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Abstract
Alzheimer’s disease (AD) and age-related macular degeneration (AMD) are important disorders of aging, but significant 
challenges remain in diagnosis and therapy. Amyloid-beta (Aβ), found in the brain and a defining feature of AD, has also 
been observed in the retina in both AD and AMD. While current diagnostic modalities for detecting Aβ in the brain are 
costly or invasive, Aβ in the retina can be noninvasively and conveniently imaged using modern photonic imaging systems 
such as optical coherence tomography (OCT). Moreover, since many of these retinal changes occur before degenerative 
changes can be detected in the brain, ocular amyloid biomarkers could be utilized to detect AD as well as AMD in their 
earliest stages when therapy may be most effective in halting disease progression. Novel technologies to quantify retinal 
biomarkers have the potential to facilitate early diagnosis and noninvasive monitoring of disease progression with important 
therapeutic implications.
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Abbreviations
Aβ	� Amyloid-beta
AD	� Alzheimer’s disease
AMD	� Age-related macular degeneration
aMCI	� Amnestic mild cognitive impairment
APP	� Amyloid precursor protein
ARIA-E	� Amyloid-related imaging abnormalities-edema
BEAM	� Brain–eye amyloid memory study
CSF	� Cerebrospinal fluid
ERG	� Electroretinogram

FAF	� Fundus autofluorescence
GC-IPL	� Ganglion cell-inner plexiform layer
MCI	� Mild cognitive impairment
MRI	� Magnetic resonance imaging
NFT	� Neurofibrillary tau
OCT	� Optical coherence tomography
PET	� Positron emission tomography
RNFL	� Retinal nerve fiber layer
RPE	� Retinal pigment epithelium
VEP	� Visual evoked potential

Introduction

Alzheimer’s disease (AD) and age-related macular degen-
eration (AMD) are common and devastating disorders of 
aging. More than 43 million people worldwide are living 
with dementia, most often secondary to AD [1], whereas an 
estimated 170 million people globally are affected by AMD 
[2], an important retinal degenerative disease. Unfortunately, 
there is currently no curative therapy for AD. Treatments 
are available to relieve symptoms but these are moderately 
beneficial at best. Similarly, while the introduction of anti-
angiogenesis therapy has helped prevent blindness and 
restore vision in exudative or wet AMD [2], there remains 
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no effective treatment for the majority of patients with non-
exudative or dry AMD. Recent research has pointed to 
potential shared links between AD and AMD that may offer 
new insights into the development of novel biomarkers for 
both diseases.

The hallmark pathology of AD involves the progressive 
accumulation of amyloid-beta (Aβ) plaques and neurofi-
brillary tangles (NFT) comprised of hyperphosphorylated 
tau protein in the brain. In AD, Aβ has also been found in 
the retina, which is part of the central nervous system [3]. 
Interestingly, retinal pathology in AD mirrors Aβ deposition 
in AMD. With the advent of advanced imaging technology 
such as optical coherence tomography (OCT), it is now pos-
sible to identify the effects of Aβ accumulation through non-
invasive imaging of ocular structures in live patients. Fully 
elucidating the role of amyloid in the eye and brain in these 
two disorders could potentially lead to the development of 
amyloid-based ocular disease biomarkers as well as more 
effective therapies for both diseases.

This review article will detail the recent findings of 
Aβ-related ocular biomarkers in human subjects and animal 
models of AD and AMD, and the prospects of novel ocu-
lar imaging technologies as biomarkers for these important 
aging diseases. Searches on PubMed between 1980 and May 
2018 using a combination of terms “Alzheimer’s disease”, 
“macular degeneration”, “amyloid beta”, “Aβ” and “ocu-
lar imaging” were completed to identify references for this 
review. There were no language restrictions. The final refer-
ences were selected based on relevance to the topics covered 
in this review.

Amyloid‑β peptide and the retina

Presence of amyloid‑β peptide in the retina 
of animal and human models of AD

Aβ plaques have been observed in the retinas and retinal 
microvasculature of AD transgenic mouse models [3–8] 
and the Octodon degus, a wild-type rodent native to Chile 
and a natural model of sporadic AD [9]. Importantly, Aβ 
plaques were seen in the retina of one of the murine models 
at 2.5 months of age, 2–3 months before the same deposits 
were observed in the brain [3]. These animal models also 
demonstrated a significant reduction in visual function and 
visuospatial recognition as compared to normal controls [8, 
10, 11], supporting a role for Aβ toxicity in the retina. Aβ 
was shown to exert its effect in the retina by upregulating the 
expression of an inflammatory cytokine (MCP-1), a micro-
glia marker (F4/80) and apoptotic profiles in the ganglion 
cell layer [4] consequently inducing microglia infiltration 
and astrogliosis in the retina [5, 7]. Consequently, retinal 
ganglion cell dendritic atrophy preceding cell loss [6], inner 

retinal thinning, reduction of axonal density in the optic 
nerve and reduced scotopic threshold response amplitudes 
representing deficient inner retinal function [12] have been 
observed in transgenic mouse models when compared to 
wild-type controls.

In humans without AD, the presence of tau proteins and 
amyloid precursor protein (APP) was demonstrated in the 
inner layers of the normal young and aged retina. Aβ, in con-
trast, was not found in normal young retinas but was scantily 
deposited within drusen-like subretinal pigment epithelium 
(RPE) deposits in normal old retinas [13]. The presence of 
Aβ plaques in post-mortem retinas in humans with AD has 
also been investigated by several groups. Even though mul-
tiple animal models of AD have reported the presence of 
Aβ plaques, it is important to note that results from human 
studies using post-mortem retinas from AD patients have 
been heterogenous, with some studies showing the lack of 
retinal Aβ plaques in AD.

Among the studies that have found Aβ plaques in post-
mortem retinas of AD patients, most have originated from 
one research group. Koronyo–Hamaoui and collaborators 
detected Aβ plaques by curcumin staining in the post-mor-
tem retinas of eight AD human patients and five suspected 
early stage AD patients, but not in five age-matched controls 
[3]. Additionally, Aβ plaques were found earlier in the retina 
than in the brain and accumulated with disease progression 
[3]. In a subsequent study, the same group found substantial 
Aβ deposition in five AD retinas while no or minimal Aβ 
immunoreactivity was detected in five control retinas [14]. 
More recently, Koronyo and colleagues used whole mount 
techniques to demonstrate increased Aβ immunoreactivity 
and deposits in the retinas of AD patients when compared 
to age- and sex-matched controls [15]. Of note, they showed 
that Aβ plaques were more frequently found in the periphery 
of the superior quadrant and were uncommon in the macula. 
Cross-sectionally, diverse Aβ deposits, often associated with 
blood vessels, were found most commonly in the ganglion 
cell layer [15].

In contrast, other groups have failed to consistently 
detect retinal Aβ deposition in AD patients. Tsai et  al. 
demonstrated Aβ plaque-like structures in only two of six 
AD human whole mount retinas and none in the six age-
matched control eyes [16]. Schon and collaborators did not 
find fibrillary accumulations of Aβ in six post-mortem AD 
retinas. Similarly, Ho et al. examined eyes from 11 AD cases 
and six age-matched controls and did not observe amyloid 
deposits in the lens, retina or other ocular structures in AD 
eyes [18]. Hinton and colleagues also failed to find amy-
loid in the retinas of four AD patients [20] and Leger et al. 
did not find intraretinal amyloid in eyes of older patients 
including two AD patients [21]. Lastly, Jiang et al. com-
pleted a meta-analysis of five of the aforementioned studies 
and found significant statistical heterogeneity between their 
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results, which was thought to be due to the fact that the 
first study by Koronyo-Hamaoui and coworkers used five 
antibody clones, in contrast to the other four studies which 
used only one clone [19]. The authors concluded that this 
meta-analysis did not provide sufficient evidence to suggest 
whether pathological accumulation of retinal Aβ could be 
used as a diagnostic tool for AD.

The heterogeneity of results from these human studies 
may reflect a lack of consistency in retinal whole mount 
techniques and immunohistochemical methods [22]. Given 
the limitations in pathological assessment of Aβ deposition 
and the limited availability of autopsy retinas for larger stud-
ies, in vivo detection of retinal Aβ through optical imaging 
may be the next logical area of inquiry.

Association of AD with changes in the retina

Despite the controversy surrounding Aβ deposition in post-
mortem human retinas, many studies have demonstrated 
other structural retinal changes in AD patients [22]. There 
have been multiple histopathological reports of retinal gan-
glion cell loss and optic nerve degeneration in AD patients 
[20, 23, 24]. However, a few studies have contradicted these 
results and shown that retinal ganglion cell density and axon 
number in optic nerve are unaffected in AD [25, 26].

Nevertheless, there is a large body of evidence dem-
onstrating that the retina is affected in AD. Retinal nerve 
fiber layer (RNFL) abnormalities were previously demon-
strated on red-free photographs [27] and since OCT became 
commercially available in the mid 1990s, there have been 
many clinical studies that have confirmed this finding using 
OCT. OCT provides an in vivo cross-sectional view, direct 

microstructural analysis and live imaging of the neural ret-
ina, which is central nervous system tissue (Fig. 1).

Some studies have found thinning of the RNFL (Fig. 2), 
axons of the ganglion cells, in the superior quadrant with 
corresponding inferior visual field deficits in patients with 
mild cognitive impairment (MCI) or prodromal AD, and 
AD [28, 29]. Liu and colleagues noted that RNFL thick-
ness was decreased in the superior quadrant in MCI and 
then appeared to progress to the inferior quadrant in severe 
AD [30]. Using histopathological methods, Koronyo and 
collaborators showed that Aβ accumulation occurred most 
commonly in the innermost retinal layers in the periphery 
of the superior quadrant and this coincided with atrophy of 
the ganglion cell layer, inner nuclear layer and outer nuclear 
layer in AD patients [15]. Anatomically, cell ganglion axons 
from the superior retina project through parietal lobe of optic 
radiation to the cuneal gyrus area of the primary visual cor-
tex, while axons from the inferior retina project to the lingual 
gyrus area. Armstrong and collaborators had found a higher 
density of senile plaques and neurofibrillary tangles in the 
cuneal gyrus than the lingual gyrus, which would explain 
the inferior visual field defect and superior RNFL thinning 
in some AD patients [31].

Meanwhile, Lu and colleagues found that the RNFL 
is thinner in both the superior and inferior retina even in 
patients with early AD [32]. However, most other studies 
showed RNFL thinning in all quadrants in patients with MCI 
and AD [33–36]. Two meta-analyses of seven and six stud-
ies, respectively, further demonstrated that RNFL thickness 
was reduced in all quadrants in patients with MCI and AD 
compared to controls [37, 38]. Of note, Knoll and coauthors 
documented RNFL thickening in early cognitive impairment 
[38] while our group used multivariate regression analysis 

Fig. 1   Structure of human retina: schematic diagram (a) and retinal 
optical coherence tomography image with segmented layers (b). The 
nerve fiber layer (NFL) and ganglion cell layer (GCL) are of most 
interest to AD investigators. Other labeled structures include inner 
plexiform layer (IPL), inner nuclear layer (INL), outer plexiform 

layer (OPL), outer nuclear layer (ONL), external limiting membrane 
(ELM), photoreceptors (PR), ellipsoid zone (EZ), interdigitation zone 
(IZ), retinal pigment epithelium (RPE), Bruch’s membrane (BM) and 
choroid (chor). 1A reproduced with permission from Malek G et al. 
Cell Mol Life Sci. 2014;71(23):4617–4636 [108]



1569Journal of Neurology (2019) 266:1566–1577	

1 3

to show that specific areas of thickening were adjacent to 
areas of thinning in the macula of AD and MCI patients 
[39]. These results suggest that dynamic changes occur in 
the inner retina during AD progression, specifically a phase 
of inflammation and gliotic reactive changes of neural tissue 
is followed by thickening of the RNFL prior to degenera-
tion and thinning [38, 40]. These dynamic changes may be 
responsible for some of the variability in RNFL thinning 
reported by different studies. The use of different OCT mod-
els has also been postulated to account for some of the vari-
ability in results [41].

Even though multiple studies have shown evidence of 
ganglion cell loss and RNFL thinning in AD, it remains 
challenging to translate these findings into clinical practice. 
These biomarkers cannot yet be used for the early detection 
of AD because glaucoma, another common ocular disorder 
affecting approximately 66 million patients worldwide [42], 
also presents with ganglion cell loss and RNFL thinning. 
To date, clinicians are limited by a lack of evidence-based 
guidelines on how to best differentiate RNFL loss due to 

glaucoma versus AD. In fact, the two conditions may be 
linked: some studies have reported that OAG patients were 
more likely to develop dementia [42, 43]. The pathobiol-
ogy for open angle glaucoma and that for AD have been 
thought to be connected by retinal neurodegeneration as a 
final common pathway. A systematic review of ten studies 
that investigated the association between AD and OAG con-
cluded that the results were highly heterogeneous and most 
studies were limited by small sample size and inadequate 
design [44]. Larger and higher quality association studies, 
preferably with longer follow-up are, therefore, needed to 
elucidate the presence and type of relationship between AD 
and OAG.

A recent study also found that ganglion cell-inner plexi-
form layer (GC-IPL) thinning on OCT correlated with atro-
phy in the temporal and occipital regions of the brain on 
magnetic resonance imaging [47]. Since the retina is a devel-
opmental outgrowth of the diencephalon, and considered 
by some authors to be a part of the central nervous system, 
one possibility is that the retina is vulnerable to the same 

Fig. 2   Examples of quadrant-
specific retinal nerve fiber 
layer (RNFL) abnormalities 
surrounding the optic nerve 
in patients with AD (a), mild 
cognitive impairment (b, 
c), and control subjects (d). 
Spectral domain optical coher-
ence tomography (Spectralis; 
Heidelberg Engineering, 
Germany) measures RNFL in 
the peripapillary region with 
circular scans centered around 
the optic nerve head. The RNFL 
is then automatically segmented 
and analysis printouts classify 
global (G) and regional [tem-
poral (T), superotemporal (TS), 
superonasal (NS), nasal (N), 
inferonasal (NI) and inferotem-
poral (TI) sectors] RNFL meas-
urements into green, yellow or 
red categories. Green denotes 
within normal limits (5th–95th 
percentile), yellow denotes 
borderline (1st–5th percentile) 
and red denotes outside normal 
limits (below 1st percentile) 
RNFL thickness compared 
to an age-matched normative 
database
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neuroinflammatory injury that causes neurodegenerative dis-
ease in the brain [48]. A second hypothesis is that neuronal 
dysfunction in the brain of a person with AD may lead to 
nerve loss in the retina via Wallerian-like degeneration [49].

Amyloid‑β peptide is also identified in the retina 
of age‑related macular degeneration

Aβ is also implicated in the pathogenesis and progression 
of another common and devastating degenerative disease, 
AMD. Studies have shown that retinal ganglion cells, the 
inner nuclear layer of the retina and RPE (Fig. 1) express 
APP and have the capability to produce Aβ even under nor-
mal/healthy conditions [50, 51]. However, Aβ deposits do 
not usually accumulate in the subretinal drusen, hallmarks 
of AMD, until old age. This suggests a disruption of the bal-
ance between the synthesis and clearance of Aβ aggregates 
that occurs with age [52]. In fact, Aβ accumulations have 
been observed in different reservoirs surrounding the aging 
retina. These include the immediate environment around the 
RPE, the vitreous humor, the coating of the outer segments 
of photoreceptors and in subretinal drusen [52].

Furthermore, studies with human post-mortem eyes have 
shown that Aβ in the retina correlated with increasing age 
and higher subretinal drusen loads, suggesting that Aβ may 
be associated with more advanced stages of AMD [53, 54]. 
Specifically, confocal immunofluorescence and ultrastruc-
tural analysis of these eyes showed that Aβ was found in 
vesicular components within drusen known as ‘amyloid 
vesicles’, in both macular and peripheral retina [51, 53, 54]. 
In-depth analysis of amyloid vesicles revealed that they con-
sisted of a highly organized interior with concentric ring like 
layers bound by a dense outer shell [51, 53]. Immunostaining 
also revealed that toxic oligomeric Aβ forms were localized 
centrally within drusen in close proximity to the inner col-
lagenous layer of Bruch’s membrane while Aβ protofibrils 
and mature fibrils were more likely to accumulate towards 
the outer periphery and shell of amyloid structures within 
drusen [51–54].

Aβ may induce AMD-related changes in the retina 
through a combination of mechanisms. In human RPE 
cultures, Aβ promotes a pro-inflammatory milieu through 
upregulation of pro-inflammatory cytokines including IL-1β, 
IL-8 and IL-33 [55, 56]. In drusen, Aβ peptide also co-
localizes with activated complement components involved 
in inflammatory responses [51, 53, 57, 58]. In addition, Aβ 
may target the barrier property of RPE by inducing damage 
by reactive oxygen species, triggering cellular senescence 
and impairing mitochondrial activity [52, 59]. Moreover, 
exposure of RPE cultures to Aβ caused an increase of pro-
angiogenic vascular endothelial growth factor (VEGF) and 
concomitant decrease in anti-angiogenic pigment epithelium 
derived factor (PEDF) [60]. VEGF plays a crucial role in the 

pathogenesis of choroidal neovascularization and anti-VEGF 
treatments now form the mainstay of therapy for exudative 
AMD.

Despite findings of increased Aβ deposition in the retina 
in both AMD and AD, the recent publication by Koronyo and 
colleagues pointed out that Aβ deposition in both diseases 
may be secondary to distinct processes [15]. In their work, 
curcumin–amyloid deposits in AD patients were found in the 
periphery in the absence of maculopathy and in one patient 
in the outer retina above intact RPE and Bruch’s membrane. 
This finding differs from AMD, in which drusen occurs in 
the macula and are sub-RPE deposits that are accompanied 
by RPE disruption and Bruch’s membrane thickening [15]. 
The study was, however, limited by its inability to exclude 
the existence of subretinal pseudodrusen structures in AD 
patients. Another important caveat to consider is that periph-
eral changes can also occur in AMD. AMD patients with 
intermediate to advanced maculopathy were demonstrated 
to have a two-fold increased risk of peripheral drusen and 
pigment changes [61].

Since elevated levels of Aβ are found in the retinas in both 
AD and AMD, there have been multiple large population-
based studies that have investigated the comorbidity between 
the two diseases, and the results have been contradictory. 
Some studies have found an association between AMD and 
AD, senile dementia or cognitive impairment [57, 62–64] 
while others have not [65, 66]. Some authors have suggested 
that the association more specifically applies to dry or non-
exudative AMD [63, 64, 67]. In a manuscript which showed 
no relationship between AMD and AD, the authors studied 
only exudative AMD patients since all the AMD patients in 
their cohort had received anti-VEGF therapy [66].

Amyloid‑β peptide in other ocular structures 
in AD

Although the lens and the brain have different embryonic 
tissue origins, the lens being derived from the surface ecto-
derm and the brain from the neuroectoderm, it is interest-
ing to note that Goldstein et al. identified Aβ peptide in 
the lenses of AD patients in similar concentration levels as 
found in the brain [68]. To date, the mechanism by which 
Aβ accumulates in the lens remains unclear. AD patients 
were also found to have a specific supranuclear equatorial 
cataract not found in controls, with increased Aβ deposition 
in the lens fibers [68]. A follow-up study found similar cata-
racts in Down syndrome patients, who have a third copy of 
chromosome 21 causing a triplication of the APP gene and 
increased Aβ levels [69]. Transgenic mice studies supported 
the association between AD pathology in the brain and lens 
[70]. However, other human histopathological studies have 
failed to demonstrate the presence of Aβ in the lens of AD 
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subjects [18, 71]. In addition, Bei et al. failed to detect any 
significant difference in cataract type and opacities in the 
lens in the earliest pre-clinical stages of AD, at a time that 
would be most useful for diagnosis [72].

It remains unclear why some studies have found Aβ in 
specific areas of the cataractous lens of AD subjects, while 
other studies have failed to show this association. Never-
theless, spurred by promising results from some of these 
studies, Kerbage and colleagues completed a clinical trial 
to test the utility of a Fluorescent Ligand Eye Scanning 
(FLES) system designed to detect amyloid levels in the 
lens of patients with cognitive impairment [73, 74]. This 
multicenter phase II trial enrolled 20 AD subjects and 20 
age-matched controls [73, 74]. All subjects received a topi-
cal aftobetin-hydrochloride ointment, an amyloid binding 
ligand. The Sapphire II laser device was then used to meas-
ure fluorescence emissions of aftobetin-hydrochloride bound 
to Aβ aggregates from the lens. All patients also received 
Amyvid PET to measure brain plaque density. The trial 
showed that clinical diagnosis by FLES had a higher sen-
sitivity (85%) and specificity (95%) for differentiating AD 
from normal controls than the Amyvid PET (both sensitivity 
and specificity of 80%) [74].

Retinal imaging as a potential biomarker 
for AD

Drug development for the prevention of AD has been 
impeded by lack of fully validated biomarkers of early path-
ological changes. Current diagnostic modalities for detecting 
pathological changes in pre-clinical or prodromal AD are 
limited by cost and exposure to radiation (amyloid PET), 
invasiveness (CSF biomarkers), as well as suboptimal speci-
ficity and sensitivity (serum amyloid) [75]. MRI volumetry 
and fMRI can detect hippocampal atrophy and functional 
brain network changes, respectively, but neither is fully vali-
dated as a prognostic biomarker. Thus, there remains consid-
erable interest in the development of peripheral biomarkers 
for pre-clinical and prodromal AD.

Imaging of the retina has become possible with the advent 
of sophisticated, high-resolution, inexpensive, fast, and non-
invasive optical imaging. Because optical imaging of the 
retina achieves greater than 100 times the resolution of MRI, 
retinal imaging biomarkers may be as sensitive and specific 
as serum/CSF amyloid or genetic tests, and may be more 
sensitive, more specific, and less costly than MRI or PET 
imaging. The higher resolution photography achievable with 
retinal imaging could greatly facilitate early dementia detec-
tion [76].

Another benefit of using ocular biomarkers in the diagno-
sis of AD is the reported early manifestation of visual func-
tion defects and retinal changes in AD. Patients with early 

AD experience abnormalities in visual acuity [77], contrast 
sensitivity [78], color perception [79], visual field due to 
RNFL loss [80], and motion perception [81]. Many of the 
retinal findings associated with AD have been detected early 
in disease course and may even occur before degenerative 
changes are seen in the brain [3], which would be an asset to 
the early diagnosis of AD. Specifically, patients with MCI 
or prodromal AD were found to already have thinning of 
the RNFL [28–30, 32–36] and retinal amyloid plaques [82]. 
Furthermore, RNFL thinning in AD has been correlated 
with electroretinogram (ERG) findings, suggesting visual 
dysfunction in the disease [34]. In fact, pattern ERG and 
pattern visual evoked potentials (VEP) were noted to be 
abnormal in early stages in AD when the ophthalmologic 
exam findings are unimpressive [83]. This highlights that 
the dysfunction of the retinal ganglion cells and optic nerve 
in early AD may not be apparent on routine eye exams [83].

Other potential ocular biomarkers for AD

In addition to quadrant-specific RNFL loss previously dis-
cussed [9, 24–29], clinical studies have demonstrated gan-
glion cell layer loss [23, 76], reduced macular volume [35, 
40], and decreased macular pigment [45] and choroidal 
thickness [46] in patients with MCI and AD. In addition, 
AD may share several clinical and pathological features 
with AMD, including peripheral retinal abnormalities such 
as drusen and pigment changes seen on color fundus pho-
tographs of AD patients [84]. Recent clinical studies have 
shown a significant difference in presence of hard drusen 
in the peripheral retina of AD patients (Fig. 3) [85, 86]. 
However, as discussed earlier in this review, not all authors 
agree that the pathophysiology and morphology of retinal 
Aβ and ‘drusen’ deposition in AD are similar to that in AMD 
[15]. As noted by Koronyo et al., peripheral deposition in 
the absence of maculopathy is not found in AMD, but may 
occur as a distinct process in AD. Furthermore, while the 
deposits in AD were found within the retina with an intact 
RPE and Bruch’s membrane [15], deposits in AMD are typi-
cally found under the RPE with disruption of the RPE and 
Bruch’s membrane.

Regardless of the controversy surrounding the similarities 
between AD and AMD, it is important to note that several 
studies have demonstrated the presence of increased periph-
eral retinal Aβ deposits/drusen in AD [15, 85, 86] and wide-
field photography has been employed to identify peripheral 
drusen that may suggest a high risk of developing AD [85, 
86]. Most recently, the design of a wide-field OCT with 
wavefront sensorless adaptive optics for enhanced imaging 
made identification and three-dimensional localization of 
the peripheral retinal drusen possible with great precision in 
subjects with MCI [87] (Fig. 4). An extension of this system, 



1572	 Journal of Neurology (2019) 266:1566–1577

1 3

wavefront sensorless adaptive optics wide-field OCT angi-
ography [88] can potentially be used to quantify vascular 
biomarkers in AD. Another promising related technology is 
based on the polarization properties of Aβ plaques in the ret-
ina using polarization sensitive OCT [89] and other optical 
imaging modalities [90]. Further, combination of OCT and 
angle-resolved low coherence interferometry technologies 
can be potentially used to directly quantify the pathological 
changes in the structural characteristics of retinal cells [91].

Another promising new technology that employs optical 
imaging following administration of curcumin has shown the 
ability to noninvasively detect individual retinal Aβ plaques 
in live mice [3]. Retinal Aβ inclusions were identified before 
plaques were detectable in the brain, and increased retinal 
plaque formation was seen with disease progression [3]. Pre-
liminary data from a pilot study of 40 patients conducted 
in Australia using retinal imaging with curcumin as a fluo-
rochrome showed 100% sensitivity and 80.6% specificity 
for AD diagnosis [92]. Recently, Koronyo and coauthors 
tested several commercially available curcumin brands and 
determined that a solid-lipid formulation had the best tis-
sue bioavailability and maximum signal to noise ratio [15]. 
This curcumin formulation was then given orally to patients. 
Imaging with a scanning laser ophthalmoscope illustrated 
increased curcumin fluorescent spots in the retinas of live 
AD patients when compared to matched controls [15]. A 
representative OCT examination of the retina of an AD 
patient revealed that the curcumin fluorescent spot (thought 
to be indicative of Aβ deposits) was found at the outer reti-
nal layers [15]. Since the histological examination of post-
mortem retinas in the same report had demonstrated that 
Aβ accumulation occurred most frequently in the innermost 
retinal layers [15], further studies are needed to determine 
the range of location and morphology of curcumin–amyloid 
deposits on OCT examination in live AD patients.

Potential role of ocular biomarkers 
in anti‑amyloid therapeutics

Since Aβ has been thought to play a central role in AD 
pathogenesis, recent clinical drug development has focused 
on the amyloid cascade by targeting Aβ clearance and Aβ 
production. Unfortunately, many of these anti-amyloid thera-
pies have been limited by low drug efficacy and significant 
side effects.

Immunotherapy that targets Aβ clearance includes active 
and passive immunization. After animal studies by Schenk 
et al. showed successful amelioration of Aβ loads after active 
immunization [93], the first human trial of an Aβ vaccine, 
AN-1792 was initiated. Unfortunately, phase II clinical trials 
of the vaccine were halted after 6% of patients developed 
autoimmune meningoencephalitis [94]. Moreover, the phase 
II data did not show a positive effect on preventing cognitive 
decline even though the vaccine appeared to decrease Aβ 
deposition [95]. Thus, it was hypothesized that successful 
Aβ plaques and NFT removal may not stop progression of 
disease after the pathological cascade of neuronal toxicities 
begin [96].

Although animal studies of passive anti-Aβ immuni-
zation demonstrated acute memory improvement [97], 
human studies of bapineuzumab and solanezumab failed to 
demonstrate improvement in clinical outcomes in patients 
with mild-to-moderate AD [98, 99]. Multiple potential 
explanations exist for this. In both trials, up to 25% of 
patients classified as having mild AD did not have amy-
loid findings on PET, suggesting that they did not have 
AD [100]. While bapineuzumab decreased the rate of Aβ 
deposition seen on PET, solanezumab increased serum 
Aβ concentrations, suggesting migration of Aβ from the 
brain to the periphery [98, 99]. Epitope specificity might 
explain the lack of clearance for solanezumab [100]. The 

Fig. 3   Wide-field (200°) retinal 
image taken using Optos 200Tx 
(Optos Inc., Dumfermline, UK) 
depicts peripheral drusen or 
amyloid plaques (arrowheads) 
in an AD patient
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N terminal region of Aβ is exposed on the surface of Aβ 
fibrils, therefore, N terminal antibodies like bapineuzumab 
can recognize both soluble and insoluble Aβ. Meanwhile, 
middle and C terminal regions are masked in fibrils so C 
terminal antibodies like solanezumab can only target solu-
ble Aβ and are less effective in plaque clearance. Regard-
less, neither bapineuzumab nor solanezumab resulted in 
robust overall Aβ clearance [98, 99]. Moreover, dosing of 
the antibodies was decreased due to concerns about amy-
loid-related imaging abnormalities related to vasogenic 
edema (ARIA-E) and the doses used were thought to be 
inadequate to achieve therapeutic effect [98, 99].

Since Aβ peptides are generated by endoproteolytic cleav-
age of neuronal amyloid protein precursor (APP) by β-site 
APP-cleaving enzyme 1 (BACE1) and γ-secretase, thera-
pies have been developed to target these enzymes with the 
goal to inhibit Aβ production [96]. The phase III study for 
verubecestat, a BACE1 inhibitor was terminated 5 months 
ahead of the scheduled completion date due to futility and 
an increased incidence of treatment-related adverse events 
(rash, falls and injuries, sleep disturbance, suicide idea-
tion, weight loss and hair color change) [101]. Meanwhile, 
phase III trials for semagacestat, a γ-secretase inhibitor, 
were halted because treated patients demonstrated worsen-
ing cognitive assessment and increased risk of skin cancer 
compared to the placebo group [102]. The lack of clinical 
efficacy was thought to be due to the dosing regimen which 
achieved short pulses of full inhibition alternating with 
periods of normal activity instead of a more moderate con-
tinuous inhibition of enzymatic activity [103]. Moreover, 
treatment was started late relative to onset of disease. It has 
been shown that efficacy of BACE1 or γ-secretase decreased 
with aging and disease progression in murine models [96].

Although a large number of anti-amyloid drugs have 
failed in phase III clinical trials for AD dementia, the amy-
loid hypothesis continues to be a focus of treatment develop-
ment and data from failed trials are being used to refine our 
model of AD pathogenesis [104]. Two of the main limita-
tions in these trials have been attributed to inadequate dosing 
and late start of treatment relative to onset of disease. Part of 
the reason for failure of bapineuzumab and gantenerumab, 
also an anti Aβ antibody, in phase III trials was thought to be 
decreased antibody dosing to prevent ARIA-E. Since these 
trials, physicians and scientists have become more comfort-
able managing this side effect.. Recently, the phase 1B study 
showed that the humanized antibody aducanumab, at the 
highest dosing level, reduced brain amyloid fibrillary plaque 
levels (by PET scan) and slowed cognitive decline in patients 
with prodromal or early AD [105]. This agent is being tested 
in phase III trials and the results of this study will largely 
determine the field’s enthusiasm for the amyloid hypothesis. 
Another antibody entering phase III trials, crenezumab, was 
built on an immunoglobin G4 (IgG4) backbone instead of 
an IgG1 backbone to reduce the overactivation of microglial 
cells in the brain, allowing high dosing without signs of 
ARIA-E [106].

In addition, since many of these failed trials tested 
anti-Aβ drugs in patients with moderate AD (bapineu-
zumab, semagacestat, solanezumab), many experts believe 
that new clinical trials may benefit from targeting patients 
with earlier stages of disease. Alzheimer’s Prevention Ini-
tiative (API), Dominantly Inherited Alzheimer Network 
(DIAN) and Anti-amyloid treatment in asymptomatic AD 
(A4) are three trials that were designed to initiate treatment 
in asymptomatic patients based on familial genetic risk or 

Fig. 4   Wide-field (65° or ~ 20.5 mm × 20.5 mm) OCT images taken 
from a subject with MCI. The colored lines in the wide-field image 
(b) correspond to the peripheral (a) and central (c) B-scan loca-
tions. The peripheral drusen deposits are marked with yellow arrows. 
Reproduced with permission from Polans J et al. Biomedical Optics 
Express. 2017;8(1):16–37 [87]
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PET amyloid positivity [106]. With further validation, the 
ocular biomarkers discussed in this review have the potential 
to detect AD-related changes in its earliest stages and may 
be useful to identify enrollees in future clinical trials when 
used alone or in combination with other CNS biomarkers.

A phase III trial of ocular amyloid imaging in AD, 
the Brain–Eye Amyloid Memory Study (BEAM, 
NCT02524405), is currently ongoing and will provide evi-
dence as to the utility and accuracy of ocular biomarkers. 
This study aims to recruit 320 subjects with normal cogni-
tion, AD, MCI, subcortical vascular cognitive impairment, 
Parkinson’s disease—MCI, Parkinson’s disease—dementia 
and dementia with Lewy Bodies. All subjects will undergo 
SD-OCT to measure RNFL thickness, FLES using the Sap-
phire II system (device/ointment combination) to detect 
amyloid in the ocular lens, brain MRI and brain amyloid 
PET. A subset will also undergo speckle variance (SV)-OCT. 
Primary outcome measures include comparing RNFL thick-
ness and ocular lens amyloid amongst the different subject 
groups and validating these results against brain MRI and 
brain amyloid PET. Secondary outcome measures include 
correlating retinal artery narrowing with covert lacunar 
infarcts on MRI and retinal venular widening with periven-
tricular white matter hyperintensities on MRI. Data collec-
tion is expected to be completed in August 2018.

Analogous to AD, anti-Aβ immunotherapy has shown 
promising results in animal models of AMD [107]. Aβ pep-
tide was identified in pathologic lesions in a murine model 
of AMD; APOE4-targeted replacement mice were fed a 
high fat, cholesterol (HFC)-enriched diet [107]. Ding et al. 
demonstrated that systemic administration of an anti-Aβ 
40/42 bispecific antibody decreased Aβ load in sub-RPE 
deposits in this animal model, which correlated with pre-
served RPE morphology and retinal function [107]. Anti-Aβ 
immunotherapy is currently being studied as a therapeutic 
strategy in clinical trials of dry AMD. A Phase II trial with 
RN6G (NCT01577381) was terminated due to insufficient 
subject recruitment while a phase I trial with GSK933776 
(NCT01424436) is ongoing. Noninvasive imaging of retinal 
amyloid burden, if validated in the future, may serve as a 
structural and biochemical measure of drug efficacy in these 
trials as well.

Conclusions

Observation of amyloid-related retinal biomarkers in AD 
and AMD subjects justifies additional research into the 
shared role of abnormal protein aggregates and associated 
inflammation in the brain and retina. The existence of Aβ in 
different reservoirs in the eye may explain why Aβ is associ-
ated with RNFL thinning, ganglion cell loss, and peripheral 
retinal deposits in patients with AD and macular subretinal 

and sub-RPE drusen and RPE abnormalities in patients with 
AMD. Regardless, novel imaging technologies and software 
to quantify retinal Aβ biomarkers will facilitate early diag-
nosis and noninvasive monitoring of both diseases. This is 
especially important in the era of amyloid hypothesis for 
Alzheimer’s disease. Despite the failure of previous phase III 
anti-Aβ clinical trials, researchers remain enthusiastic about 
the potential of the amyloid hypothesis since the failures 
were thought to be due to inadequate drug dosing and late 
start of treatment [106]. The next cohort of clinical studies 
will, therefore, focus on testing an Aβ plaque clearing anti-
body or a potent BACE1 inhibitor (or a combination of both) 
in a pre-clinical AD population. Since Aβ has been shown to 
accumulate in the retina before it accumulates in the brain, 
the quantification of Aβ ocular biomarkers could revolution-
ize the field of anti-amyloid therapeutics by reliably iden-
tifying patients many years before the anticipated onset of 
AD. The results from the BEAM clinical trial examining 
RNFL thickness and lens amyloid deposition in AD will, 
therefore, be important. There is also a need for additional 
clinical trials investigating other potential ocular biomarkers 
such as wide-field photography and wide-field OCT imaging 
of peripheral Aβ deposits and drusen, optical imaging after 
curcumin administration and technology based on alterna-
tion of polarization properties. Meanwhile, in the field of 
AMD therapeutics, lessons from AD clinical trials could be 
applied to discover anti-Aβ drugs that could prevent blind-
ness and restore sight.

Acknowledgements  EML had full access to all the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis. No funding organization or sponsor had a role in the 
design and conduct of the study; collection, management, analysis, and 
interpretation of the data; and preparation, review, or approval of the 
manuscript; and decision to submit the manuscript for publication. The 
authors gratefully thank Michael Kelly for assistance with acquisition 
of images and preparation of figures.

Author contributions  SSO and EML outlined the manuscript and 
designed figures, SSO wrote the initial draft, SSO and EML performed 
the literature search, and EML, PMD, SF, HEW and ADP provided cru-
cial edits, revisions, and comments. SF supplied expertise on imaging; 
EML, PMD, HEW and ADP added expertise on clinical applications; 
and SSO, EML and PMD provided final edits.

Compliance with ethical standards 

Conflicts of interest  SSO receives research funding from the Interna-
tional Retinal Research Foundation. EML has received research grants 
from Alzheimer’s Association, Duke Institute for Brain Sciences and 
the National Eye Institute. HEW has received research grants from 
the Veterans Affairs Medical Center, National Institute on Aging and 
Alzheimer’s Association. SF has received research grants from the Na-
tional Institute of Health and Duke University, and holds US patent 
8811745 and 9299155. PMD has received advisory fees from Avid/
Lilly, Anthrotronix, Muses Labs, AstraZeneca, Cognoptix, Lundbeck/
Takeda, Piramal, Genomind, Sonexa, Targacept, NeuroPro, Neuro-
cog Trials, Forum, Holmusk, and T3D Therapeutics; research grants 



1575Journal of Neurology (2019) 266:1566–1577	

1 3

(through Duke University) from Elan, Avid/Lilly, Avanir, Neuronetrix, 
Forum, Alzheimer’s Drug Discovery Foundation, USC, and ADCS/
UCSD; fees for lectures from Hintsa Performance, Crossings; and fees 
for developing educational materials from Physicians Postgraduate 
Press. PMD owns shares or options in Maxwell Health, Muses Labs, 
Anthrotronix, Evidation, and Adverse Events Inc (whose products are 
not discussed here), and has received travel funds from Pfizer and the 
World Economic Forum. ADP reports no competing interests.

Ethical standards  This articles does not contain any studies with 
human participants performed by any of the authors.

References

	 1.	 GBD2016 (2017) Disease and Injury Incidence and Preva-
lence Collaborators. Global, regional, and national incidence, 
prevalence, and years lived with disability for 328 diseases and 
injuries for 195 countries, 1990–2016: a systematic analysis for 
the Global Burden of Disease Study 2016. Lancet (accessed)

	 2.	 Wong WL, Su X, Li X et al (2014) Global prevalence of age-
related macular degeneration and disease burden projection for 
2020 and 2040: a systematic review and meta-analysis. Lancet 
Glob Health 2(2):e106–e116

	 3.	 Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV et al (2011) 
Identification of amyloid plaques in retinas from Alzhei-
mer’s patients and noninvasive in vivo optical imaging of 
retinal plaques in a mouse model. Neuroimage 54(Suppl 
1):S204–S217

	 4.	 Ning A, Cui J, To E, Ashe KH, Matsubara J (2008) Amyloid-
beta deposits lead to retinal degeneration in a mouse model of 
Alzheimer disease. Invest Ophthalmol Vis Sci 49(11):5136–5143

	 5.	 Edwards MM, Rodriguez JJ, Gutierrez-Lanza R, Yates J, 
Verkhratsky A, Lutty GA (2014) Retinal macroglia changes in a 
triple transgenic mouse model of Alzheimer’s disease. Exp Eye 
Res 127:252–260

	 6.	 Williams PA, Thirgood RA, Oliphant H et al (2013) Retinal gan-
glion cell dendritic degeneration in a mouse model of Alzhei-
mer’s disease. Neurobiol Aging 34(7):1799–1806

	 7.	 Liu B, Rasool S, Yang Z et al (2009) Amyloid-peptide vacci-
nations reduce {beta}-amyloid plaques but exacerbate vascular 
deposition and inflammation in the retina of Alzheimer’s trans-
genic mice. Am J Pathol 175(5):2099–2110

	 8.	 Perez SE, Lumayag S, Kovacs B, Mufson EJ, Xu S (2009) Beta-
amyloid deposition and functional impairment in the retina of the 
APPswe/PS1DeltaE9 transgenic mouse model of Alzheimer’s 
disease. Invest Ophthalmol Vis Sci 50(2):793–800

	 9.	 Du LY, Chang LY, Ardiles AO et al (2015) Alzheimer’s Disease-
Related Protein Expression in the Retina of Octodon degus. PLoS 
One 10(8):e0135499

	 10.	 Le Cudennec C, Faure A, Ly M, Delatour B (2008) One-year 
longitudinal evaluation of sensorimotor functions in APP751SL 
transgenic mice. Genes Brain Behav 7(Suppl 1):83–91

	 11.	 Hale G, Good M (2005) Impaired visuospatial recognition mem-
ory but normal object novelty detection and relative familiarity 
judgments in adult mice expressing the APPswe Alzheimer’s 
disease mutation. Behav Neurosci 119(4):884–891

	 12.	 Gupta VK, Chitranshi N, Gupta VB et al (2016) Amyloid beta 
accumulation and inner retinal degenerative changes in Alzhei-
mer’s disease transgenic mouse. Neurosci Lett 623:52–56

	 13.	 Loffler KU, Edward DP, Tso MOM (1995) Immunoreactivity 
against tau, amyloid precursor protein, and beta-amyloid in the 
human retina. Invest Ophthal 36(1):24–31

	 14.	 La Morgia C, Ross-Cisneros FN, Koronyo Y et al (2016) Melano-
psin retinal ganglion cell loss in Alzheimer disease. Ann Neurol 
79(1):90–109

	 15.	 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)

	 16.	 Tsai Y, Lu B, Ljubimov AV et al (2014) Ocular changes in 
TgF344-AD rat model of Alzheimer’s disease. Invest Ophthalmol 
Vis Sci 55(1):523–534

	 17.	 Schon C, Hoffmann NA, Ochs SM et al (2012) Long-term in vivo 
imaging of fibrillar tau in the retina of P301S transgenic mice. 
PLoS One 7(12):e53547

	 18.	 Ho CY, Troncoso JC, Knox D, Stark W, Eberhart CG (2014) 
Beta-amyloid, phospho-tau and alpha-synuclein deposits similar 
to those in the brain are not identified in the eyes of Alzheimer’s 
and Parkinson’s disease patients. Brain Pathol 24(1):25–32

	 19.	 Jiang J, Wang H, Li W, Cao X, Li C (2016) Amyloid plaques 
in retina for diagnosis in Alzheimer’s patients: a meta-analysis. 
Front Aging Neurosci 8:267

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

	 21.	 Leger F, Fernagut PO, Canron MH et al (2011) Protein aggrega-
tion in the aging retina. J Neuropathol Exp Neurol 70(1):63–68

	 22.	 Ong SS, Doraiswamy PM, Lad EM (2018) Controversies and 
future directions of ocular biomarkers in Alzheimer disease. 
JAMA Neurol

	 23.	 Sadun AA, Bassi CJ (1990) Optic nerve damage in Alzheimer’s 
disease. Ophthalmology 97(1):9–17

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

	 25.	 Curcio CA, Drucker DN (1993) Retinal ganglion cells in Alzhei-
mer’s disease and aging. Ann Neurol 33(3):248–257

	 26.	 Davies DC, McCoubrie P, McDonald B, Jobst KA (1995) Myeli-
nated axon number in the optic nerve is unaffected by Alzhei-
mer’s disease. Br J Ophthalmol 79(6):596–600

	 27.	 Hedges TR, 3rd, Perez Galves R, Speigelman D, Barbas NR, Peli 
E, Yardley CJ (1996) Retinal nerve fiber layer abnormalities in 
Alzheimer’s disease. Acta Ophthalmol Scand 74(3):271–275

	 28.	 Berisha F, Feke GT, Trempe CL, McMeel JW, Schepens CL 
(2007) Retinal abnormalities in early Alzheimer’s disease. Invest 
Ophthalmol Vis Sci 48(5):2285–2289

	 29.	 Kesler A, Vakhapova V, Korczyn AD, Naftaliev E, Neudor-
fer M (2011) Retinal thickness in patients with mild cognitive 
impairment and Alzheimer’s disease. Clin Neurol Neurosurg 
113(7):523–526

	 30.	 Liu D, Zhang L, Li Z et al (2015) Thinner changes of the retinal 
nerve fiber layer in patients with mild cognitive impairment and 
Alzheimer’s disease. BMC Neurol 15:14

	 31.	 Armstrong RA (1996) Visual field defects in Alzheimer’s disease 
patients may reflect differential pathology in the primary visual 
cortex. Optom Vis Sci 73(11):677–682

	 32.	 Lu Y, Li Z, Zhang X et al (2010) Retinal nerve fiber layer struc-
ture abnormalities in early Alzheimer’s disease: evidence in opti-
cal coherence tomography. Neurosci Lett 480(1):69–72

	 33.	 Paquet C, Boissonnot M, Roger F, Dighiero P, Gil R, Hugon J 
(2007) Abnormal retinal thickness in patients with mild cognitive 
impairment and Alzheimer’s disease. Neurosci Lett 420(2):97–99

	 34.	 Parisi V, Restuccia R, Fattapposta F, Mina C, Bucci MG, 
Pierelli F (2001) Morphological and functional retinal impair-
ment in Alzheimer’s disease patients. Clin Neurophysiol 
112(10):1860–1867

	 35.	 Ascaso FJ, Cruz N, Modrego PJ et al (2014) Retinal alterations 
in mild cognitive impairment and Alzheimer’s disease: an optical 
coherence tomography study. J Neurol 261(8):1522–1530



1576	 Journal of Neurology (2019) 266:1566–1577

1 3

	 36.	 Marziani E, Pomati S, Ramolfo P et al (2013) Evaluation of 
retinal nerve fiber layer and ganglion cell layer thickness in 
Alzheimer’s disease using spectral-domain optical coherence 
tomography. Invest Ophthalmol Vis Sci 54(9):5953–5958

	 37.	 He XF, Liu YT, Peng C, Zhang F, Zhuang S, Zhang JS (2012) 
Optical coherence tomograpy assessed retinal nerve fiber layer 
thickness in patients with Alzheimer’s disease: a meta-analysis. 
Int J Ophthal 5(3):401–405

	 38.	 Knoll B, Simonett J, Volpe NJ et al (2016) Retinal nerve fiber 
layer thickness in amnestic mild cognitive impairment: case–
control study and meta-analysis. Alzheimers Dement (Amst) 
4:85–93

	 39.	 Lad EM, Mukherjee D, Stinnett SS et al (2018) Evaluation of 
inner retinal layers as biomarkers in mild cognitive impairment 
to moderate Alzheimer’s disease. Plos One 13(2)

	 40.	 Salobrar-Garcia E, Hoyas I, Leal M et al (2015) Analysis of 
retinal peripapillary segmentation in early Alzheimer’s disease 
patients. Biomed Res Int 2015:636548

	 41.	 Bambo MP, Garcia-Martin E, Pinilla J et al (2014) Detection of 
retinal nerve fiber layer degeneration in patients with Alzhei-
mer’s disease using optical coherence tomography: searching 
new biomarkers. Acta Ophthalmol 92(7):e581–e582

	 42.	 Helmer C, Malet F, Rougier M et al (2013) Is there a link 
between open-angle glaucoma and dementia? The three-city-
alienor cohort. Ann Neurol 74:171–179

	 43.	 Bayer AU, Keller ON, Ferrari F, Maag KP (2002) Association 
of glaucoma with neurodegenerative diseases with apoptotic 
cell death: Alzheimer’s disease and Parkinson’s disease. Am J 
Ophthalmol 133(1):135–137

	 44.	 Tsilis AG, Tsilidis KK, Pelidou S, Kitsos G (2014) Systematic 
review of the association between Alzheimer’s disease and 
chronic glaucoma. Clin Ophthalmol 8:2095–2104

	 45.	 Nolan JM, Loskutova E, Howard AN et al (2014) Macular 
pigment, visual function, and macular disease among subjects 
with Alzheimer’s disease: an exploratory study. J Alzheimer’s 
Dis 42:1191–1202

	 46.	 Gharbiya M, Trebbastoni A, Parisi F et al (2014) Choroidal 
thinning as a new finding in Alzheimer’s disease: evidence 
from enhanced depth imaging spectral domain optical coher-
ence tomography. J Alzheimer’s Dis 40:907–917

	 47.	 Ong YT, Hilal S, Cheung CY et al (2015) Retinal neurodegen-
eration on optical coherence tomography and cerebral atrophy. 
Neurosci Lett 584:12–16

	 48.	 London A, Benhar I, Schwartz M (2013) The retina as a win-
dow to the brain—from eye research to CNS disorders. Nat Rev 
Neurol 9:44–53

	 49.	 Conforti L, Gilley J, Coleman MP (2014) Wallerian degen-
eration: an emerging axon death pathway linking injury and 
disease. Nat Rev Neurosci 15(6):394–409

	 50.	 Dutescu RM, Li QX, Crowston J, Masters CL, Baird PN, Cul-
venor JG (2009) Amyloid precursor protein processing and 
retinal pathology in mouse models of Alzheimer’s disease. 
Graefes Arch Clin Exp Ophthalmol 247(9):1213–1221

	 51.	 Johnson LV, Leitner WP, Rivest AJ, Staples MK, Radeke MJ, 
Anderson DH (2002) The Alzheimer’s A beta-peptide is depos-
ited at sites of complement activation in pathologic deposits 
associated with aging and age-related macular degeneration. 
Proc Natl Acad Sci USA 99(18):11830–11835

	 52.	 Ratnayaka JA, Serpell LC, Lotery AJ (2015) Dementia of 
the eye: the role of amyloid beta in retinal degeneration. Eye 
(Lond) 29(8):1013–1026

	 53.	 Anderson DH, Talaga KC, Rivest AJ, Barron E, Hageman GS, 
Johnson LV (2004) Characterization of beta amyloid assem-
blies in drusen: the deposits associated with aging and age-
related macular degeneration. Exp Eye Res 78(2):243–256

	 54.	 Luibl V, Isas JM, Kayed R, Glabe CG, Langen R, Chen J 
(2006) Drusen deposits associated with aging and age-related 
macular degeneration contain nonfibrillar amyloid oligomers. 
J Clin Invest 116(2):378–385

	 55.	 Kurji KH, Cui JZ, Lin T et al (2010) Microarray analysis iden-
tifies changes in inflammatory gene expression in response to 
amyloid-beta stimulation of cultured human retinal pigment 
epithelial cells. Invest Ophthalmol Vis Sci 51(2):1151–1163

	 56.	 Liu XC, Liu XF, Jian CX, Li CJ, He SZ (2012) IL-33 is 
induced by amyloid-beta stimulation and regulates inflamma-
tory cytokine production in retinal pigment epithelium cells. 
Inflammation 35(2):776–784

	 57.	 Frost S, Guymer R, Aung KZ et al (2016) Alzheimer’s disease 
and the early signs of age-related macular degeneration. Curr 
Alzheimer Res

	 58.	 Dentchev T, Milam AH, Lee VM, Trojanowski JQ, Dunaief JL 
(2003) Amyloid-beta is found in drusen from some age-related 
macular degeneration retinas, but not in drusen from normal 
retinas. Mol Vis 9:184–190

	 59.	 Wang J, Ohno-Matsui K, Morita I (2012) Elevated amyloid 
beta production in senescent retinal pigment epithelium, a 
possible mechanism of subretinal deposition of amyloid beta 
in age-related macular degeneration. Biochem Biophys Res 
Commun 423(1):73–78

	 60.	 Yoshida T, Ohno-Matsui K, Ichinose S et al (2005) The poten-
tial role of amyloid beta in the pathogenesis of age-related 
macular degeneration. J Clin Invest 115(10):2793–2800

	 61.	 Seddon JM, Reynolds R, Rosner B (2009) Peripheral retinal 
drusen and reticular pigment: association with CFHY402H and 
CFHrs1410996 genotypes in family and twin studies. Invest 
Ophthalmol Vis Sci 50(2):586–591

	 62.	 Clemons TE, Rankin MW, McBee WL, Age-Related Eye Dis-
ease Study Research G (2006) Cognitive impairment in the 
age-related eye disease study: AREDS report no. 16. Arch 
Ophthalmol 124(4):537–543

	 63.	 Woo SJ, Park KH, Ahn J et al (2012) Cognitive impairment 
in age-related macular degeneration and geographic atrophy. 
Ophthalmology 119(10):2094–2101

	 64.	 Tsai D, Chen S, Huang C, Yuan M, Leu H (2015) Age-related 
macular degeneration and risk of degenerative dementia among 
the elderly in Taiwan. Ophthalmology 122:2327–2335

	 65.	 Ong SY, Cheung CY, Li X et al (2012) Visual impairment, 
age-related eye diseases, and cognitive function: the Singapore 
Malay Eye study. Arch Ophthalmol 130(7):895–900

	 66.	 Keenan TD, Goldacre R, Goldacre MJ (2014) Associations 
between age-related macular degeneration, Alzheimer disease 
and dementia: record linkage study of hospital admissions. 
JAMA Ophthalmol 132(1):63–68

	 67.	 Rozzini L, Riva M, Ghilardi N et al (2014) Cognitive dysfunc-
tion and age-related macular degeneration. Am J Alzheimers 
Dis Other Demen 29(3):256–262

	 68.	 Goldstein LE, Muffat JA, Cherny RA et  al (2003) Cyto-
solic beta-amyloid deposition and supranuclear cataracts 
in lenses from people with Alzheimer’s disease. Lancet 
361(9365):1258–1265

	 69.	 Moncaster JA, Pineda R, Moir RD et al (2010) Alzheimer’s 
disease amyloid-beta links lens and brain pathology in Down 
syndrome. PLoS One 5(5):e10659

	 70.	 Melov S, Wolf N, Strozyk D, Doctrow SR, Bush AI (2005) 
Mice transgenic for Alzheimer disease beta-amyloid develop 
lens cataracts that are rescued by antioxidant treatment. Free 
Radic Biol Med 38(2):258–261

	 71.	 Michael R, Rosandic J, Montenegro GA et al (2013) Absence 
of beta-amyloid in cortical cataracts of donors with and with-
out Alzheimer’s disease. Exp Eye Res 106:5–13



1577Journal of Neurology (2019) 266:1566–1577	

1 3

	 72.	 Bei L, Shui YB, Bai F, Nelson SK, Van Stavern GP, Beebe DC 
(2015) A test of lens opacity as an indicator of preclinical Alz-
heimer disease. Exp Eye Res 140:117–123

	 73.	 Kerbage C, Sadowsky CH, Tariot PN et al (2015) Detection of 
amyloid beta signature in the lens and its correlation in the brain 
to aid in the diagnosis of Alzheimer’s disease. Am J Alzheimers 
Dis Other Demen 30(8):738–745

	 74.	 Sadowsky CH, Kerbage C, Tariot PN et al (2014) Diagnosis 
of Alzheimer’s disease through the eye and its correlation with 
cognitive tests and brain imaging. JSM Alzheimer’s Dis Relat 
Dementai 1(2):1008

	 75.	 Grossman I, Lutz MW, Crenshaw DG, Saunders AM, Burns DK, 
Roses AD (2010) Alzheimer’s disease: diagnostics, prognostics 
and the road to prevention. EPMA J 1(2):293–303

	 76.	 Parnell M, Guo L, Abdi M, Cordeiro MF (2012) Ocular manifes-
tations of Alzheimer’s disease in animal models. Int J Alzheimers 
Dis 2012:786494

	 77.	 Cogan DG (1985) Visual disturbances with focal progressive 
dementing disease. Am J Ophthalmol 100(1):68–72

	 78.	 Cronin-Golomb A, Corkin S, Rizzo JF, Cohen J, Growdon JH, 
Banks KS (1991) Visual dysfunction in Alzheimer’s disease: 
relation to normal aging. Ann Neurol 29(1):41–52

	 79.	 Pache M, Smeets CH, Gasio PF et al (2003) Colour vision defi-
ciencies in Alzheimer’s disease. Age Ageing 32(4):422–426

	 80.	 Whittaker KW, Burdon MA, Shah P (2002) Visual field loss and 
Alzheimer’s disease. Eye (Lond) 16(2):206–208

	 81.	 Gilmore GC, Wenk HE, Naylor LA, Koss E (1994) Motion per-
ception and Alzheimer’s disease. J Gerontol 49(2):P52–P57

	 82.	 Koronyo Y, Salumbides BC, Black KL, Koronyo-Hamaoui M 
(2012) Alzheimer’s disease in the retina: imaging retinal abeta 
plaques for early diagnosis and therapy assessment. Neurode-
gener Dis 10(1–4):285–293

	 83.	 Krasodomska K, Lubinski W, Potemkowski A, Honczarenko 
K (2010) Pattern electroretinogram (PERG) and pattern visual 
evoked potential (PVEP) in the early stages of Alzheimer’s dis-
ease. Doc Ophthalmol 121(2):111–121

	 84.	 Kaarniranta K, Salminen A, Haapasalo A, Soininen H, Hiltunen 
M (2011) Age-related macular degeneration (AMD): Alzhei-
mer’s disease in the eye? J Alzheimers Dis 24(4):615–631

	 85.	 Ritchie CW, Peto T, Barzegar-Befroei N et al (2011) Peripheral 
retinal drusen as a potential surrogate marker for Alzheimer’s 
dementia: a pilot study using ultra-wide angle imaging. Invest 
Ophthalmol Vis Sci 52(6):6683-

	 86.	 Csincsik L, MacGillivray TJ, Flynn E et al (2018) Peripheral 
retinal imaging biomarkers for Alzheimer’s disease: a pilot study. 
Ophthalmic Res 59(4):182–192

	 87.	 Polans J, Keller B, Carrasco-Zevallos OM et al (2017) Wide-
field retinal optical coherence tomography with wavefront sen-
sorless adaptive optics for enhanced imaging of targeted regions. 
Biomed Opt Express 8(1):16–37

	 88.	 Polans J, Cunefare D, Cole E et al (2017) Enhanced visualization 
of peripheral retinal vasculature with wavefront sensorless adap-
tive optics optical coherence tomography angiography in diabetic 
patients. Opt Lett 42(1):17–20

	 89.	 Baumann B, Wöhrer A, Ricken G, Pircher M, Kovacs GG, 
Hitzenberger CK (2016) Polarization properties of amyloid-
beta plaques in Alzheimer’s disease (Conference Presentation), 
p 96900M-M-1

	 90.	 Campbell MCW, Kisilak ML, DeVries D et al (2016) Amyloid 
as a biomarker of Alzheimer’s disease in post-mortem retinas 

in human and dog models of Alzheimer’s disease. Alzheimer’s 
Dement J Alzheimer’s Assoc 12(7):P319–P320

	 91.	 Kim S, Heflin S, Kresty LA et al (2016) Analyzing spatial cor-
relations in tissue using angle-resolved low coherence interfer-
ometry measurements guided by co-located optical coherence 
tomography. Biomed Opt Express 7(4):1400–1414

	 92.	 Frost S, Kanagasingam Y, Macaulay L (2014) Retinal amyloid 
fluorescence imaging predicts cerebral amyloid burden and 
Alzheimer’s disease (oral presentation). Alzheimers Dement 
10:234–235

	 93.	 Schenk D, Barbour R, Dunn W et al (1999) Immunization with 
amyloid-beta attenuates Alzheimer-disease-like pathology in the 
PDAPP mouse. Nature 400(6740):173–177

	 94.	 Orgogozo JM, Gilman S, Dartigues JF et al (2003) Subacute 
meningoencephalitis in a subset of patients with AD after 
Abeta42 immunization. Neurology 61(1):46–54

	 95.	 Holmes C, Boche D, Wilkinson D et  al (2008) Long-term 
effects of Abeta42 immunisation in Alzheimer’s disease: fol-
low-up of a randomised, placebo-controlled phase I trial. Lancet 
372(9634):216–223

	 96.	 Savonenko AV, Melnikova T, Hiatt A et al (2012) Alzheimer’s 
therapeutics: translation of preclinical science to clinical drug 
development. Neuropsychopharmacology 37(1):261–277

	 97.	 Dodart JC, Bales KR, Gannon KS et al (2002) Immunization 
reverses memory deficits without reducing brain Abeta burden 
in Alzheimer’s disease model. Nat Neurosci 5(5):452

	 98.	 Salloway S, Sperling R, Fox NC et al (2014) Two phase 3 trials 
of bapineuzumab in mild-to-moderate Alzheimer’s disease. N 
Engl J Med 370(4):322–333

	 99.	 Doody RS, Thomas RG, Farlow M et al (2014) Phase 3 trials of 
solanezumab for mild-to-moderate Alzheimer’s disease. N Engl 
J Med 370(4):311–321

	100.	 Wang YJ (2014) Alzheimer disease: lessons from immunother-
apy for Alzheimer disease. Nat Rev Neurol 10(4):188–189

	101.	 Egan MF, Kost J, Tariot PN et al (2018) Randomized trial of 
verubecestat for mild-to-moderate Alzheimer’s disease. N Engl 
J Med 378(18):1691–1703

	102.	 Doody RS, Raman R, Farlow M et al (2013) A phase 3 trial of 
semagacestat for treatment of Alzheimer’s disease. N Engl J Med 
369(4):341–350

	103.	 De Strooper B (2014) Lessons from a failed gamma-secretase 
Alzheimer trial. Cell 159(4):721–726

	104.	 Cedernaes J, Schioth HB, Benedict C (2014) Efficacy of anti-
body-based therapies to treat Alzheimer’s disease: just a matter 
of timing? Exp Gerontol 57:104–106

	105.	 Sevigny J, Chiao P, Bussiere T et al (2016) The antibody adu-
canumab reduces Abeta plaques in Alzheimer’s disease. Nature 
537(7618):50–56

	106.	 Mullard A (2017) Alzheimer amyloid hypothesis lives on. Nat 
Rev Drug Discov 16:3–5

	107.	 Ding JD, Johnson LV, Herrmann R et al (2011) Anti-amyloid 
therapy protects against retinal pigmented epithelium damage 
and vision loss in a model of age-related macular degeneration. 
Proc Natl Acad Sci USA 108(28):E279–E287

	108.	 Malek G, Lad EM (2014) Emerging roles for nuclear receptors in 
the pathogenesis of age-related macular degeneration. Cell Mol 
Life Sci 71(23):4617–4636


	Ocular amyloid imaging at the crossroad of Alzheimer’s disease and age-related macular degeneration: implications for diagnosis and therapy
	Abstract
	Introduction
	Amyloid-β peptide and the retina
	Presence of amyloid-β peptide in the retina of animal and human models of AD
	Association of AD with changes in the retina
	Amyloid-β peptide is also identified in the retina of age-related macular degeneration

	Amyloid-β peptide in other ocular structures in AD
	Retinal imaging as a potential biomarker for AD
	Other potential ocular biomarkers for AD
	Potential role of ocular biomarkers in anti-amyloid therapeutics
	Conclusions
	Acknowledgements 
	References


