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Use of ocular biomarkers as a potential tool for early diagnosis of

Alzheimer’s disease

Ajay K Singh, Shilpa Verma'

Alzheimer’s disease (AD) is the most common neurodegenerative disease worldwide which unfortunately
has no known effective cure to date. Despite many clinical trials indicating the effectiveness of preclinical
treatment, a sensitive tool for screening of AD is yet to be developed. Due to multiple similarities between
ocular and the brain tissue, the eye is being explored by researchers for this purpose, with utmost attention
focused on the retinal tissue. Besides visual functional impairment, neuronal degeneration and apoptosis,
retinal nerve fiber degeneration, increase in the cup-to-disc ratio, and retinal vascular thinning and
tortuosity are the changes observed in the retinal tissue which are related to AD. Studies have shown that
targeting these changes in the retina is an effective way of reducing the degeneration of retinal neuronal
tissue. Similar mechanisms of neurodegeneration have been demonstrated in the brain and the eyes of
AD patients. Multiple studies are underway to investigate the potential of diagnosing AD and detection
of amyloid-B (Ap) levels in the retinal tissue. Since the tissues in the anterior segment of the eye are more
accessible for in vivo imaging and examination, they have more potential as screening biomarkers. This
article provides a concise review of available literature on the ocular biomarkers in anterior and posterior
segments of the eye including the cornea, aqueous humour (AH), crystalline lens, and retina in AD. This
review will also highlight the newer technological tools available for the detection of potential biomarkers
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in the eye for early diagnosis of AD.
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Alzheimer’s disease (AD) is a degenerative disorder of the nervous
system, which affects over 10% of people older than 65 years.!"! AD
is the most common cause of dementia worldwide.>”! Dementia
affects approximately 47 million people worldwide, and with the
rapid increase in the ageing population, this number is expected
to increase to more than 131 million by 2050.1!

Pathological characteristics of AD are deposition of extracellular
amyloid-f (AP) plaques and intracellular hyperphosphorylated
tau aggregates known as neurofibrillary tangles (NFTs) [Fig. 1].7#!
Other pathological features include Hirano bodies which are
eosinophilic rod-like bodies and granulovacuolar degeneration.”!
These lesions are associated with synaptic network dysfunction
leading to progressive brain atrophy, which in turn results in
longitudinal cognitive decline.'”!

Current diagnostic tools mainly include clinical evaluation,
subjective methods, or invasive tests, which have limited
accuracy. Definite diagnosis of AD is only confirmed by
postmortem detection of extracellular AR plaques and
intraneuronal NFTs.""!¢ Clinically, it is also important to
exclude other conditions that may result in similar cognitive
impairment, for example, Parkinson’s disease (PD), depression,
hypothyroidism, vitamin deficiencies, and drug interactions.!”!
The existing clinical methods have very limited sensitivity
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and specificity, and clinical diagnoses have been considered
inaccurate in at least 10-15% of cases.!'8!

There has been significant progress in the diagnosis of AD with
the development of advanced technological tools such as magnetic
resonance imaging (MRI), positron emission tomography (PET)
imaging, blood-based biomarkers (Af), and cerebrospinal
fluid (CSF) biomarkers (AP and tau).'*?! In genome-wide
association studies, researchers have identified more than 20 genes,
which increased the risk of AD. However, the exact mechanism
of associations of AD with these genes yet remains unknown.!
Studies on amyloid precursor protein (APP), presenilin-1 (PS1),
and presenilin-2 (PS2) mutations have been promising.* However,
these tools are invasive and expensive, therefore for screening and
diagnostic purposes, their applicability remains limited. Newer
noninvasive and less expensive methods of an early and definitive
diagnosis of AD are needed to better serve the population at risk.

For the development of a novel noninvasive screening and
diagnostic tool, the ocular examination sector appears promising.*!
Embryologically, the origin of the eyes and brain are similar. The
anterior neural tube forms the eyes and later gives rise to the
forebrain. PAX6, which plays a pivotal role in neurogenesis, is
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also key to the development of the visual field.®>*! Neurons in
the retina are similar to the neurons in the cerebral cortex in many
ways.l Retinal neurons also form complex neural networks,
similar to those in the cerebral cortex.***! AD not only causes
neurodegenerative changes in the brain but also produces structural
and functional alterations in the retinal neurons and vasculature.
The similarity between ocular and cerebral tissue suggests that
ocular manifestations may be used as early biomarkers of AD."”

In AD patients, changes in the neural and non-neural ocular
tissues including accumulation of AB and degeneration of
retinal axonal and neural tissue have been demonstrated in
various studies.’*#!) Optical retinal imaging platforms are
also being developed, which can detect Af plaques in the
retina of AD patients.">*”] Researchers have also considered
the assessment of pupillary responses, and retinal vasculature
and blood flow as biomarkers of AD.[5]

A sensitive screening biomarker of AD measurable at
an early stage of the disease would pave the way for newer
potential therapies, help to identify the population at risk and
improve the management of AD patients. This review article
examines the evidence for potential ocular biomarkers of AD.

Relationship between Pathophysiology of
AD and Ocular Manifestations

Relationship between AD and their possible ocular manifestation
hasbeen emphasized in numerous studies. Published literature
suggests that biomarkers specific to AD, also play an important
role in the degeneration of retinal tissue and the impairment of
visual function. Multiple studies have shown the relation
between AD and glaucoma, suggesting both to be considered
age-related neurodegenerative diseases, having some common
pathophysiological features.?*> It has also been shown that,
at the molecular genetic level, AD and age-related macular
degeneration (AMD) share a common disease mechanism and
similar pathological signalling defects.’*"! There is growing
evidence that drusen, which are considered the hallmark of
AMD, have a vital component- A, which is considered the
hallmark of AD.I**%? Besides deposition of AR, AD and AMD
share many other similarities including neuroinflammation,
microvascular abnormalities, and metabolic and oxidative
stress. 6163l

Pathological changes in ocular structures

e Cornea-*!
e Keratoepithelin (Ker) and PS1/PS2 expression
® Decreased corneal sensation
e Increased dendritic cell density.
e Aqueous-i*!
e Presence of AP
e Presence of APP.
° Pupil_[65-67]
e Atypical pupillary response to cholinergic antagonists
* Reduced latency and amplitude of pupillary light
reflex (PLR)
* Increased pupillary size.
® Lens-*®!
e AP deposition in the crystalline lens
e Cataractous changes in the crystalline lens.
° Retina_[l5,69—73]
e AP deposition in the retina

Reduced retinal blood flow
Thinning of retinal nerve fiber layer (RNFL)
Degeneration of retinal ganglion cell (RGC)
Reduced number of RGC axons.
e Choroid-"™

e Reduced choroidal thickness.
e Optic Nerve-

® Increased cup-to-disc ratio

* Increased disc pallor.

Clinical visual manifestations of AD
The visual pathway is affected at various levels in AD [Table 1].

Visual acuity

Although in many studies, no significant difference was found
between the VA of AD patients and that of control population,
ithas been observed that AD patients have decreased VA under
low luminance.”®”” In addition, the ability to recognize pictures
inlow spatial frequency is hampered in AD patients.” Another
important factor, which affects the VA is the increased risk of
cataract in AD patients.”!

Contrast sensitivity

As compared to the control population, AD patients have markedly
reduced CS and the difference is detectable even in the early stages
of AD.®#1 The quality of life of AD patients is adversely affected
by a deficit in CS.®2 Furthermore, AD patients have been shown to
have improved CS with anticholinesterase inhibitor, donepezil.t”
It has also been shown that in AD patients, the reading latency is
increased and reading speed is decreased./®*!

Colour vision (CV)

Some studies have indicated that the majority of AD patients
are tritanomalous (blue axis deficient) but this finding has
been contradicted by some other studies.®*! However, colour
discrimination error in patients of AD is invariably demonstrated.*”!

Visual field (VF)

VF changes in AD are caused by synaptic dysfunction and
neurodegenerative changes resulting from the accumulation
of AB.I®I Assessment of VF by automated perimetry using
frequency doubling technology (FDT) has shown that the loss of
sensitivity, particularly in the inferior VF, occurs in AD patients,
and furthermore, the correlation between the degree of VF
changes and the degree of dementia has also been observed.***!

Motion perception

AD patients have higher thresholds for motion detection
as compared to control population. A study had also found
a correlation of increased threshold with the severity of
dementia.’™ Furthermore, relatively higher thresholds for
motion detection across all spatial and temporal frequencies
are observed in AD patients.’!

Table 1: Effects on the visual pathway in AD

Tissue Area Manifestations
Primary visual Altered VA
cortex Altered CV

Reduced Visual attention
Depth and motion
perception

Altered CS

Medial temporal
visual cortex
Retina, RGC, RNFL
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Depth perception and stereopsis

AD patients have reduced depth perception and stereopsis
as compared to control population. Also, the correlation has
been found between stereopsis performance and cognitive
assessment scores.*!

Ocular motor functions

AD patients have poor visual attention and dysfunctions of
ocular motility. AD patients also have slower reaction time,
increased latency, and difficulty in suppressing reflexive
saccades. These factors often make target fixation difficult
for AD patients.”” AD patients have decreased activity in
the oculomotor areas of the cerebral cortex, and exhibit
significantly more anti-saccade errors.”” In AD patients, the
convergence angle has also been observed to be smaller.

Ophthalmic signs and ocular biomarkers of AD
Cornea

In AD patients, a higher prevalence of corneal lattice dystrophies
has been demonstrated, owing to deposition of Ker, pathological
amyloid, in the corneal stroma.**! PS1/PS2 are also expressed in the
corneal epithelium of AD patients.” Investigators have observed
that AD has profound direct and indirect degenerative effects on
the corneal sub-basal nerve plexus (SNP).””! There are corneal
nerve fiber pathology and decreased corneal sensation in patients
with neurodegenerative diseases.***%! Further studies have
demonstrated overall decreased corneal nerve fiber number and
density, and increased density of dendritic cells in AD patients.”%!

Aqueous humour (AH)

There is a multitude of similarities between AH and CSF.
Blood-aqueous and blood-CSF barriers also share various
common features.””! Researchers have identified AP in the
AH of non-AD patients undergoing cataract surgery.l® It
has also been suggested that AP and APP derivatives may
be produced in the retina, and thereafter transported into
the AH via the vitreous humour.”” Presence of AP has also
been demonstrated in AH of patients with pseudoexfoliation
syndrome (PEX) and glaucoma; linking these pathological
conditions with AD.’¥ Considering these studies, it would
be reasonable to examine the AH for the presence of APP and
AP, as a biomarker for AD.

Pupil

It has been well established that AD patients are deficient
in acetylcholine (ACh), resulting in changes in the pupillary
system and altered PLR.[®! The root cause of ACh deficiency is
a degenerative pathological change in the Edinger—Westphal
nucleus and nucleus basalis of Meynert. In AD patients, repetitive
stimulation of the PLR is less pronounced, with decreased
amplitude and latency.[® A significant correlation has also been
found between increased pupillary size and AP and tau levels in
CSF.™ This may be a potential biomarker for AD patients.

Lens

AD patients show a progressive loss in the transparency and
cataractous changes (particularly supranuclear) of the otherwise
transparent crystalline human lens. In AD patients, an increase in
aggregation and accumulation of misfolded abnormal protein in
the crystalline lens has also been demonstrated.®® Studies have
demonstrated a certain degree of similarity in the fundamental
mechanism of cataract formation and that of neurodegenerative
conditions of the brain.! Animal studies have demonstrated

APP and AP expression in cultured crystalline lenses, indicating
that AD-associated pathologic mechanisms may be associated
with the development of age-related cataract.[®®! It has also been
demonstrated that PS1/PS2 are expressed in the mammalian
crystalline lens.B% Supranuclear cataracts and lenticular
deposition of AP have also been observed in Down’s syndrome,
which is associated with early-onset AD. Thiamine (vitamin B1)
deficiency and the resulting oxidative impairment, has also been
linked to AD pathology.!"”!

Retina

Multiple studies suggest that in AD patients, brain and retina
share many hallmark pathological features. Therefore, the early
detection of the retinal manifestations of AD may prove to be a
promising tool for screening, diagnosing, and monitoring the
progression of the disease [Fig. 2].5040-44]

(a) Retinal Vasculature

There are multiple structural and functional similarities
between cerebral and retinal vasculature, and various studies
have observed the associations between AD and parameters of
retinal vascular parameters, owing to these similarities.[®841-44!
Studies have demonstrated that retinal vessels of AD patients
have reduced the caliber of retinal veins, reduced arteriolar
and venular fractal dimensions, smaller, more tortuous and
sparse retinal vessels, and reduced flow of blood.$4%73 These
findings suggest that AD progression may be monitored using
retinal blood flow as a tool. Studies also suggest that changes in
retinal blood flow parameters appear earlier than the neuronal
loss.”l Researchers, studying ocular metabolism by retinal
oximetry, found that in AD patients, the oxygen saturation
in retinal arterioles and venules was higher as compared to
the non-AD population.” In AD patients, AP accumulates in
retinal and cerebral vascular walls, and studies suggest that
cerebrovascular pathology may also be associated with AD.1!

(b) Retinal Thickness

In AD, RGCs are supposed to be the primary targets of
cell loss.”! Diffuse degeneration of axons in the optic nerves
of the majority of AD patients has been revealed in an early
postmortem study./*”! Histological studies have confirmed the
extensive loss of RGCs and increase in astrocytes in the RGC
layer of AD patients.'™ In vivo evidence of RGC degeneration
comes from the measurement of RNFL by optical coherence
tomography (OCT)." In AD patients, various patterns of RNFL
loss have been observed, including sectoral loss of RNFL in the
superior, nasal, and inferior retina.'>®! Research also suggests
that with the progression of AD, RNFL thickness decreases and a
significant correlation between the reduction of macular volume
and degree of cognitive impairment is observed.”® Recent
studies have also demonstrated a correlation between a decrease
in the inner plexiform layer (IPL) thickness and a decrease in
volume of the temporal and occipital cerebral cortex.”!

Detection of apoptosing retinal cells (DARC) is a novel
technique of in vivo imaging using confocal laser scanning
ophthalmoscopy (CLSO). DARC has provided additional
evidence of degeneration of RGC in patients with AD.["!

(c) Retinal Fluorescence

Correlation of retinal changes with clinical features of AD
has been suggested by studies using fluorescence lifetime
imaging ophthalmoscopy (FLIO). Drusen, in the peripheral
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Figure 1: (Reproduced from Reference No. 52) Histopathological
features of AD. Extracellular Af plaques (brown) and intracellular
hyperphosphorylated tau aggregates (NFTs) (yellow) in a neuron
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Figure 3: (Reproduced from Reference No. 44) flat-mount retinas
from control subjects (ctrl) compared with AD patients stained with
anti-AB,, C-terminal-specific antibodies (12F4) and visualized with
peroxidase-based labelling (DAB). (a) Control. (b and c) Af plaques
along a retinal blood vessel. (d and e) AB,, detected by fluorescence
labelling (yellow), using curcumin (cur) staining (green), 12F4
staining (red), and 4’,6-diamidino-2-phenylindole (DAPI) nuclear
staining (blue). Sudan Black B (SBB) suppresses nonspecific
autofluorescence. (f) Extracellular AR and cytosolic AB,, using Cur and
anti-AB,, C-terminal-specific antibodies (11A5-B10) staining. Arrows
indicate AP plagues

retina of AD patients, has been identified using ultra-wide-field
fluorescence imaging.”! These may prove as potential
biomarkers for early detection of AD.

(d) Retinal AR accumulation

The pathological hallmark of AD is retinal AP
deposits, resulting in neuronal cell death and synaptic
dysfunction.!® Numerous studies on animal models have
identified the accumulation of AP and NFTs in various retinal
layers, viz. RNFL, RGC, IPL, and outer retina.’®”? While RGC
degeneration and cell loss have been repeatedly demonstrated
in postmortem samples of retinal tissue from AD patients, other
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Figure 2: (Reproduced from Reference No. 44) Retinal manifestations
of AD. (a) Visual pathway. (b) Sagittal section of the eye. (c) Retinal
flat-mount showing the geometric distribution of pathology. Darker
shading indicates NFL thinning. (d) Tissue layers of retinal and outer
coats of the eye showing the distribution of disease pathology

studies have been contradictory, and have found either no or
limited evidence of AP accumulation.”27

Studies using several labelling techniques have confirmed
the presence of extracellular AB plaques, containing Af,,
and AB,, and intracellular AB,, in retinal tissue of AD
patients [Fig. 3].14!

In astudy, deposition of A aggregates were observed around
and within melanopsin-staining subtype of RGCs (mRGCs) in
retinal tissue of AD patients.”? Studies have also demonstrated
ABin retinal drusen, a hallmark of AMD. Drusen containing Af3
are found to be associated with photoreceptor apoptosis and
RPE degeneration.*”* Peripheral retinal drusen have a clinically
significant association with AD.*” These findings suggest that
retinal A imaging may be used as a potential biomarker for AD.

Choroid

Some animal studies have observed the reduced thickness of
choroidal tissue in AD subjects.*'” In a recent imaging study of
the choroid, decreased choroidal thickness was demonstrated
in AD patients." Age-dependent deposition of AP aggregates
in the choroidal blood vessels has also been reposted in an
animal study.’” However, more studies and research are
needed to establish choroidal changes as a biomarker for AD.

Optic nerve

RGC apoptosis and optic nerve head changes have been
observed in postmortem AD retinas. These changes include
cellular shrinking and cellular swelling with vacuolization.?*41]
Opticnerves of AD patients show degeneration of almost half of
the RGC axons, particularly of the larger “M” cell type RGCs.
Multiple studies, using OCT and CLSO, have demonstrated
increased pallor of the optic disc and increased the cup-to-disc
ratio.[75'97'98]

Conclusions and Future Implications

In an era of revolutionary technology and emerging therapies,
the quest for potential reliable biomarkers of AD is still ongoing.
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Researchers are still puzzling with the question of diagnosing
AD before the onset of symptoms. Currently, diagnosis of
AD relies on the clinical signs and symptoms of the disease,
neuroimaging of the brain, and CSF markers. Modern imaging
techniques, such as PET and fMRI, are useful tools providing
opportunities for a more accurate diagnosis. However, these
investigative techniques are very expensive and have limited
availability. These factors render the population-wide screening
of AD as a challenging question. Furthermore, cerebral changes
appear as a sign often in the later stages of the disease, after
symptoms of brain dysfunction and cognitive decline already
have set in.

In multiple ways, the eyes and the brain share neural
and vascular similarities, leading the investigators towards
the pursuit and discovery of potential ocular biomarkers.
These biomarkers may prove to significantly influence the
methodology of diagnosis of AD and prompt intervention with
emerging treatment options, in a hope to save the patients from
the disabling clinical course and complications of the disease.

The cornea and AH are still under early phases of
research related to AD; hence, more studies are needed to
establish their possible role as biomarker tissues. AD, being a
neurodegenerative condition, may also have direct or indirect
neurotoxicity on the corneal nerve plexus. This possible
correlation is also worth exploring. Multiple studies suggest
the correlation between changes in the crystalline lens and
pathologic changes in the brain in AD, making the crystalline
lens a promising tissue as a biomarker for diagnosis of AD.
However, further validation of these conclusions, by more
imaging studies demonstrating AP deposition in the crystalline
lens, is needed to conclusively rely on this biomarker.

Presence of A in the retina of AD animal models and
humans has been observed in multiple studies. Furthermore,
studies have also noted that the appearance of A plaques in
retina precedes with that in the brain. These data have opened
the possibility of diagnosing AD at an early stage, and of
monitoring the effect of emerging novel therapeutic agents.
Changes in RNFL thickness and decreased RGC density and
function have been noted in AD in many studies. Similarly,
retinal vasculature is another promising tissue, which can
be used as biomarkers of AD, subject to further research
supporting this hypothesis.

While multiple studies are currently underway to evaluate
novel ocular biomarkers, and the results look promising, at
present these biomarkers are not yet conclusively validated
for clinical use for diagnosis of AD, and their implementation
to the population for screening purpose remains a challenge.
Consequently, there is still a need for developing novel
biomarkers, which are more economical, more specific, and
could diagnose AD before the cognitive decline sets in.

In summary, while recent studies strongly indicate the
potential of ocular biomarkers as screening tools for early
diagnosis of AD, further research and more evidence are
needed. If the quest for the novel ocular biomarker is successful,
it may pave the way to a new dawn for both patients and
physicians dealing with AD.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

References

1. Colligris P, Perez de Lara M], Colligris B, Pintor J. Ocular
manifestations of Alzheimer’s and other neurodegenerative
diseases: The prospect of the eye as a tool for the early diagnosis
of Alzheimer’s disease. ] Ophthalmol 2018;8538573:1-12.

2. Alzheimer’s Association. 2013 Alzheimer’s disease facts and
figures. Alzheimers Dement 2013;9:208-45.

3. Querfurth HW, LaFerla FM. Alzheimer’s disease. N Engl ] Med
2010;362:329-44.

4. KivipeltoM, Helkala EL, Laakso MP, Hanninen T, Hallikainen M,
Alhainen K, et al. Midlife vascular risk factors and Alzheimer’s
disease in later life: Longitudinal, population based study. BM]
2001;322:1447-51.

5. Luchsinger JA, Gustafson DR. Adiposity, type 2 diabetes, and
Alzheimer’s disease. ] Alzheimers Dis 2009;16:693-704.

6. Ahtiluoto S, Polvikoski T, Peltonen M, Solomon A, Tuomilehto J,
Winblad B, et al. Diabetes, Alzheimer’s disease, and vascular
dementia a population-based neuropathologic study. Neurology
2010;75:1195-202.

7. Javaid FZ, Brenton J, Guo L, Cordeiro MF. Visual and ocular
manifestations of Alzheimer’s disease and their use as biomarkers
for diagnosis and progression. Front Neurol 2016;7:55.

8. Bloom GS. Amyloid-f and tau: The trigger and bullet in Alzheimer
disease pathogenesis. JAMA Neurol 2014;71:505-8.

9. Ha S, Furukawa R, Stramiello M, Wagner J], Fechheimer M.
Transgenic mouse model for the formation of Hirano bodies. BMC
Neurosci 2011;12:97.

10. Jagust W. Is amyloid-f harmful to the brain? Insights from human
imaging studies. Brain 2015;139:23-30.

11. Terry RD, Masliah E, Hansen LA. Structural basis of the cognitive
alterations in Alzheimer disease. In: Terry RD, Katzman R, Bick K,
editors. Alzheimer Disease. New York: Raven Press; 1994. p. 179-96.

12. Mandelkow EM, Mandelkow E. Tau in Alzheimer’s disease. Trends
Cell Biol 1998;8:425-7.

13. Trojanowski JQ, Lee VM. “Fatal attractions” of proteins:
A comprehensive hypothetical mechanism underlying Alzheimer’s
disease and other neurodegenerative disorders. Ann N'Y Acad Sci
2000;924:62-7.

14. Igbal K, Grundke-Igbal I. Neurofibrillary pathology leads to
synaptic loss and not the other way around in Alzheimer disease.
J Alzheimers Dis 2002;4:235-8.

15. Liu B, Rasool S, Yang Z, Glabe CG, Schreiber SS, Ge J, et al.
Amyloid-peptide vaccinations reduce {beta}-amyloid plaques but
exacerbate vascular deposition and inflammation in the retina
of Alzheimer’s transgenic mice. Am ] Pathol 2009;175:2099-110.

16. Crews L, Masliah E. Molecular mechanisms of neurodegeneration
in Alzheimer’s disease. Hum Mol Genet 2010;19:R12-20.

17. Burns A, Zaudig M. Mild cognitive impairment in older people.
Lancet 2002;360:1963-5.

18. Thal L], Kantarci K, Reiman EM, Klunk WE, Weiner MW,
Zetterberg H, et al. The role of biomarkers in clinical
trials for Alzheimer disease. Alzheimer Dis Assoc Disord
2007;20:6-15.

19. Villemagne VL, Pike KE, Chetelat G, Ellis KA, Mulligan RS,
Bourgeat P, et al. Longitudinal assessment of AP and cognition in
aging and Alzheimer disease. Ann Neurol 2011;69:181-92.

20. VosSJ, Xiong C, Visser P, Jasielec MS, Hassenstab ], Grant EA, et al.

Preclinical Alzheimer’s disease and its outcome: A longitudinal
cohort study. Lancet Neurol 2013;12:957-65.



560

INDIAN JOURNAL OF OPHTHALMOLOGY

Volume 68 Issue 4

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

AytonS, Fazlollahi A, BourgeatP, RanigaP, Ng A, Lim YY, etal. Cerebral
quantitative susceptibility mapping predicts amyloid-beta-related
cognitive decline. Brain 2017;140:2112-9.

Pietrzak RH, Lim YY, Ames D, Harrington K, Restrepo C,
Martins RN, et al. Trajectories of memory decline in preclinical
Alzheimer’s disease: Results from the Australian imaging,
biomarkers and lifestyle flagship study of ageing. Neurobiol Aging
2015;36:1231-8.

Bateman R], Xiong C, Benzinger TL, Fagan AM, Goate A, Fox NC,
et al. Clinical and biomarker changes in dominantly inherited
Alzheimer’s disease. N Engl ] Med 2012;367:795-804.

Nakamura A, Kaneko N, Villemagne VL, Kato T, Doecke J,
Doré V, et al. High performance plasma amyloid-beta biomarkers
for Alzheimer’s disease. Nature 2018;554:249-54.

Oliveira FF, Almeida GV, Almeida SS, Chen ES, Smith MA,
Bertolucci PH. Pharmacogenetics of angiotensin receptor blockers
in patients with dementia due to Alzheimer’s disease. Eur ] Neurol
2017;24:613.

Pruzin JJ, Schneider JA, Capuano AW, Leurgans SE, Barnes LL,
Ahima RS, et al. Diabetes, hemoglobin A1C, and regional Alzheimer
disease and infarct pathology. Alzheimer Dis Assoc Disord
2017;31:41-7.

Rojas-Gutierrez E, Munoz-Arenas G, Trevino S, Espinosa B,
Chavez R, Rojas K, et al. Alzheimer’s disease and metabolic
syndrome: A link from oxidative stress and inflammation to
neurodegeneration. Synapse 2017;71:€21990.

Tanzi RE. The genetics of Alzheimer’s disease. Cold Spring Harb
Perspect Med 2012;2. doi: 10.1101/cshperspect.a006296.

Apostolova LG, Risacher SL, Duran T, Stage EC, Goukasian N,
West JD, et al. Associations of the top 20 Alzheimer disease risk
variants with brain amyloidosis. JAMA Neurol 2018;75:328-41.

Lanoiselee HM, Nicolas G, Wallon D, Rovelet-Lecrux A, Lacour M,
Rousseau S, et al. APP, PSEN1, and PSEN2 mutations in early-onset
Alzheimer’s disease: A genetic screening study of familial and
sporadic cases. PLoS Med 2017;14:€1002270.

Moonga I, Niccolini F, Wilson H, Pagano G, Politis M. Hypertension
is associated with worse cognitive function and hippocampal
hypometabolism in Alzheimer’s disease. Eur ] Neurol 2017;24:1173-82.

Gehring WJ]. The master control gene for morphogenesis and
evolution of the eye. Genes. Cells 1996;1:11-5.

Tuoc TC, Radyushkin K, Tonchev AB, Pifion MC, Ashery-PadanR,
Molnar Z, et al. Selective cortical layering abnormalities and
behavioral deficits in cortex-specific PAX6 knock-out mice.
J Neurosci 2009;29:8335-49.

Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL,
Hack MA, et al. Glial cells generate neurons: The role of the
transcription factor PAX6. Nat Neurosci 2002;5:308-15.

London A, Benhar I, Schwartz M. The retina as a window to the
brain — from eye research to CNS disorders. Nat Rev Neurol
2013;9:44-53.

Ganmor E, Segev R, Schneidman E. The architecture of functional
interaction networks in the retina. ] Neurosci 2011;31:3044-54.
Masland RH. The neuronal organization of the retina. Neuron
2012;76:266-80.

Cheung CY, Ikram MK, Chen C, Wong TY. Imaging retina to study
dementia and stroke. Prog Retin Eye Res 2017;57:89-107.

Lim JK, Li QX, He Z, Vingrys AJ, Wong VH, Currier N, et al.
The eye as a biomarker for Alzheimer’s disease. Front Neurosci
2016;10:536.

van Wijngaarden P, Hadoux X, Alwan M, Keel S, Dirani M.
Emerging ocular biomarkers of Alzheimer disease. Clin Exp
Ophthalmol 2017;45:54-61.

Dehghani C, Frost S, Jayasena R, Masters CL, Kanagasingam Y.
Ocular biomarkers of Alzheimer’s disease: The role of anterior

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

eye and potential future directions. Invest Ophthalmol Vis Sci
2018;59:3554-63.

Koronyo 'Y, Biggs D, Barron E, Boyer DS, Pearlman JA, Au WJ, et al.
Retinal amyloid pathology and proof-of-concept imaging trial in
Alzheimer’s disease. JCI Insight 2017;2. doi: 10.1172/jci.insight.
93621.

Kayabasi U, Sergott RC, Rispoli M. Retinal examination for
the diagnosis of Alzheimer’s disease. Int ] Ophthalmic Pathol
2014;1:3-4.

Hart NJ, Koronyo Y, Black KL, Koronyo-Hamaoui M. Ocular
indicators of Alzheimer’s: Exploring disease in the retina. Acta
Neuropathol 2016;132:767-87.

Doustar J, Torbati T, Black KL, Koronyo Y, Koronyo-Hamaoui M.
Optical coherence tomography in Alzheimer’s disease and other
neurodegenerative diseases. Front Neurol 2017;8:701.

Hampel H, Toschi N, Babiloni C, Baldacci F, Black KL, Bokde AL,
et al. Revolution of Alzheimer precision neurology passageway
of systems biology and neurophysiology. ] Alzheimers Dis
2018;64(Suppl 1):547-105.

UkalovicK, Cao S, Lee S, Tang Q, Beg MF, Sarunic MV, ef al. Drusen
in the peripheral retina of the Alzheimer’s eye. Curr Alzheimer Res
2018;15:743-50.

Frost S, Kanagasingam Y, Sohrabi H, Vignarajan J, Bourgeat P,
Salvado O, et al. Retinal vascular biomarkers for early detection
and monitoring of Alzheimer’s disease. Transl Psychiatry
2013;3:e233.

Feke GT, Hyman BT, Stern RA, Pasquale LR. Retinal blood flow in
mild cognitive impairment and Alzheimer’s disease. Alzheimers
Dement (Amst) 2015;1:144-51.

Fotiou F, Fountoulakis K, Tsolaki M, Goulas A, Palikaras A.
Changes in pupil reaction to light in Alzheimer’s disease patients:
A preliminary report. Int ] Psychophysiol 2000;37:111-20.

Reitz C, Mayeux R. Alzheimer disease: Epidemiology, diagnostic
criteria, risk factors and biomarkers. Biochem Pharmacol
2014;88:640-51.

van Wijngaarden P, Hadoux X, Alwan M, Keel S, Dirani M.
Emerging ocular biomarkers of Alzheimer disease. Clin Exp
Ophthalmol 2017;45:54-61.

Mancino R, Martucci A, Cesareo M, Giannini C, Corasaniti MT,
Bagetta G, et al. Glaucoma and Alzheimer disease: A single
age-related neurodegenerative disease of the brain. Curr
Neuropharmacol 2017;16:971-7.

Mirzaei M, Gupta VB, Chick JM, Greco TM, Wu Y, Chitranshi N,
et al. Age-related neurodegenerative disease associated pathways
identified in retinal and vitreous proteome from human glaucoma
eyes. Sci Rep 2017;7:12685.

Cerri E, Fabiani C, Criscuolo C, Domenici L. Visual evoked
potentials in glaucoma and Alzheimer’s disease. Methods Mol
Biol 2018;1695:69-80.

Giorgio A, Zhang J, Costantino F, De Stefano N, Frezzotti P. Diffuse
brain damage in normal tension glaucoma. Hum Brain Mapp
2018;39:532-41.

Wostyn P, De Groot V, Van Dam D, Audenaert K, Killer HE,
De Deyn PP. The glymphatic hypothesis of glaucoma:
A unifying concept incorporating vascular, biomechanical,
and biochemical aspects of the disease. Biomed Res Int
2017;2017:5123148.

Wostyn P, Killer HE, De Deyn PP. Glymphatic stasis at the site
of the lamina cribrosa as a potential mechanism underlying
open-angle glaucoma. Clin Exp Ophthalmol 2017;45:539-47.

Biscetti L, Luchetti E, Vergaro A, Menduno P, Cagini C, Parnetti L.
Associations of Alzheimer’s disease with macular degeneration.
Front Biosci 2017;9:174-91.

Pogue AI, Lukiw W]J. Up-regulated pro-inflammatory



April 2020

Singh and Verma: Ocular biomarkers for diagnosis of Alzheimer’s disease

561

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

microRNAs (miRNAs) in Alzheimer’s disease (AD) and age-related
macular degeneration (AMD). Cell Mol Neurobiol 2018;38:1021-31.

FrostS, Guymer R, Aung KZ, Macaulay SL, Sohrabi HR, Bourgeat P,
et al. Alzheimer’s disease and the early signs of age-related macular
degeneration. Curr Alzheimer Res 2016;13:1259-66.

Williams MA, McKay GJ, Carson R, Craig D, Silvestri G,
Passmore P. Age-related macular degeneration-associated genes
in Alzheimer disease. Am ] Geriatr Psychiatry 2015;23:1290-6.

Sant’Anna R, Navarro S, Ventura S, Paraoan L, Foguel D.
Amyloid properties of the leader peptide of variant B cystatin C:
Implications for Alzheimer and macular degeneration. FEBS Lett
2016;590:644-54.

Ornek N, Dag E, Ornek K. Corneal sensitivity and tear function in
neurodegenerative diseases. Curr Eye Res 2015;40:423-8.

Bateman R. Alzheimer’s disease and other dementias: Advances
in 2014. Lancet Neurol 2015;14:4-6.

Lee C, Ko D, Suh Y, Park K. Cognitive functions and stereopsis
in patients with Parkinson’s disease and Alzheimer’s disease
using 3-dimensional television: A case controlled trial. PLoS One
2015;10:e0123229.

Scinto LF, Daffner KR, Castro L, Weintraub S, Vavrik M,
Mesulam MM. Impairment of spatially directed attention in
patients with probable Alzheimer’s disease as measured by eye
movements. Arch Neurol 1994;51:682-8.

Shen J, Wu J. Nicotinic cholinergic mechanisms in Alzheimer’s
disease. Int Rev Neurobiol 2015;124:275-92.

Goldstein LE, Muffat JA, Cherny RA, Moir RD, Ericsson MH,
Huang X, et al. Cytosolic beta-amyloid deposition and supranuclear
cataracts in lenses from people with Alzheimer’s disease. Lancet
2003;361:1258-65.

Frost S, Kanagasingam Y, Sohrabi HR, Taddei K, Bateman R,
Morris ], et al. Pupil response biomarkers distinguish amyloid
precursor protein mutation carriers from non-carriers. Curr
Alzheimer Res 2013;10:790-6.

Kesler A, Vakhapova V, Korczyn AD, Naftaliev E, Neudorfer M.
Retinal thickness in patients with mild cognitive impairment and
Alzheimer’s disease. Clin Neurol Neurosurg 2011;113:523-6.

Kolb H. How the retina works. Am Sci 2003;91:28-34.

Williams MA, McGowan AJ, Cardwell CR, Cheung CY, Craig D,
Passmore P, et al. Retinal microvascular network attenuation in
Alzheimer’s disease. Alzheimers Dement (Amst) 2015;1:229-35.

Parisi V, Restuccia R, Fattapposta F, Mina C, Bucci MG, Pierelli F.
Morphological and functional retinal impairment in Alzheimer’s
disease patients. Clin Neurophysiol 2001;112:1860-7.

Bamboo MP, Garcia-Martin E, Gutierrez-Ruiz F, Pinilla J,
Perez-Olivan S, Larrosa JM, ef al. Analysis of optic disk colour
changes in Alzheimer’s disease: A potential new biomarker. Clin
Neurol Neurosurg 2015;132:68-73.

Rizzo M, Anderson SW, Dawson J, Nawrot M. Vision and cognition
in Alzheimer’s disease. Neuropsychologia 2000;38:1157-69.

Cormack FK, Tovee M, Ballard C. Contrast sensitivity and visual
acuity in patients with Alzheimer’s disease. Int ] Geriatr Psychiatry
2000;15:614-20.

Lee YT, Pai MC. Recognition of personality familiar scenes in
patients with very mild Alzheimer’s disease: Effects of spatial
frequency and luminance. ] Alzheimers Dis 2012;29:441-8.

Jefferis JM, Mosimann UP, Clarke MP. Cataract and cognitive
impairment: A review of the literature. Br ] Ophthalmol
2011;95:17-23.

Pelli DG, Robson JG. The design of anew letter chart for measuring

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

contrast sensitivity. Clin Vision Sci 1988;2:187-99.

Klein BE, Moss SE, Klein R, Lee KE, Cruickshanks KJ. Associations
of visual function with physical outcomes and limitations
5 years later in an older population: The Beaver Dam eye study.
Ophthalmology 2003;110:644-50.

Risacher SL, Wudunn D, Pepin SM, MaGee TR, McDonald BC,
Flashman LA, et al. Visual contrast sensitivity in Alzheimer’s
disease, mild cognitive impairment, and older adults with cognitive
complaints. Neurobiol Aging 2013;34:1133-44.

Boucart M, Bubbico G, Szaffarczyk S, Defoort S, Ponchel A,
Waucquier N, ef al. Donepezil increases contrast sensitivity for the
detection of objects in scenes. Behav Brain Res 2015;292:443-7.

Gilmore GC, Groth KE, Thomas CW. Stimulus contrast and
word reading speed in Alzheimer’s disease. Exp Aging Res
2006;31:15-33.

Passafiume D, Di Giacomo D, Giubilei F. Reading latency of words
and nonwords in Alzheimer’s patients. Cortex 2000;36:293-8.

Kerbage C, Sadowsky CH, Jennings D, Cagle GD, Hartung PD.
Alzheimer’s disease diagnosis by detecting exogenous fluorescent
signal of ligand bound to Beta amyloid in the lens of human eye:
An exploratory study. Front Neurol 2013;4:62.

Salamone G, Di Lorenzo C, Mosti S, Lupo F, Cravello L, Palmer K,
et al. Colour discrimination performance in patients with
Alzheimer’s disease. Dement Geriatr Cogn Disord 2009;27:501-7.

Trick GL, Trick LR, Morris P, Wolf M. Visual field loss in senile
dementia of the Alzheimer’s type. Neurology 1995;45:68-74.

Valenti DA. Alzheimer’s disease: Screening biomarkers using
frequency doubling technology visual field. ISRN. Neurol
2013;2013:989583.

Gilmore GC, Wenk HE, Naylor LA, Koss E. Motion perception and
Alzheimer’s disease. ] Gerontol 1994;49:52-7.

Kavcic V, Vaughn W, Duffy CJ. Distinct visual motion processing
impairments in aging and Alzheimer’s disease. Vision Res
2011;51:386-95.

Crawford TJ, Devereaux A, Higham S, Kelly C. The disengagement
of visual attention in Alzheimer’s disease: A longitudinal
eye-tracking study. Front Aging Neurosci 2015;7:118.

Wright S, MacAskill M. Antisaccades in Alzheimer’s disease using
fMRI. Alzheimers Dement 2012;8:51.

Uomori K, Murakami S, Yamada M, Fujii M, Yoshimatsu H,
Nakano N, et al. Analysis of gaze shift in-depth in Alzheimers-disease
patients. IEICE Trans Inf Syst 1993;E76D: 963-73.

Stix B, Leber M, Bingemer P, Gross C, Gross C, Riischoff J,
et al. Hereditary lattice corneal dystrophy is associated with
corneal amyloid deposits enclosing C-terminal fragments of
keratoepithelin. Invest Ophthalmol Vis Sci 2005;46:1133-9.

Kass-Iliyya L, Javed S, Gosal D, Kobylecki C, Marshall A,
Petropoulos IN, et al. Small fiber neuropathy in Parkinson’s disease:
A clinical, pathological and corneal confocal microscopy study.
Parkinsonism Relat Disord 2015;21:1454-60.

Podgorny PJ, Suchowersky O, Romanchuk KG, Feasby TE.
Evidence for small fiber neuropathy in early Parkinson’s disease.
Parkinsonism Relat Disord 2016;28:94-9.

Bitirgen G, Akpinar Z, Malik RA, Ozkagnici A. Use of corneal
confocal microscopy to detect corneal nerve loss and increased
dendritic cells in patients with multiple sclerosis. JAMA
Ophthalmol 2017;135:777-82.

Prakasam A, Muthuswamy A, Ablonczy Z, Greig NH, Fauq A,
Rao K], et al. Differential accumulation of secreted ABPP
metabolites in ocular fluids. ] Alzheimers Dis 2010;20:1243-53.



