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Imaging the eye as a window to brain health: 
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Abstract 

Recent years have seen significant advances in diagnostic testing of central nervous system (CNS) function and dis-
ease. However, there remain challenges in developing a comprehensive suite of non- or minimally invasive assays 
of neural health and disease progression. Due to the direct connection with the CNS, structural changes in the neu-
ral retina, retinal vasculature and morphological changes in retinal immune cells can occur in parallel with disease 
conditions in the brain. The retina can also, uniquely, be assessed directly and non-invasively. For these reasons, 
the retina may prove to be an important “window” for revealing and understanding brain disease. In this review, we 
discuss the gross anatomy of the eye, focusing on the sensory and non-sensory cells of the retina, especially micro-
glia, that lend themselves to diagnosing brain disease by imaging the retina. We include a history of ocular imaging 
to describe the different imaging approaches undertaken in the past and outline current and emerging technologies 
including retinal autofluorescence imaging, Raman spectroscopy, and artificial intelligence image analysis. These new 
technologies show promising potential for retinal imaging to be used as a tool for the diagnosis of brain disorders 
such as Alzheimer’s disease and others and the assessment of treatment success.

Introduction to the human eye
Imaging of the posterior aspect of the eye has been used 
for at least 150 years to assess retinal health and provide 
an early window into vascular conditions such as diabetic 
retinopathy [54]. More recently, advances in retinal imag-
ing combined with the availability of large-scale retinal 
datasets has created the new field of ‘oculomics’ [185]. 
The most promising aspect of the emerging field is the 
potential to examine the structural, cellular and molecu-
lar indicators of brain health (e.g. dementia [11]), neuro-
logical disorders (e.g. multiple sclerosis [109, 140]) and 

systemic diseases (e.g. diabetes [170, 178, 190]) through 
the eye. Here we provide an overview of ocular anatomy 
relevant for such imaging and we discuss historical imag-
ing techniques, as well as the latest advances in imaging 
the retina as a method to better understand eye and brain 
health.

Gross anatomy of the eye
The eye is an essential part of almost all vertebrates, con-
verting light energy into a chemical signal that the brain 
translates into an image. In humans, the external eye is 
composed of a thick collagen layer, comprising the sclera 
(the white part of the eye that extends posteriorly) and 
cornea (the transparent part that sits anterior to the iris). 
Anatomically, there are three intraocular compartments 
separated by fluid-filled chambers: the anterior, poste-
rior, and vitreous chambers (Fig. 1). The vitreous cham-
ber plays a significant role in maintaining the spherical 
shape of the eye and ensuring that the retina adheres to 
the sclera [54]. However, a key property for ocular imag-
ing is that it is transparent to visible and near-infrared 
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wavelengths, allowing the retinal layers to be imaged with 
minimal interference.

Retinal vasculature
The posterior pole of the eye contains the neural, or 
sensory, retina, comprising a combination of sensory 
neurons (e.g., photoreceptors), second and third order 
neurons (e.g. bipolar cells and ganglion cells) and the ret-
inal pigment epithelium (RPE), which lies on a basement 
membrane (Bruch’s membrane). Posterior to the retina 
is the pigmented and highly vascularized choroid. In the 
human retina, around 65% of the blood supply to the eye 
enters through the choroid, with 35% entering via the 
inner retinal vascular system [1]. Study of the retinal vas-
culature has enabled us to predict the status of vascular 
disease such as diabetes and hypertension, by assessing 
structural changes to microvasculature, the presence of 
hemorrhages, exudates and evidence of capillary dropout 
or leakage (Fig. 2) [104, 121].

The sensory retina
The RPE plays an important role in visual function and 
in the development and progression of retinal diseases 

and in this sense is also a valuable predictor of retinal 
health [177]. This monolayer is an integral element of the 
blood-retina barrier and key in the maintenance of reti-
nal homeostasis [78]. Apically, the long microvilli of the 
RPE interdigitate with the outer segments of photorecep-
tors and enable the continuous exchange of nutrients, 
signaling molecules, and metabolic products, as well as 
recycling of metabolites via phagocytosis of photorecep-
tor discs. Basolaterally, the RPE is nourished by the cho-
riocapillaris, which also allows continuous exchange of 
nutrients, signaling molecules and metabolic products 
between the retina and blood stream as well as between 
the RPE and choroid [47, 58, 86, 87]. An important func-
tion of the RPE is in trans-epithelial fluid movement. In 
a normal functioning retina, photoreceptor activity and 
intraocular pressure stimulate the RPE to absorb water 
from the subretinal space to the blood. Therefore, the 
RPE maintains a constant ion composition in the sub-
retinal space during light-induced changes [47, 48]. This 
process can be disrupted in some diseases. For instance, 
the hallmark for age-related macular degeneration is the 
appearance of drusen and atrophy of the RPE [16, 60], 
which can be readily detected via imaging with broad 

Fig. 1  Basic anatomy of the eye. A Schematic diagram of the eye. The eye has three fluid-filled compartments: the anterior, the posterior, 
and the vitreous chambers. The retina is located posteriorly and comprises the sensory retina and retinal pigment epithelium (RPE). Posterior 
to the retina is the pigmented, vascular uveal layer comprising the choroid, and posterior to that, the outer collagenous tunic of the sclera. B 
Magnified schematic diagram of the typical macula. C Hematoxylin and eosin-stained image of the retina. Abbreviations: GCL: ganglion cell layer, 
INL: inner nuclear layer, IPL: inner plexiform layer, IS: photoreceptor inner segment, NFL: nerve fiber layer, ONL: outer nuclear layer, OPL: outer 
plexiform layer, OS: photoreceptor outer segment, RPE: retinal pigment epithelium. A, B created with BioRender.com; Toronto, Canada. C Scale 
bar = 200 µm
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spectrum white light. In addition, because certain mol-
ecules differentially absorb and emit light, fundus auto-
fluorescence (FAF) imaging can further characterize RPE 
function.

The sensory retina of the human eye itself can be used 
in image-based disease diagnosis, particularly when 
tomographic methods are used. For instance, patients 
with white matter hyperintensity and Parkinson’s disease 
present with thinner outer retinal layers when visualized 
with optical coherence tomography (OCT) [212]. The 
texture of the retinal layers, as seen with OCT, is also an 
important feature of Alzheimer’s disease (AD) [83]. The 
sensory retina can be divided into ten layers, each com-
prising specific cell types with unique roles in light detec-
tion and visual processing [1, 117]. Light entering the eye 
is converted into a biological signal within the photore-
ceptor outer segments, firstly by changing the membrane 
potential and thereby the transmission of neurotransmit-
ters across the synaptic cleft. The number of photorecep-
tors (rods and cones) within this layer can change with 
retinal diseases. For example, in macular degeneration 
the number of cones declines, and such changes can be 
visualized using OCT [194, 196]. Horizontal cells and 
amacrine cells may provide future targets for imaging-
related diagnostics since they have key morphological 
characteristics that reflect their function [94, 169], and 
horizontal cells, at least, have been implicated in ret-
inoblastoma in rodent studies [3]. However, there is cur-
rently little application of imaging in humans to these cell 
types. Ganglion cells, on the other hand have been uti-
lized to identify glaucoma, where ganglion cell loss can 
be identified with OCT [57]. Ganglion cells are the last 
retinal cells to receive and process visual information 
before transmitting this information to the brain via the 
nerve fiber layer towards the optic nerve.

Non‑sensory cells of the retina
Among the non-sensory cells of the retina, microglia 
are key immune cells useful in revealing eye and brain 
health post-mortem. Microglia primarily reside in both 
the outer nuclear layer (ONL) and inner plexiform layer 
(IPL; Fig.  3). However, microglia that are interleukin 
(IL)-34-dependent, where IL-34 assists their migration 
through the different retinal layers, are mostly located 
in the IPL and contribute to cone-driven information 
processing [134]. Notably, in the event of retinal degen-
eration or disease, microglia from both the ONL and IPL 
migrate towards the site of the degenerating pathology 
[134, 150]. For example, in various retinopathies, such 

Fig. 2  Optical Coherence Tomography (OCT) angiographic appearance of diabetic retinopathy. A Areas of capillary rarefaction that do not 
manifest as gradable diabetic retinopathy. B Significant capillary bed occlusion and dropout in a patient with advanced diabetic retinopathy. Areas 
of dropout are indicated by white arrowheads. Image: James Armitage, Deakin Collaborative Eye Care Clinic

Fig. 3  Residence of microglia in the different layers of the retina. Blue 
arrows indicate example microglia, immunolabelled with ionized 
calcium binding protein 1 (Iba1; Alexa Fluor-647, red) in the different 
layers of the retina. Abbreviations: GCL: ganglion cell layer, INL: 
inner nuclear layer, IPL: inner plexiform layer, IS: photoreceptor inner 
segment, NFL: nerve fiber layer, ONL: outer nuclear layer, OPL: outer 
plexiform layer, OS: photoreceptor outer segments. Scale bar = 50 µm
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as diabetic retinopathy and age-related macular degen-
eration, microglia transition into amoeboid-shaped cells 
and migrate towards degenerating photoreceptors in 
the ONL [33, 120, 150]. In this regard, the morphology 
and the location of microglia within specific layers of the 
retina can be indicative of specific pathologies in post-
mortem analyses [79, 134, 152]. Importantly, there is also 
strong potential for detecting morphological changes in 
these cells safely with the use of exogenous dyes such as 
tomato lectin and autofluorescence, as discussed below 
[22].

Müller cells are the largest cells in the retina and the 
principal glial cell, stretching across all retinal layers, 
with their cell bodies located in the inner nuclear layer 
(INL). Müller cells primarily provide metabolic and func-
tional support to retinal neurons [23, 141]. For example, 
they contribute to synthesis of tight junction proteins 
that help to generate the internal blood-retinal barrier in 
association with endothelial cells [15]. Being an impor-
tant part of retina, dysfunction of the Müller cells is the 
cause of some common retinal diseases such as macu-
lar edema, retinal degeneration, glaucoma, and diabetic 
retinopathy [15, 92]. Fundus imaging and OCT imaging 
techniques have been used to identify Müller cell dys-
function and diagnose sheen dystrophy, macular disease, 
and retinal degeneration [9, 138].

A brief history of using the eye to reveal general 
health
Over the past 150  years, retinal imaging has evolved 
from early identification of basic gross anatomical char-
acteristics to the sophisticated and efficient usage that is 
common today. We will discuss the early history of reti-
nal imaging, the progression to gold-standard imaging 
of today, and address what we can expect from emerging 
technologies in the field of oculomics in the future.

The nineteenth century
The progress of ophthalmology and eye imaging has an 
almost 300-year history, which began with the earli-
est large and complex instrumentation with limited 
diagnostic capacity and has expanded more recently to 
simpler and more accurate diagnosis capabilities. The 
understanding that the eye could reflect health was first 
revealed by Jean Mery in 1704 when he observed that 
retinal blood vessel changes could be seen through the 
sclera [192]. The keratoscope was developed by British 
physician Henry Goode in 1847, enabling the assessment 
of the anterior surface of the cornea [24]. A few years 
later, the ophthalmoscope was developed by German 
physicist and physician Hermann von Helmholtz in 1851 
[184], enabling visualization of the retina, optic nerve, 
vasculature and vitreous humour. This was adapted for 

use in the clinic by Albrecht von Graefe, who also devel-
oped surgical iridectomy as a treatment for glaucoma 
[80]. History’s first retinal image was published by Dutch 
ophthalmologist, Adrien van Trigt, in 1853 (Fig. 4) [181] 
and this was capitalized on in 1886 and 1887 when Jack-
man and Webster published the first fundus image and 
then Lucien Howe revealed his own fundus photography 
from the human eye (Jackman WT 1886; [71]). In 1891, 
German ophthalmologist, Gerloff, produced the earliest 
successful image of the retinal blood vessels [1, 62].

Discovery and improvement of retinal imaging techniques 
after the nineteenth century
The twentieth and twenty-first centuries then yielded 
many new and improved developments in retinal imag-
ing. In particular, the improvement of fundus imaging, 
the development of OCT, and angiographic imaging are 
some of the important outcomes for imaging the retina 
that now assist with diagnosis of disease. Specifically, 
these imaging modalities expand the current field of 
oculomics by identifying macroscopic, microscopic and 
molecular signatures of neurological and systemic dis-
eases in the retina.

Fundus imaging
While the concept of fundus imaging was introduced by 
von Helmholtz and van Trigt in the mid-1800s, it was not 
until 1886 that the first fundus image was published by 
Jackman and Webster [81]. In 1910, Gullstrand devel-
oped the fundus camera, which is essentially still used 
for retinal imaging today due to the high safety profile 
of the technique. This development earned Gullstrand a 
Nobel Prize in Physiology or Medicine in 1911 [66]. Fun-
dus cameras were first commercialized in 1926, when 
the Zeiss Company introduced the Zeiss-Nordenson 

Fig. 4  History’s first image of the retina. [181], first published a retinal 
image where he successfully showed the optical disc. Image taken 
from [181]
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camera [199]. Early fundus imaging was limited, due to 
low quality images, long exposure times needed, artifacts 
caused by eye movement, office-based usage, techni-
cian dependency, and its cost [137]. However, it proved 
to be an important breakthrough for early diagnosis of 
diseases related to the eye. The originally developed fun-
dus imaging methodology had significant limitations 
in that it was the two-dimensional representation of a 
three-dimensional structure. To overcome this limitation, 
in 1964, Allen first described the concept of stereo fun-
dus photography [5]. In this technique, multiple images 
are taken from different angles, then a human observer 
analyzes the images through stereo viewers to perceive 
a stereoscopic view of retinal form. It is essentially this 
stereo fundus photography that is still in use today, with 
its most common usage being in the early detection of 
diabetic retinopathy through mass-screening (Fig. 5A, B) 
[27, 91]. This imaging technique also helps to diagnose 
risk factors for several fatal diseases such as hyperten-
sion, cardiovascular disease, diabetes, and myocardial 
infarction by revealing abnormalities in the retinal blood 
vessels [36, 197].

FAF imaging takes the technology a step further, by 
taking advantage of the intrinsic fluorescence proper-
ties of lipofuscin within the RPE to generate the image. 
While many conditions are macroscopically visible using 
broad spectrum white light imaging techniques such as 
fundus photography, other signs of retinal disease or dys-
function require more specialized imaging techniques 
that rely on detecting biomarkers of a pathophysiologi-
cal process (Fig.  5A and B show this effect well). In the 
retina, microglia play a significant role in maintaining 
retinal homeostasis, responding to injury, and regulating 

disease progression. Homeostatic microglia are ramified 
in shape and interact with the immune effector cells to 
respond to an immune challenge [32, 189], becoming 
ameboid in shape and orientating towards the patho-
gen or injury [82, 155]. Several studies have shown that 
ameboid retinal microglia are associated with disease 
states such as age-related macular degeneration, diabetic 
retinopathy and uveitis [90, 150, 210, 213]. The micro-
glial response to immune challenge produces lysosomal 
degraded material with autofluorescent properties that 
may be reflected in FAF and can potentially be used to 
diagnose and monitor retinal diseases [116]. Of note, 
hyperfluorescent foci related to microglial activity have 
been imaged in experimental studies in humans using 
FAF. Further investigations to characterize these hyper-
fluorescent foci indicate that they highly correlate with 
the presence of subretinal microglial and macrophage 
markers indicative of immune reactivity, with a large 
proportion of the subretinal microglia being CD16-pos-
itive [116, 202]. Microglia have also been shown to infil-
trate photoreceptor outer segments where they become 
highly autofluorescent following an apoptotic event. The 
microglial autofluorescence profile with FAF, particularly 
as resolution improves, may be useful as a clinical bio-
marker in understanding central nervous system (CNS) 
disease [116, 188].

While widely utilized, fundus imaging currently still 
has a few limitations. Firstly, this imaging system cannot 
detect damage or disease at the micro level, i.e., damaged 
photoreceptors or bipolar cells, and the resolution to 
detect autofluorescence in specific cells such as microglia 
is poor. It is also largely restricted to the central 45–60 
degrees, which limits understanding of disease processes 

Fig. 5  Multimodal imaging. A and B Multimodal imaging of the ocular fundus in a patient with hypertensive retinopathy using Scanning Laser 
Ophthalmoscopy (Zeiss Clarus 500). A True colour image showing multiple white lesions located in the retinal nerve fibre layer: cotton wool 
spots (retinal nerve fibre infarction), intraretinal haemorrhages and subtle changes in RPE appearance. B Green fundus autofluorescence image 
from the same patient highlighting the areas of RPE dysfunction that are difficult to discern on the colour image. A and B Cotton wool spots 
are indicated by the blue arrows. RPE dysfunction is indicated by the green arrows. Haemorrhages are indicated by purple arrows. C and D 
Multimodal imaging of the ocular fundus in a patient with type 2 diabetes mellitus. C Image shows a healthy ocular fundus with no evidence 
of microaneurysms or intraretinal hemorrhages. D The same patient imaged with OCT angiography. There are areas of capillary drop-out visible 
on angiography that are not detectable with regular fundus imaging. Note D is the same image as shown in Fig. 2B, which is annotated to show 
areas of capillary dropout. Images: James Armitage, Deakin Collaborative Eye Care Clinic
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that affect the peripheral retina including peripheral 
drusen, peripheral retinal tears, and peripheral cystoid 
degeneration (Vinay A. Shah 2023). Additionally, the 
shape of the individual’s eyelashes and eye globe may 
affect the quality of the image captured. Fundus imaging 
is also mainly based on qualitative assessment, but for 
accuracy in disease diagnosis, consistency and quantita-
tive interpretation are required [53, 72, 166, 179].

Angiographic imaging
Another important twentieth century addition to retinal 
diagnostics has been angiographic imaging (Fig. 5C, D). 
In 1961, Alvis and Novotny, two students at Indiana Uni-
versity, demonstrated the procedure of retinal fluorescein 
angiogram imaging [133]. A few years later, in 1967, Gass 
published their experience of using fluorescein imaging 
[61]. In this technique, fluorescein dye is injected into the 
bloodstream. The dye dissolves in plasma and is trans-
ported through the vasculature to all organs, including to 
the retina. This allows an image of the retina to be cap-
tured that visualizes dye within the blood, clearly reveal-
ing abnormalities to the vasculature [133].

In addition to their role in immune function, microglia 
play a significant role in blood vessel formation, regulat-
ing blood flow and in responding to vascular injury [30, 
40],Pialuisa Quiriconi 2024). Animal studies of diabetic 
retinopathy and other retinal vascular abnormalities 
have shown that microglia localize at sites of neovascu-
larization and intraretinal hemorrhages [26, 39, 70, 142, 
204, 205]. Thus, imaging techniques that combine angio-
graphic imaging with analysis of microglial location and 
autofluorescence will be informative of retinal disease 
and vascular issues that may be pertinent to brain health.

However, while useful, this technique has some safety 
limitations and is costly. Some common side effects 
include the patient experiencing blurred vision for 
around three hours and yellowing of the skin, eyes, and 
urine for up to 48  h. More critically, some patients can 
experience symptoms of fluorescein hypersensitivity 
including nausea, vomiting, and allergic reactions (Hos-
pital 2020). For this reason, this technique is not con-
ducted routinely, but is reserved for circumstances where 
leakage from retinal blood vessels is suspected [200, 211], 
especially considering that noninvasive vascular imaging 
methods have been developed based on time-resolved 
analysis of OCT.

Optical laser ophthalmoscopy and optical coherence 
tomography‑based imaging
By 1979, the confocal optical laser ophthalmoscope had 
been developed. This tool allows a three-dimensional 
image of the retina to be taken that is up to 100  µm in 
depth; a significant improvement on earlier technologies 

albeit that this depth is still relatively shallow in compari-
son to the whole thickness of the retina, at 300–500 µm 
[193]. Tomographic imaging became popular after the 
development of super-luminescent diodes, femtosecond 
lasers and OCT, which allows the practitioner to derive 
an accurate three-dimensional image of the retina [76, 
182]. Although femtosecond optical ranging (A-scans) 
and ex vivo OCT were demonstrated in 1987 and 1991, 
respectively, commercialization of the first ophthalmic 
OCT device for use in living humans was not finalized 
until 1996 [56].

Current OCT can image large areas of the retina, 
including peripheral retina, although, the lateral reso-
lution is still low [85, 206]. Comparison is also difficult 
between images taken from different machines, due to 
the absence of a standard value for comparison [156, 
201]. However, OCT can be used to diagnose and differ-
entiate between benign nevi and melanomas [158] and is 
a vital ocular imaging tool for retinal disease diagnosis 
and progression in disorders such as multiple sclerosis 
[109, 140].

A key component of OCT imaging is its ability to iden-
tify hyperreflective microglia both ex-vivo [92, 125, 146] 
and in  vivo [124, 189]. Improvements in OCT imaging 
instruments have provided the ability to diagnose and 
monitor ocular conditions down to the cellular level. For 
example, dynamic OCT has been shown to distinguish 
between microglia, macrophages and vitreal hyalocytes 
in a healthy subject. OCT technology could therefore aid, 
in the field of oculomics, in identifying specific cell types 
within the retina supporting better diagnosis and man-
agement of ocular disease [144] and from there to brain 
disease biomarker discovery [68, 88].

Ultrasound imaging
Photography and OCT require the ocular media (cornea, 
aqueous humour, crystalline lens and vitreous humour) 
to be transparent so as to not scatter light from the 
instrument. If the ocular media loses this transparency 
(e.g. with a cataract or following intraocular hemorrhage) 
ultrasound imaging may allow visualization of the leak-
age. Evidence for the use of ultrasound for this purpose 
was first published by Naor et  al. in 2012 [128]. Ultra-
sound enables real time imaging of blood vessels, tissues, 
and organs by the use of sound waves [110]. Due to the 
superficial location of the eye, ultrasound imaging can 
be used to diagnose eye diseases and monitor the disease 
pathology [127]. Notably, ultrasound imaging has also 
been used to detect the transcriptional signal of micro-
glial cells to understand levels of amyloid beta deposi-
tion in the APP23 AD mouse model [101]. In addition, 
ultrasound can be used to detect perturbations to the 
blood–brain barrier and blood-retinal barrier, as well as 
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microglial changes in the brain and retina [21, 105, 106]. 
However, this technique has drawbacks in the clinic in 
that it takes 30 to 45 min to be completed, a trained tech-
nician is required, and there may be some risk of thermal 
damage to the eye [44].

Structural and functional MRI
A further recent addition to diagnostic imaging via the 
retina is magnetic resonance imaging (MRI), used to 
visualize retinal morphology and monitor retinal activity 
[46]. Structural and functional MRI were initially used to 
detect different layers of the retina in the different ani-
mal model studies [31, 35, 163]. Chromium-enhanced 
in  vivo MRI imaging has also been used to detect lipid 
spatiotemporal profiles in the retina of normal adult rats 
[29]. In humans, MRI has been used for the non-invasive 
quantitative measurement of the retinal-choroidal blood 
flow in the eye of retinal pigmentosa patients [207, 208]. 
It has also been utilized experimentally to quantify retinal 
and choroidal blood flow during resting and hand-grip 
isometric exercise [209]. Apart from the advantage of 
using this technique, there are some limitations, such as 
its cost and low spatiotemporal resolution and sensitiv-
ity. Improvement of diagnostic algorithms are necessary 
for more accurate quantitative assessment of the different 
in vivo aspects in humans, such as retinal blood flow [45].

Second harmonic generation microscopy
In terms of imaging of biological samples, second har-
monic generation (SHG) microscopy is one of several 
recent advances [2]. In the SHG microscopic technique, 
an excitation laser is used and, in a non-linear process, 
two lower energy photons are converted to double the 
incident frequency [25]. This microscopic technique 
was first used by Freund and Deutsch in 1986 to moni-
tor collagen fibres in the rat tail tendon [55]. Quantitative 
analysis of the collagen fibrillar structure has also been 
measured through SHG microscopy [34]. To understand 
the early progression of glaucoma, the effect of axonal-
microtubules on the morphology of retinal nerve fibres 
has been studied in the rat retina whole mount through 
the SHG microscopy technique [107]. In addition, the 
axonal architecture of the inner retinal layer has been 
monitored in mouse models with this method [122]. In 
extension to humans, this microscopy technique has 
been utilized for ex  vivo study of the human cornea to 
understand its morphological changes during infectious 
processes [175]. Recently this microscopy technique has 
been used successfully and safely for imaging the anterior 
segment of a living human eye [10]. However, although 
it has advantageous applications in the biological sam-
ple, it has limitations in penetration and imaging of the 

eye beyond the cornea and sclera and is currently most 
informative of structural proteins [34, 139].

Improvement of imaging techniques in the twenty‑first 
century
In the twenty first century, fundus imaging in the clinic is 
now high quality. To overcome the portability limitations 
and cost of the imaging, smartphone-based fundus imag-
ing capabilities have been launched, but limitations in 
image quality and user-friendliness of the image acquisi-
tion remain a concern with this technology [84, 174, 195]. 
Mydriatic, non-mydriatic cameras, and handheld cam-
eras are also routinely used for retinal imaging [98, 118]. 
Mydriatic cameras are used for in-depth retinal imaging, 
whereas non-mydriatic cameras can be used for imaging 
the retina without dilating the pupil, providing a clear 
picture with high magnification. Ultra-wide field cam-
eras, which can cover almost 82% of the retinal surface, 
allowing better diagnosis of retinal diseases that impact 
the peripheral retina are also available. Ocular angiog-
raphy, pediatric retinal imaging, and OCT are now also 
much improved over the previous century, particularly 
since the time needed to capture a retinal image has been 
reduced. In the era of artificial intelligence (AI), rapid 
inroads are also being made in retinal image processing 
and interpretation of the data [98].

The future of eye imaging
Autofluorescence as a tool for disease diagnosis
In the eye, FAF imaging can detect different fluorophores 
at different wavelengths and this technique has been 
used in retinal diagnostics for retinitis pigmentosa, age 
related macular degeneration, macular dystrophies, white 
dot syndromes, and many other retinal diseases [203]. 
FAF is also useful to diagnose RPE distress or meta-
bolic challenges, prior to the death of cell [136, 203]. In 
many FAF devices, one or two optical filters are used to 
enhance image quality. However, intrinsic fluorophores 
with similar excitation or emission bands as the target 
FAF can confound retinal imaging studies and interfere 
with image clarity [170, 180]. This interference is notice-
able in the diagnosis of cataracts and diabetic retinopathy 
[153, 157]. For example, the yellowed lens in cataractous 
eyes partially absorbs blue 488 nm light and scatters light 
differently to non-cataractous eyes, interfering with the 
detection of autofluorescent macular pigments and thus 
obscuring diagnostic results of FAF imaging.

On the other hand, the autofluorescence of vari-
ous retinal structures has significant potential as a 
diagnostic tool in more than just eye disease. In 2020, 
Wang et  al. showed that the autofluorescence proper-
ties of T-cells can be used to distinguish T-cell activity 
states in a non-destructive manner using human blood 
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samples. In this study, the team used machine learn-
ing methods to detect changes in T-cell metabolic co-
enzymes including NAD(P)H [191]. Different types of 
T-cells can also be classified by using autofluorescence 
lifetime imaging [187]. As such, Walsh et  al. used iso-
lated T-cells from peripheral blood and activated them 
in culture using tetrameric antibodies against the CD2, 
CD3, and CD28 surface ligands, showing different auto-
fluorescence signals between quiescent and activated 
T-cells and highlighting fluorescence lifetime imaging 
as a non-destructive way to understand T-cell activ-
ity [187]. Conclusions drawn from measurements of 
lifetime in the isolated T-cells may be difficult to reca-
pitulate in a biological system, although lifetime has 
strengths over intensity measurements in circumvent-
ing issues of light scattering, excitation light intensity, 
and focus variability [14]. Notably, NADH and FAD 
autofluorescence has also been used to identify func-
tional states and distinguish between different immune 
cell subtypes [102]. In a pain discrimination study, Gos-
nell et  al. used hyperspectral imaging of immune cells 
combined with AI and deep learning methods to dis-
tinguish inflammation in spinal cord in different pain 
states [64], a methodology that ultimately allowed them 
to differentiate between control and injured, male and 
female, spinal cords.

These studies suggest there is potential to use the auto-
fluorescence properties of specific cell types to facilitate 
disease diagnostics and raise the possibility of doing this 
via the eye. Notably, post-mitotic cells throughout the 
CNS, including in the RPE, contain lipofuscin, a pig-
ment that is produced due to oxidative stress. Lipofus-
cin is composed of more than 20 different fluorophores 
with optical excitation and emission bands spanning the 
ultraviolet and visible. In the RPE, lipofuscin is especially 
detrimental to retinal health as it can generate reactive 
oxygen species upon photoexcitation with visible light, 
especially blue light [20, 154]. The best characterized 
component of retinal lipofuscin is the N-retinyl-N-ret-
inylidene ethanolamine (A2E), which has excitation and 
emission bands at 430–450 nm and 560–575 nm, respec-
tively [42]. Notably, A2E is indigestible and is accumu-
lated in the lysosomes, the cell’s degradative organelles, 
in the RPE. Its accumulation interferes with cholesterol 
metabolism, causes DNA damage, disrupts cell mem-
branes and leads to the generation of the reactive oxy-
gen species [49, 99, 171, 172]. Thus, A2E may be useful 
as an autofluorescent marker of retinal damage [115]. 
Also, lipofuscin accumulates in the retina and works as 
an autofluorescence marker of the retinal damage. Since 
lipofuscin accumulation occurs in the brain with injury, 
aging, and disease, it is potentially a marker of brain 
damage as well.

Potential detection of amyloid beta and diagnosis 
of Alzheimer’s disease
In recent years, the detection of high levels of amyloid-
beta in the superior peripheral quadrant of the retina in 
AD patients has raised the possibility of using this prop-
erty for non-invasive imaging to diagnose this disease 
[37, 96, 108, 129, 167]. During proteolysis of the mem-
brane-bound amyloid precursor protein in AD, amyloid 
peptide fragments amyloid-beta1-40 and amyloid-beta1-42 
are produced and undergo misfolding that lead to even-
tual plaque formation [160]. Amyloid-beta plaques dis-
play bright blue autofluorescence (∼420  nm) under UV 
(360–370 nm) illumination and a much fainter emission 
intensity at longer emission wavelengths when excited 
with blue or green light [176]. These deposits also accu-
mulate with age in the AD retina and cause neurodegen-
eration in the retinal ganglion cell layer [131]. Crucially, 
their deposition in the retina precedes that in the brain 
in transgenic AD mice, suggesting an opportune early 
diagnostic tool [95]. In  vivo hyperspectral imaging of 
retinal amyloid-beta deposits distinguishes AD patients 
and those with mild cognitive impairment from healthy 
controls [69, 111]. Interestingly, patients with early stage 
mild cognitive impairment show greater changes in 
hyperspectral imaging signatures than same age healthy 
controls, suggesting promise for its use as an early diag-
nostic [126]. In transgenic AD mice, intravenous injec-
tions of curcumin—a natural fluorochrome that binds to 
amyloid-beta plaques—allows high-resolution and spe-
cific in  vivo imaging for retinal plaques at 550/525  nm 
excitation and 605/670  nm emission [59, 95]. However, 
glaucoma and age-related macular degeneration share 
the same progressive accumulation of extracellular amy-
loid-beta plaques and intracellular hyperphosphorylated 
tau protein as AD [165]. The common retinal pathology 
between AD and other eye-related diseases limits the 
technique’s specificity at this time. Thus, retinal amyloid-
beta imaging for early AD diagnosis is still a developing 
technique.

Microglia to detect retinal disease
Another key potential avenue for using natural auto-
fluorescence to detect retinal disease is in microglia. 
Microglia have strong autofluorescence in the visible and 
near-infrared spectral range [100]. Microglia in the brain, 
spinal cord and retina respond to immune challenge 
and injury by engulfing and destroying pathogens and 
debris, as well as releasing cytokines and other inflam-
matory factors to make the CNS milieu less amenable to 
pathogen survival and to recruit other immune cells to 
the site [130]. In doing so, microglia change their shape, 
gene expression, and potentially the spectroscopic prop-
erties (excitation/emission spectra and lifetime) of their 
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autofluorescence. Under homeostatic conditions, micro-
glia remain ramified with small cell bodies, whereas in 
the response to an immune challenge, disease, or local-
ized inflammatory conditions, microglia typically have 
larger cell bodies and are less ramified. As they become 
more responsive to inflammatory challenge, microglia 
destroy pathogens or cellular debris via phagocytosis and 
degradation [41, 130, 168]. Since microglia accumulate 
debris in their lysosomes during this process, it is likely 
their autofluorescence profile changes in accordance with 
disease. In  vivo imaging in the aryl hydrocarbon recep-
tor Ahr −/− mouse model of retinal degeneration has 
revealed changes in microglial autofluorescence proper-
ties in this model [89]. Taking this concept even further, 
brain-centric diseases such as lysosomal storage disor-
ders have already been shown to be reflected in retinal 
changes in animal models, including in changes in retinal 
microglia morphology [11], although autofluorescence 
differences are yet to be tested. These profiles suggest ret-
inal microglia may be a key informant of not only retinal 
disease, but brain disease as well.

Growing evidence from oculomics studies suggests 
that during different disease conditions in the retina and 
brain, observation of microglial changes in the retina can 
be identified using FAF and OCT imaging techniques, 
and such information from the eye may reflect brain 
disease [7, 19, 50, 51]. As discussed, microglia present 
as hyperreflective foci (HRF) in FAF and OCT images. 
These HRF can be detected in the retina of individuals 
with various systemic diseases including multiple sclero-
sis [148], von Hippel-Lindau disease [145] and diabetic 
retinopathy and can be considered as an imaging bio-
marker for microglial activity during these disease states 
[204]. Although there is debate regarding the origin of 
retinal HRF, they are thought to be produced through 
the breakdown of the blood-retinal barrier caused by 
migrating macrophages, degenerated photoreceptors 
and deposited protein and lipid [17, 52, 73]. Retinal HRF 
are highly correlated to microglia changes characterized 
in various retinal diseases including age-related macu-
lar degeneration, uveitis macular oedema, and diabetic 
macular oedema [17, 65, 135, 186]. In addition, retinal 
microglial HRF can be visualized over time with dynamic 
changes in HRF indicating disease progression [75]. The 
presence of HRF can be considered a clinical biomarker 
in understanding retinal degeneration and disease, pav-
ing the way forward in oculomics. However, there is 
some controversy surrounding their potential as an indi-
cator of CNS disease. The key limitation is in our lack of 
understanding of the disease-specific characteristics of 
HRF. Employing machine learning has the potential to 
overcome this and allow disease-specific detection with 
this marker (Midena 2023).

Raman spectroscopy
An emerging disease detection tool for potential use in 
retinal imaging is Raman spectroscopy. Raman allows 
us to detect the vibrational frequencies of a molecule of 
interest to understand the nature of bonding and chemi-
cal structures and changes in the presence of specific 
molecules [97]. In vitro studies using cultured rodent ret-
ina have shown that inflammatory changes in the retina 
can be detected by Raman spectroscopy [119]. Oculomic 
studies using Raman spectroscopy has also been used to 
identify early biomarkers of AD in isolated mouse retina 
[173]. Recently, Alba-Arbalat et al. invented a prototype 
technology combining Raman spectroscopy and ophthal-
mology by connecting a spectrophotometer and scanning 
laser ophthalmoscope and utilizing it to assess retinal 
molecular changes in human patients with multiple scle-
rosis [4]. Thus, Raman spectroscopy is potentially use-
ful for non-invasively identifying eye diseases. However, 
a few important challenges still need to be overcome. 
Firstly, careful in vivo trials are necessary to validate that 
patients are safe from the laser wavelengths used. Sec-
ondly, it is also essential to make sure that the Raman 
spectroscopy can differentiate between ophthalmologic 
diseases with similar pathological and biochemical symp-
toms. Lastly, high throughput image analysis is necessary, 
an outcome that may be achieved by the combination of 
traditional human-based assessment and AI-assisted data 
analysis tools [103].

Artificial intelligence
“Artificial intelligence” is a buzz term that was first 
coined by John McCarthy in 1955. It refers to train-
ing non-living entities in a specific field to behave like a 
human [8, 159]. Machine learning is a subset of AI that 
consists of deep learning, and non-neural networks [149]. 
Non-neural networks are supervised machine learning 
algorithms often used in combination with deep neural 
networks to predict medical outcomes based on multi-
ple variable analysis and give single outputs from multi-
ple variable data trees [63, 151]. On the other hand, deep 
learning consists of multiple layers of nodes containing 
variables (such as the pixels of the images, age, and nucle-
otide changes etc.) that are considered to give a single 
output [164]. In machine learning approaches, a machine 
is trained with large set of data that enables the machine 
to predict a future outcome from those data [38, 149], 
including from retinal images [28].

As for other fields in recent years, AI has been widely 
used in the field of the ophthalmology and retinal imag-
ing [159]. To date, AI is used in the diagnosis of sev-
eral retinal diseases including diabetic retinopathy, age 
related macular degeneration, glaucoma, cataracts, 
keratoconus, and diabetic macular edema [43, 77, 105, 
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106, 132, 162, 190]. Among the different approaches 
for the AI-assisted diagnosis of diabetic retinopathy, 
Gulshan et  al. have developed two data sets of deep 
learning algorithms that are 90.3% and 87.0% sensitive, 
and 98.1% and 98.5% specific [67]. Additional algo-
rithms have been incorporated to validate this AI model 
targeting people from different ethnic groups, geo-
graphical areas, and levels of retinopathy [12, 18, 178]. 
These approaches have been helpful to improve screen-
ing cost and accuracy [198], albeit the field-level appli-
cation of AI algorithms in rural Thailand has proven 
challenging due to the poor image quality and speed of 
image processing. This illustrates the challenges related 
to implementing this type of technology successfully 
(Emma Beede 2020). One study conducted with images 
from the UK Biobank found that 16% of their retinal 
images were not usable for automated AI approaches 
to predict disease [114]. Similarly, an analysis of large-
scale radiography data sets showed alarming rates of 
under-diagnosis using AI-based classifications, espe-
cially for intersectional under-served subpopulations 
such as Hispanic females [161]. Undoubtedly, though, 
the future will see improved algorithms and strategies 
for their application in the real-world [6]. Human-
based AI approaches to diagnostics are also likely to be 
useful in future applications to pre-clinical models. As 
such, information gleaned from clinical datasets can be 
reverse-translated to rodent models for validation of 
hypotheses or testing of pharmacological interventions 
[112, 113]. This concept is elaborated on by Ma et  al. 
for the example of glaucoma [113] and has been tested 
for modelling of schizophrenia-related eye movement 
abnormalities in marmosets [147].

Concluding statement
In the eighteenth century, imaging of the eye commenced 
with very large and complex instrumentation with pre-
liminary quality and emerging diagnostic accuracy. As 
biomedical sciences have advanced in cooperation with 
physicists and ophthalmologists, simpler instrumenta-
tion has been developed to yield higher quality images 
(Fig.  6). In the twentieth century, scientists focused on 
the portability of the instrumentation as well as the res-
olution and angle of the images acquired. Now, OCT 
allows us to take more accurate images and fundus imag-
ing, through mobile phone mydriatic and non-mydriatic 
camera systems, gives us portable options. However, 
this is not the end of the road for progress in eye imag-
ing systems. Current research in understanding retinal 
signatures of systemic diseases is seeing an explosion 
of AI-related techniques for data processing and novel 
techniques like autofluorescence imaging and Raman 
spectroscopy promise to deliver the next frontier in eye 
imaging. An essential advance is likely to see such eye 
imaging used to diagnose and monitor diseases, injury, 
and treatment success that occur in deeper less accessi-
ble regions of the central nervous system, for example in 
cases such as AD.
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