:

We thank Marian Blazes, MD for her assistance in editing this manuscript.

Financial Support: NIH/NIA RO1AG060942, UO1006781, and an unrestricted grant from Research to Prevent 
Blindness, New York, NY to the Departments of Ophthalmology at University of Washington and Washington 
University in St. Louis. The sponsors / funding organizations had no role in the design or conduct of this research.

References

1. Prince MJ. World Alzheimer Report 2015: The Global Impact of Dementia | Alzheimer’s Disease 
International. https://www.alz.co.uk/research/world-report-2015. Published August 25, 2015. 
Accessed April 6, 2020.

2. London A, Benhar I, Schwartz M. The retina as a window to the brain-from eye research to CNS 
disorders. Nat Rev Neurol. 2013;9(1):44–53. [PubMed: 23165340] 

3. Hinton DR, Sadun AA, Blanks JC, Miller CA. Optic-nerve degeneration in Alzheimer’s disease. N 
Engl J Med. 1986;315(8):485–487. [PubMed: 3736630] 

4. 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. [PubMed: 31914225] 

5. Danesh-Meyer HV, Birch H, Ku JY-F, Carroll S, Gamble G. Reduction of optic nerve fibers in 
patients with Alzheimer disease identified by laser imaging. Neurology. 2006;67(10):1852–1854. 
[PubMed: 17130422] 

6. Tsai CS, Ritch R, Schwartz B, et al. Optic nerve head and nerve fiber layer in Alzheimer’s disease. 
Arch Ophthalmol. 1991;109(2):199–204. [PubMed: 1993028] 

7. Chan VTT, Sun Z, Tang S, et al. Spectral-Domain OCT Measurements in Alzheimer’s Disease: A 
Systematic Review and Meta-analysis. Ophthalmology. 2019;126(4):497–510. [PubMed: 30114417] 

8. Cerquera-Jaramillo MA, Nava-Mesa MO, González-Reyes RE, Tellez-Conti C, de-la-Torre A. 
Visual Features in Alzheimer’s Disease: From Basic Mechanisms to Clinical Overview. Neural 
Plast. 2018;2018:2941783. [PubMed: 30405709] 

9. Lad EM, Mukherjee D, Stinnett SS, et al. Evaluation of inner retinal layers as biomarkers in mild 
cognitive impairment to moderate Alzheimer’s disease. PLoS One. 2018;13(2):e0192646. [PubMed: 
29420642] 

Lee and Apte Page 6

Am J Ophthalmol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.alz.co.uk/research/world-report-2015


10. Zhang YS, Onishi AC, Zhou N, et al. Characterization of Inner Retinal Hyperreflective Alterations 
in Early Cognitive Impairment on Adaptive Optics Scanning Laser Ophthalmoscopy. Invest 
Ophthalmol Vis Sci. 2019;60(10):3527–3536. [PubMed: 31412112] 

11. den Haan J, Verbraak FD, Visser PJ, Bouwman FH. Retinal thickness in Alzheimer’s disease: A 
systematic review and meta-analysis. Alzheimers Dement. 2017;6:162–170.

12. Almeida ALM, Pires LA, Figueiredo EA, et al. Correlation between cognitive impairment and 
retinal neural loss assessed by swept-source optical coherence tomography in patients with mild 
cognitive impairment. Alzheimers Dement (Amst). 2019;11(1):659–669. doi: 10.1016/
j.dadm.2019.08.006 [PubMed: 31667327] 

13. Brewer AA, Barton B. Visual cortex in aging and Alzheimer’s disease: changes in visual field 
maps and population receptive fields. Front Psychol. 2014;5:74. [PubMed: 24570669] 

14. Iseri PK, Altinaş O, Tokay T, Yüksel N. Relationship between cognitive impairment and retinal 
morphological and visual functional abnormalities in Alzheimer disease. J Neuroophthalmol. 
2006;26(1):18–24. [PubMed: 16518161] 

15. Morgia CL, La Morgia C, Di Vito L, Carelli V, Carbonelli M. Patterns of Retinal Ganglion Cell 
Damage in Neurodegenerative Disorders: Parvocellular vs Magnocellular Degeneration in Optical 
Coherence Tomography Studies. Front Neurol. 2017;8. doi:10.3389/fneur.2017.00710

16. Sadun AA, Bassi CJ. Optic nerve damage in Alzheimer’s disease. Ophthalmology. 1990;97(1):9–
17. [PubMed: 2314849] 

17. Criscuolo C, Cerri E, Fabiani C, Capsoni S, Cattaneo A, Domenici L. The retina as a window to 
early dysfunctions of Alzheimer’s disease following studies with a 5xFAD mouse model. 
Neurobiol Aging. 2018;67:181–188. [PubMed: 29735432] 

18. Diniz-Filho A, Delano-Wood L, Daga FB, Cronemberger S, Medeiros FA. Association Between 
Neurocognitive Decline and Visual Field Variability in Glaucoma. JAMA Ophthalmol. 
2017;135(7):734–739. [PubMed: 28520873] 

19. López-de-Eguileta A, Lage C, López-García S, et al. Ganglion cell layer thinning in prodromal 
Alzheimer’s disease defined by amyloid PET. Alzheimers Dement. 2019;5:570–578.

20. Cheung CY-L, Ong YT, Ikram MK, et al. Microvascular network alterations in the retina of 
patients with Alzheimer’s disease. Alzheimers Dement. 2014;10(2):135–142. [PubMed: 
24439169] 

21. Gharbiya M, Trebbastoni A, Parisi F, et al. Choroidal thinning as a new finding in Alzheimer’s 
disease: evidence from enhanced depth imaging spectral domain optical coherence tomography. J 
Alzheimers Dis. 2014;40(4):907–917. [PubMed: 24577467] 

22. Bulut M, Kurtuluş F, Gözkaya O, et al. Evaluation of optical coherence tomography angiographic 
findings in Alzheimer’s type dementia. Br J Ophthalmol. 2018;102(2):233–237. [PubMed: 
28600299] 

23. Cho AR, Choi YJ, Kim YT, Medscape. Influence of choroidal thickness on subfoveal choroidal 
thickness measurement repeatability using enhanced depth imaging optical coherence tomography. 
Eye. 2014;28(10):1151–1160. [PubMed: 25214002] 

24. Kinoshita T, Mitamura Y, Shinomiya K, et al. Diurnal variations in luminal and stromal areas of 
choroid in normal eyes. Br J Ophthalmol. 2017;101(3):360–364. [PubMed: 27297216] 

25. Asanad S, Ross-Cisneros FN, Barron E, et al. The retinal choroid as an oculovascular biomarker 
for Alzheimer’s dementia: A histopathological study in severe disease. Alzheimers Dement. 
2019;11:775–783.

26. Heringa SM, Bouvy WH, van den Berg E, Moll AC, Kappelle LJ, Biessels GJ. Associations 
between retinal microvascular changes and dementia, cognitive functioning, and brain imaging 
abnormalities: a systematic review. J Cereb Blood Flow Metab. 2013;33(7):983–995. [PubMed: 
23591648] 

27. Yoon SP, Grewal DS, Thompson AC, et al. Retinal Microvascular and Neurodegenerative Changes 
in Alzheimer’s Disease and Mild Cognitive Impairment Compared with Control Participants. 
Ophthalmol Retina. 2019;3(6):489–499. [PubMed: 31174670] 

28. O’bryhim BE, Apte RS, Kung N, Coble D, Van Stavern GP. Association of preclinical Alzheimer 
disease with optical coherence tomographic angiography findings. JAMA Ophthalmol. 
2018;136(11):1242–1248. [PubMed: 30352114] 

Lee and Apte Page 7

Am J Ophthalmol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29. van de Kreeke JA, Nguyen H-T, Konijnenberg E, et al. Optical coherence tomography angiography 
in preclinical Alzheimer’s disease. Br J Ophthalmol. 2020;104(2):157–161. [PubMed: 31118186] 

30. 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). doi: 10.1172/jci.insight.93621

31. Hadoux X, Hui F, Lim JKH, et al. Non-invasive in vivo hyperspectral imaging of the retina for 
potential biomarker use in Alzheimer’s disease. Nat Commun. 2019;10(1):4227. [PubMed: 
31530809] 

32. More SS, Beach JM, McClelland C, Mokhtarzadeh A, Vince R. In Vivo Assessment of Retinal 
Biomarkers by Hyperspectral Imaging: Early Detection of Alzheimer’s Disease. ACS Chem 
Neurosci. 2019;10(11):4492–4501. [PubMed: 31603648] 

33. Sadda SR, Borrelli E, Fan W, et al. A pilot study of fluorescence lifetime imaging ophthalmoscopy 
in preclinical Alzheimer’s disease. Eye. 2019;33(8):1271–1279. [PubMed: 30923356] 

34. Jentsch S, Schweitzer D, Schmidtke K-U, et al. Retinal fluorescence lifetime imaging 
ophthalmoscopy measures depend on the severity of Alzheimer’s disease. Acta Ophthalmol. 
2015;93(4):e241–e247. [PubMed: 25482990] 

35. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of 
Alzheimer’s disease: Report of the NINCDS-ADRDA Work Group* under the auspices of 
Department of Health and Human Services Task Force on Alzheimer’s Disease. Neurology. 
1984;34(7):939–939. [PubMed: 6610841] 

36. Knopman DS, Haeberlein SB, Carrillo MC, et al. The National Institute on Aging and the 
Alzheimer’s Association Research Framework for Alzheimer’s disease: Perspectives from the 
Research Roundtable. Alzheimers Dement. 2018;14(4):563–575. [PubMed: 29653607] 

37. Sonnen JA, Santa Cruz K, Hemmy LS, et al. Ecology of the aging human brain. Arch Neurol. 
2011;68(8):1049–1056. [PubMed: 21825242] 

38. Aiello Bowles EJ, Crane PK, Walker RL, et al. Cognitive Resilience to Alzheimer’s Disease 
Pathology in the Human Brain. J Alzheimers Dis. 2019;68(3):1071–1083. [PubMed: 30909217] 

39. Renzi LM, Dengler MJ, Puente A, Miller LS, Hammond BR Jr. Relationships between macular 
pigment optical density and cognitive function in unimpaired and mildly cognitively impaired 
older adults. Neurobiol Aging. 2014;35(7):1695–1699. [PubMed: 24508218] 

40. Lee CS, Larson EB, Gibbons LE, et al. Associations between recent and established ophthalmic 
conditions and risk of Alzheimer’s disease. Alzheimers Dement. 2019;15(1):34–41. [PubMed: 
30098888] 

41. Nunes A, Silva G, Duque C, et al. Retinal texture biomarkers may help to discriminate between 
Alzheimer’s, Parkinson’s, and healthy controls. PLoS One. 2019;14(6):e0218826. [PubMed: 
31226150] 

42. 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. JAMA 
Neurol. 2018;75(10):1198–1205. [PubMed: 29946685] 

Lee and Apte Page 8

Am J Ophthalmol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	References

