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Diabetic retinopathy (DR) is a leading cause of blindness among adults and the numbers are projected to 
rise. There have been dramatic advances in the field of retinal imaging since the first fundus image was 
captured by Jackman and Webster in 1886. The currently available imaging modalities in the management 
of DR include fundus photography, fluorescein angiography, autofluorescence imaging, optical coherence 
tomography, optical coherence tomography angiography, and near‑infrared reflectance imaging. These 
images are obtained using traditional fundus cameras, widefield fundus cameras, handheld fundus 
cameras, or smartphone‑based fundus cameras. Fluorescence lifetime ophthalmoscopy, adaptive optics, 
multispectral and hyperspectral imaging, and multicolor imaging are the evolving technologies which 
are being researched for their potential applications in DR. Telemedicine has gained popularity in recent 
years as remote screening of DR has been made possible. Retinal imaging technologies integrated with 
artificial intelligence/deep‑learning algorithms will likely be the way forward in the screening and grading 
of DR. We provide an overview of the current and upcoming imaging modalities which are relevant to the 
management of DR.
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Diabetic retinopathy (DR) is a leading cause of blindness in 
adults in developed countries. According to the International 
Agency for the Prevention of Blindness, over 4 million people 
are suffering from vision loss due to DR worldwide.[1] These 
numbers are projected to rise with time. The International 
Diabetes Federation states that 79% of people with 
diabetes mellitus  (DM) are living in low‑medium‑income 
countries (LMICs).[2] For every person living with some form 
of visual impairment due to DR, there are many more people 
in the early stages of DR who are likely to suffer from vision 
loss without timely intervention.

Vision loss in diabetes occurs due to diabetic macular 
edema  (DME), macular ischemia, and complications of 
proliferative diabetic retinopathy  (PDR). The early stages of 
DR may be asymptomatic. Camera technology in the form of 
fundus cameras is useful for screening and diagnosing DR. 
Jackman and Webster captured the first fundus image and 
published their technique in 1886.[3] Around the same time, 
Elmer Starr and Lucien Howe published a recognizable image 
of the fundus.[4,5] With developments in instrumentation and 
camera technology, significant improvements were made in 

retinal imaging in the subsequent decades. The footprint of 
these initial camera systems, however, was large, and thus, 
not practical for commercialization. Thorner was the first to 
introduce stereoscopic fundus photography in 1909.[6] Then, 
in 1926, the first fundus cameras to be commercially available 
were introduced by Carl Zeiss and were able to capture a 
20° field of the fundus.[7] Following this, cameras capturing 
30–45° field of the fundus were introduced. Even larger fields 
could be obtained by montaging these images. Incorporating 
fiber‑optic illumination technology, Pomerantzeff  introduced 
the trans‑equatorial fundus camera in 1975.[8] It could capture 
a 148° field of the retina and was the first described widefield 
fundus camera. In 1998, the Optos Panoramic 200 was launched 
which could capture ultra‑widefield (UWFTM) (200°) images of 
the retina.[9]

Fundus Photography
The fundus photos are essential for the diagnosis and 
monitoring of many retinal conditions. Digital images can be 
obtained immediately, stored, reproduced, and transferred 
with ease. These images can also be magnified for a more 
detailed inspection of the fundus findings. The currently 
available fundus cameras include desktop fundus cameras, 
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handheld cameras, smartphone‑based cameras, and widefield 
cameras.

Traditional fundus cameras
The Early Treatment of Diabetic Retinopathy Study (ETDRS) 
seven‑field stereoscopic fundus images are considered the 
gold standard for the evaluation of DR and covers 75° of 
the retina. This imaging protocol, however, requires time, 
patient cooperation, and expertise for acquiring these images. 
Two‑field, 45° images of the posterior pole centered on the disk 
and the macula are less time‑consuming alternatives to the 
seven‑field stereoscopic fundus images. A review of the studies 
comparing single‑field fundus photography with or without 
mydriasis and seven‑field ETDRS standard photography or 
ophthalmologist performed dilated fundoscopy showed that, 
even though the single‑field fundus photography does not 
substitute for a comprehensive eye examination, it is a suitable 
alternative for the screening of DR and referral for further 
management.[10]

Multiple mydriatic/non‑mydriatic retinal cameras are 
currently available. Some of these cameras such as the CX‑1 
hybrid digital mydriatic/non‑mydriatic retinal cameras, 
VX‑20 alpha mydriatic/non‑mydriatic combination retinal 
camera, Visucam NM/FA include color fundus photo, 
red‑free photo, fluorescein angiography  (FA), and fundus 
autofluorescence  (AF) modes in the same device. The 
non‑mydriatic cameras can capture fundus images in the eyes 
with a minimum pupil diameter of 3.7 mm. In comparison to 
the mydriatic fundus cameras, the non‑mydriatic systems offer 
the benefit of lower cost, rapid image acquisition, and patient 
comfort by eliminating the need for pupil dilation. The fundus 
is focused using infrared rays which allows dilation of the pupil 
in a dimly lit room and a flash is produced to capture the image. 
But the images obtained without mydriasis may be of lower 
quality, and hence, ungradable due to over or underexposure, 
or due to loss of clarity from media opacity.[11] The field of view 
may also be lesser than that of standard photography.

Handheld fundus cameras
In LMICs, where the number of ophthalmologists per million 
population is less than 10, DR screening is best carried out 
by non‑ophthalmic personnel. A  suitable approach would 
be to screen the patients with DM visiting their primary care 
physician for routine care. This can be best carried out using 
handheld non‑mydriatic cameras. These low‑cost portable 
devices are not power‑consuming and occupy less space. These 
not only help in addressing the needs of underserved areas 
but also decrease the burden to the health care system by only 
directing individuals with significant or “referral‑warranted” 
DR to a specialist. This might be the only form of DR screening 
accessible in certain areas, and hence, demands high‑quality 
images. The disadvantage with the handheld cameras is poor 
stability while acquiring images and a smaller field of view.

Smartphone‑based fundus cameras
Smartphone‑based cameras are portable and do not need highly 
qualified technicians to obtain the images. Even though they 
are not highly sensitive or specific for diagnosing DR they 
are inexpensive alternatives for screening in resource‑limited 
countries. The smartphone app enables image transfer and 
can be paired with the patient’s electronic health records. 
A  meta‑analysis performed to analyze the accuracy of the 

smartphone‑based fundus cameras concluded that with 
increasing severity of DR, the sensitivity and specificity for 
detecting DR is increased.[12]

Widefield fundus cameras
The devices which capture information up to the posterior 
edge of the vortex vein ampulla in a single image are 
considered widefield fundus cameras and those which capture 
beyond the vortex vein ampulla  (~110° of the fundus) in a 
single image are considered ultra‑widefield fundus  (UWF) 
cameras.[13] The Pomerantzeff trans‑equatorial fundus camera 
captures a 148° field of the retina.[8] The Staurenghi lens is a 
widefield contact lens which may be used with scanning laser 
ophthalmoscopy (SLO) cameras and provides a 150° field of 
view of the retina.[14] The Spectralis (Heidelberg Engineering, 
Heidelberg, Germany) multimodal imaging platform provides 
55° field of view of the retina.[15] With its available widefield 
attachment, up to 102° of the retinal field can be imaged.

O p t o s  U W F  i m a g i n g   ( O P T O S ,  D u n f e r m l i n e , 
United  Kingdom) is a non‑contact system which produces 
pseudocolor images by combining red and green light[9] [Fig. 1]. 
It captures a 200° field of view, and hence, covers 82% of the 
fundus. In the study by Hafner et al.,[16] a higher grade of DR 
was noted in 39.8% of the eyes with Optos UWF images in 
comparison to the 45° fundus images. The peripheral lesions 
not covered by the traditional 45° camera were noted in 51.3% 
of the eyes using the UWF system.(16) One limitation of the 
Optos system is that the lid and lash artifact can sometimes 
limit visualization of the far peripheral superior and inferior 
fundus. Steering images inferiorly and superiorly, and then, 
generating a montage, however, may allow a more complete 
assessment of the fundus.

ClarusTM  (CLARUS  500, Carl Zeiss Meditec AG, Jena, 
Germany) is a true color imaging device covering up to 
133° field of the retina in a single image. A 200° image could 
theoretically be obtained by montaging two separate images. In 
a study comparing Clarus and Optos for grading images with 
DR according to the ETDRS severity level, a higher severity 
level of DR was noted in a marginal number of eyes.[17] In this 
study, this was explained as possibly due to an increased area 
obscured by the artifacts on the Optos images in comparison 
to the montaged Clarus images.

In addition to color fundus photos, fundus FA, fundus AF 
imaging, and near‑infrared reflectance  (NIR) images can be 
captured by many of the available fundus cameras and these 
may aid in a more accurate characterization of the level of 
DR. Unlike in age‑related macular degeneration, however, AF 
and NIR are not currently used routinely in the diagnosis and 
management of DR.

Fundus Fluorescein Angiography
FA in DR helps in visualizing microaneurysms, macular 
leakage, foveal avascular zone, macular ischemia, areas of 
peripheral capillary non‑perfusion, intraretinal microvascular 
abnormalities  (IRMAs), and neovascularization of the 
disk (NVD)/neovascularization elsewhere (NVE). The source 
of the leakage can be identified on FA which serves as a 
guide for focal or grid macular laser.[18] DME is classified into 
focal and diffuse categories based on the characteristic of the 
leakage associated with microaneurysms on FA.[19] FA helps 
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in determining the cause of unexplained visual loss in DR by 
evaluating the macular perfusion status.

With the development of widefield fundus cameras, 
peripheral lesions not appreciated by seven‑field standard 
FA or two‑field FA are now being recognized [Fig. 2]. Finberg 
reported that with ultra-wide fluorescein angiography (UWFA), 
significantly more diabetic retinal pathology can be visualized 
in a single image than with conventional systems, but with 
reduced image clarity.[20] Wessel et al.[21] found 3.9 times more 
area of retinal non‑perfusion and 1.9  times more area of 
neovascularization with UWF angiography compared to the 
standard 7 field FA. Oliver et al.[22] described a new entity using 
the UWF angiogram called the peripheral vessel leakage (PVL), 
a phenomenon characterized by late leakage from the retinal 
veins and arteries, and hypothesized this feature to be an 
indicator of active retinopathy. PVL is associated with the area 
of peripheral non‑perfusion and neovascularization. Studies 
using UWF angiography have reported a correlation between 
the area of peripheral retinal non‑perfusion and the presence 
of neovascularization and FAZ.[23‑25] DR lesions with a greater 
extent outside versus inside the standard ETDRS fields were 
defined as predominantly peripheral lesions. Silva et  al.[26] 
reported the presence and increasing extent of predominantly 
peripheral lesions to be associated with the increased risk of 
DR progression over 4 years.

Contradicting reports of a correlation between peripheral 
ischemia and DME have been published.[24,27] UWFA also aids 
in identifying the peripheral ischemic areas for targeted retinal 
photocoagulation, which is a safe alternative to conventional 
pan‑retinal photocoagulation and has favorable outcomes.[28]

Optical Coherence Tomography
Optical Coherence Tomography  (OCT) is a non‑invasive 
imaging modality which captures cross‑sectional images 
of the retina and volumetric or 3‑D imaging. It provides 
high‑resolution images of the retinal anatomy. It has evolved 

from time‑domain OCT  to spectral‑domain OCT and 
swept‑source OCT (SSOCT), with progressively increasing 
scanning speeds. OCT is vital in the qualitative and quantitative 
analyses of retinal changes in the DME. Currently, the diagnosis 
and monitoring treatment response to pharmacotherapeutics 
for DME relies heavily on OCT.

In DR, the breakdown of the blood‑retinal barrier results in 
the accumulation of fluid in the retinal layers of the macula. 
Based on the findings on OCT, the morphology of DME is 
classified as sponge‑like retinal swelling, cystoid macular 
edema, and/or serous retinal detachment.[29] Commonly used 
quantitative parameters from OCT include central retinal 
thickness, mean thickness in each of the nine subfields, and 
macular volume within the ETDRS grid  [Fig.  3]. Since the 
macular thickness was found to have a poor correlation with 
the visual function, the relationship between other parameters 
on OCT and visual acuity was explored.

The macula in diabetics without retinopathy has been 
found to be thinner and this can be explained by the retinal 
neuronal abnormalities which occur before the manifestation 
of vascular abnormalities.[30] The retinal nerve fiber layer is 
found to be thinner in diabetics and correlates with the duration 
of diabetes.[31] The ganglion cell layer + inner plexiform layer 
thinning has also been noted in diabetics without retinopathy.[32]

The disorganization of the retinal inner layers  (DRIL) 
characterized by the inability to identify the boundaries 
between the outer plexiform layer, inner nuclear layer (INL), 
and the ganglion cell layer‑inner plexiform layer complex on 
OCT has been described in the eyes with DR. The presence of 
DRIL correlates with poor visual acuity in the eyes with DME 
and with areas of macular non‑perfusion.[33,34] Similar to DRIL, 
reduced photoreceptor outer segment length, disruption of the 
external limiting membrane (ELM), and disruption of the inner 
and outer segments of the photoreceptors can be noted on OCT 
and also correlate with poor visual acuity.[35‑37]

Figure 2: Corresponding ultra‑widefield fluorescein angiogram of the 
patient’s eye shown in Fig. 1. The red circle denotes the area covered by 
a traditional 45° fundus camera. The regions of capillary non‑perfusion 
and areas of neovascularization can be seen beyond the central 45°, 
highlighting abnormalities that may have been missed without the use 
of wider field imaging

Figure 1: Ultra‑widefield retinal image of the right eye of a patient with 
proliferative diabetic retinopathy captured using the Optos UWF fundus 
camera. Numerous hemorrhages, microaneurysm, cotton wool spots 
can be seen along with a large area of neovascularization elsewhere, 
nasal to the disk
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Hyperreflective foci (HRF) are small dot‑like lesions found 
in the neurosensory retina of the eyes with DME  [Fig.  3] 
Their precise origin remains inconclusive and may be 
varied, but they have been proposed to be subclinical hard 
exudates, or migrating retinal pigment epithelium  (RPE) 
cells, or degenerated photoreceptor cells or aggregates of cells 
involved in a retinal inflammatory response, such as activated 
microglia.[38,39] HRF in the outer retina is associated with 
disrupted ELM and ellipsoid zone (EZ; formerly termed the 
inner segment‑outer segment junction) and decreased  visual 
acuity.[40] The reduction in the number of HRF may be observed 
with complete resolution of the edema.

Various vitreoretinal interface abnormalities have been 
noted on the OCT in the eyes with DR [Fig. 3]. These include 
vitreomacular traction, epiretinal membrane, and a thick 
posterior hyaloid which may contribute to the non‑resolving 
DME.[41] Vitreoschisis is reported to be more frequent in the eyes 
with DR than in those without DR.[42] With SSOCT the in vivo 
microstructural characteristics of in vivo neovascular complexes 
can be identified.[43] Intraoperative OCT helps in dissecting 
the proliferative membranes in tractional retinal detachment 
due to PDR.[44] Studies have published contradicting reports 
regarding in  vivo choroidal thickness measured on OCT in 
different stages of DR and in DME, and this remains a topic of 
active research interest.[45]

OCT Angiography
The recent development of OCT angiography (OCTA) has enabled 
non‑invasive visualization of the retinal microvasculature at 
different levels of the retina. The OCTA identifies pixels of 
decorrelation among multiple B‑scans from the same location 
as evidence of motion which is interpreted as flow.

Microaneurysms have been localized mainly to the deep 
capillary plexus using OCTA.[46] Microaneurysms not seen on 
dilated fundus examination or FA have been identified using 
OCTA[47]  [Fig.  4]. At the same time, not all microaneurysms 
visualized on FA can be identified on OCTA.[46] Foveal avascular 

zone area, perimeter, shape, and circularity, which are measures 
of macular perfusion status can be measured on OCTA [Fig. 4]. 
These parameters are known to be altered in diabetic patients, 
even before the development of clinically detectable DR.[48] 
Macular vascular parameters can be measured on OCTA using 
various automated algorithms. These measurements are likely 
more accurate with OCTA than with FA as in vivo OCTA images 
are not obscured by dye leakage. The vessel density which is 
defined as the percentage of blood vessels in the area of interest 
can be calculated from a binarized image. As the accuracy of 
the diameter of capillaries on OCTA is limited by the image 
resolution, the vessel density or perfusion density measured 
in this way may be an overestimate of the true value. As an 
alternative, a skeletonized vessel density or vessel length density 
can be computed. It only considers the vessels that exist per 
unit area, regardless of the vessel diameter. Fractal dimension 
is another measure of macular perfusion status. It evaluates the 
complexity of the vascular branching pattern. Several studies 
have reported the enlargement of the FAZ area, decrease in FAZ 
circularity, and decrease in vessel density, and fractal dimension 
to be significantly associated with the worsening DR.[48]

On OCTA, cystoid spaces appear oblong with smooth 
borders and are devoid of flow, and do not follow the 
distribution of the surrounding capillaries. The areas of 
capillary non‑perfusion are grayer and have irregular 
borders.[49] OCTA has shown lower reliability in the eyes with 
DME, as the intraretinal fluid can influence the segmentation 
on OCT and lead to erroneous results.

Alibhai et  al.[50] showed a statistically significant increase 
in the percentage of non‑perfusion area on widefield OCT 
angiography, with increasing severity of DR. OCTA color‑coded 
perfusion density maps have also been used to analyze the 
progressive retinal perfusion changes in DR.[51] For IRMAs 
and NVEs/NVDs, widefield OCTA has higher detection rates 
than color fundus photo or clinical examination.[52,53] OCTA is 
also helpful in characterizing these vascular abnormalities and 
differentiating IRMAs from NVEs.[52] Unlike IRMAs which are 
intraretinal, NVDs and NVEs appear as flow signal within the 
preretinal hyperreflective material.

Diabetes can also affect the choroidal circulation 
characterized by aneurysms, dilatation, and obstruction of the 

Figure 3: Near‑infrared (NIR) reflectance image and B‑scan optical 
coherence tomography (OCT) image of the left eye of a patient with 
DME. The OCT image shows evidence of foveal subretinal fluid (green 
arrow), intraretinal cystoid spaces  (asterisk), and hyperreflective 
foci  (yellow arrow). The posterior hyaloid is attached at the fovea 
and detached perifoveally  (blue arrow). The corresponding NIR 
reflectance image shows multiple circular regions with a subtle rim 
of hyperreflectivity and central hyporeflectivity corresponding to the 
accumulation of fluid in intraretinal cystoid spaces (yellow arrowhead)

Figure  4: Optical coherence tomography angiography  (OCTA) en 
face images at the level of the superficial capillary plexus  (a) and 
deep capillary plexus  (b) of the right eye of a patient with diabetic 
retinopathy without macular edema. The enlargement and loss of 
circularity of the foveal avascular zone may be appreciated. A  few 
microaneurysms (yellow arrow), as well as some perifoveal capillary 
dropout (yellow asterisk), are evident

ba
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vessels, vascular remodeling with increased vascular tortuosity, 
vascular dropout, and focal vascular non‑perfusion.[54] OCTA 
helps in non‑invasive imaging of the choriocapillaris. Loria 
et al.[55] reported significantly increasing choriocapillaris flow 
void area with increasing stage of the DR stage. The appearance 
of these flow void areas precedes the development of clinically 
detectable DR.

Fundus Autofluorescence
Autofluorescence refers to the ability of certain materials to 
fluoresce when excited with a light of a suitable wavelength. 
In the eye, the cornea, lens, and retina all exhibit AF  due 
to the endogenous fluorophores present in these tissues. 
The fluorophores present in the retina include lipofuscin, a 
product of the oxidative breakdown of the photoreceptor outer 
segments in the RPE, and melanolipofuscin present in the RPE 
cell/choroid complex. Short wavelength AF originates from 
lipofuscin and near‑infrared wavelength is thought to primarily 
originate from melanin.

Autofluorescence images can be obtained using flash 
fundus cameras or an SLO‑based system. In DME, various 
patterns of AF have been described, including normal, spot 
increased, cystoid increased, and irregular decreased AF.[56] 
Increased AF has been reported in the regions of cystoid 
DME and is thought to be due to the displacement of macular 
pigment (xanthophyll), which normally blocks the underlying 
fluorescence from the RPE to the periphery of the cysts. This 
also results in decreased AF at the margins of the cysts. The 
macular pigment optical density (MPOD) can also be measured 
using AF imaging. AF imaging has shown increased MPOD 
measurements surrounding the cysts and decreased MPOD in 
the area of the cystoid lesion itself.[57]

It is also postulated that the photoreceptors damaged due to 
DR are phagocytosed by the RPE cells which lead to increased 
production of lipofuscin.[56] Pece postulated that hyperfluorescence 
could be pseudofluorescence due to the light reflected from the 
fluid within the retinal cysts.[58] The accumulation of advanced 
glycation end products induced by activated microglial cells is 
also said to cause increased AF.[59] Macular hyperautofluorescence 
without foveal hyperautofluorescence has been noted to occur 
in individuals with DM without any clinical sign of DR.[60] 
Decreased AF has been reported in the parafoveal area. The 
cause for decreased AF in DR is suspected to be due to the 
edematous retinal parenchyma in DME and/or the components 
from extravasated blood in the outer plexiform layer blocking the 
underlying RPE fluorescence.[61] Hard exudates are also said to 
absorb the AF resulting in decreased AF. The photoreceptor loss 
caused by DR may ultimately result in reduced phagocytosis of the 
outer segments, and hence, reduced production of lipofuscin.[56] 
Quantitative measurement of color AF has revealed the increased 
intensity of green and red AF in people with diabetes mellitus 
compared to that with healthy individuals and in the eyes with 
DME compared to that without DME.[59]

Vujosevic found a strong correlation between increased 
AF in DME and decreased central field sensitivity on 
microperimetry, indicating the decrease in the function of the 
neurosensory retina.[62] McBain et al.[63] found 81% sensitivity 
and 69% specificity in diagnosing DME with AF when 
compared with FA. The sensitivity is higher in florid macular 
edema. AF imaging, hence, detects DME non‑invasively and 

quickly and can be offered to patients with severe allergic/
anaphylactic reaction to the fluorescein dye. The need for 
clear ocular media and the wide availability of the OCT, which 
provides an excellent assessment of the photoreceptors and 
RPE, limits its routine use in the management of DR.

Near‑Infrared Reflectance Imaging
NIR images are commonly obtained as companion images 
along with OCT scans, and thus, they can provide useful 
documentation of disease features when the companion color 
fundus images are not available. The long wavelength of NIR 
imaging allows the images to be captured even in the presence of 
a small pupil, media opacity, hemorrhage, subretinal fluid, and 
exudation. On NIR imaging, the regions with cystoid macular 
edema may be readily visualized [Fig. 3]. Neovascularization 
in the eyes with PDR commonly appears as hyporeflective 
irregular blood vessels.[64,65] However, image artifacts are 
common which can make interpretation challenging.

While the previous sections summarize the commonly 
available and utilized imaging modalities in the assessment of 
the diabetic patient, the next section reviews technologies that 
may provide useful information but are still being researched 
for their potential applications in DR. Table 1 summarizes the 
advantages and limitations of the commonly used imaging 
modalities in DR.

Fluorescence Lifetime Ophthalmoscopy
Fluorescence lifetime ophthalmoscopy (FLIO) is a new modality, 
which has been most extensively studied in the context of 
age‑related macular degeneration, macular telangiectasis, 
and neurodegenerative diseases (e.g., Alzheimer’s).[66‑68] FLIO 
measures the time spent by a fluorophore in a high energy state 
before decaying to the ground state, also called the fluorescence 
decay time. Increased fundus fluorescence decay time was 
noted in the studies by Schweitzer et al.[69] and Schmidt et al.[70] 
in the patients with DM with or without NPDR, respectively. 
Accumulated advanced glycation end products have been 
postulated as the cause of increased fluorescence lifetimes.[69,70]

Adaptive Optics
Adaptive optics  (AO) imaging captures images with high 
resolution by compensating for ocular wavefront aberrations. 
Microaneurysms, IRMAs, and neovascularization  which 
are at times difficult to be identified on fundus photo can 
easily be distinguished on AO imaging. With AO imaging, 
microaneurysms and intraretinal hemorrhages appear as 
hyporeflective dots. The retinal edema causes a blurring 
effect on the images and retinal cystoid spaces have a sharp 
hyporeflective demarcation line corresponding to the internal 
lining of the cyst wall. Hard exudates appear heterogeneous 
with distinct dark margins.[71] Due to the ultrahigh resolution 
of the vessel wall, the flow within the microvasculature 
can be visualized which further aids in differentiating 
microaneurysms from intraretinal hemorrhage. Ultrastructural 
changes in the form of photoreceptor mosaic abnormalities can 
also be detected.[72,73]

Multispectral and Hyperspectral Imaging
Multispectral imaging (MSI) and hyperspectral imaging (HSI) 
are novel technologies which capture information from 
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multiple spectral bands (i.e., specific blocks of wavelengths) 
across the electromagnetic spectrum. MSI uses sensors which 
detect several specific broader bands of wavelength whereas 
HSI detects energy in narrower and more numerous bands. The 
study by Li et al.[74] showed that MSI had higher agreement rates 
with FA in grading the severity of DR compared to the dilated 
fundus photos. Early features of DR like microaneurysms and 
IRMAs were better identified with MSI. The oximetry maps 
of the retinal blood vessels can be obtained non‑invasively 
based on the spectral differences between the oxygenated 
and deoxygenated hemoglobin.[74] Using HSI, the difference 
in intravascular oxygen content and the arteriovenous oxygen 
gradient between the normal and diabetic eyes in  vivo was 
demonstrated by Kashani et al.[75]

Multicolor Imaging
In multicolor imaging (MCI) (Heidelberg Spectralis [Heidelberg 
Engineering, Heidelberg, Germany]), the confocal SLO 
captures images using the simultaneous reflectance from 
blue (488 nm), green (518), and infrared (820) lasers. The blue 
light enables the visualization of structures in the inner retina 
and vitreoretinal interface, the green light better delineates 
the deeper retinal structures, and the infrared light helps in 
visualizing the structures in the outer retina and choroid.[76] 

The MCI is superior to the standard fundus photo in detecting 
microaneurysms, epiretinal membranes, and DME.[77,78] Small 
blood vessels, IRMAs, neovascularization, and diabetic 
proliferative membrane can be better delineated on multicolor 
imaging.[77] The MCI provides clearer images than the fundus 
photos, especially in the eyes with media opacity and/or a 
small pupil.[79]

Telemedicine in DR
Before the effective and widely available imaging technologies, 
clinical fundus examination by a trained ophthalmologist was 
the only method to diagnose DR. This led to the DR not being 
assessed in large segments of the population due to poor access 
to a specialist. With the development of technology in the form 
of fundus cameras and telemedicine, the retinal images of people 
in underserved areas can be obtained remotely. These images 
can then be transferred to centralized facilities and evaluated 
by expert readers. Patients in need of further evaluation are, 
thereby, identified and referred for specialized care.

The components of telemedicine include image acquisition, 
image transfer, image review and evaluation, patient care 
and referral supervision, and image and data storage.[80] The 
image can be acquired by a trained optometrist or a physician 
non‑ophthalmologist using one of the portable fundus cameras. 

Table 1: Advantages and limitations of commonly used retinal imaging modalities for assessment of diabetic retinopathy

Imaging Advantages Limitations

Fundus 
photography

Non‑invasive
Widely available

Two‑dimensional image
Pupillary dilation usually needed

Fluorescein 
angiography

Provides information on dynamic blood flow
Helps in distinguishing MAs and hemorrhages, IRMAs, and 
NVEs
Identifies area of non‑perfusion
Better sensitivity for low‑flow vascular lesions than OCTA

Invasive
Time‑consuming
Contrast dye has potential adverse reactions
Leakage of dye can obscure details of vascular structures
Low resolution
Not depth‑resolved

Optical 
coherence 
tomography

Provides cross‑sectional view of retinal structures
Non‑invasive
Can quantify retinal thickness to assist in monitoring 
progress of diabetic macular edema and response to therapy
Rapid and easy to acquire

Cannot visualize vascular alterations precisely
Difficult to image the periphery
Dense volumetric acquisitions require more time
Segmentation errors may impact the accuracy of 
quantitative measurements

Optical 
coherence 
tomography 
angiography 

Non‑invasive
Short acquisition time relative to dye‑based angiography
Depth‑resolved, allowing different capillary layers to be 
distinguished
Lack of staining allows for visualization of vascular details
Allows quantification of non‑perfusion and vessel density

Good fixation needed for high‑resolution images
Limited field of view
Susceptible to var (projection/motion/segmentation/signal 
loss)
Not widely available
Very limited velocity resolution
Does not demonstrate leakage

Fundus 
autofluorescence

Non‑invasive
Short imaging time
Provides an assessment of the functional status of the RPE 
and photoreceptors

Not broadly available
Requires skill in interpretation
Clear media required for high‑contrast images
Susceptible to artifacts related to bleaching or noise
Bright flash can be uncomfortable for patients
Applications in DR are still evolving; much of the 
information provided can also be obtained from OCT

Near‑infrared 
reflectance 
imaging

Non‑invasive
Light is comfortable for patients
Commonly available as companion images along with OCT 
imaging, and thus, can be useful for documentation of some 
features of DR

Artifacts are common and can make interpretation 
challenging
Limited additional information provided relevant to the 
management of DR

DME ‑ diabetic macular edema, DR ‑ diabetic retinopathy, IRMA ‑ intraretinal microvascular abnormalities, NVE ‑ neovascularization elsewhere, OCT ‑ optical 
coherence tomography, OCTA ‑ optical coherence tomography angiography, RPE ‑ retinal pigment epithelium
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The desktop fundus cameras have also been made portable 
through mobile eye clinic vans. After the acquisition, these 
images are transmitted digitally through the Internet or satellite 
transmission. The images are then graded by a grader/reader 
trained in DR grading or using an automated deep‑learning 
system. Patients requiring an in‑person examination are then 
referred. If the images are identified as ungradable, the patients 
may be reimaged or referred for further evaluation.

The photography method that is used should have high 
sensitivity, specificity, and kappa statistics for agreement 
when compared with the seven‑field stereo photography 
or ophthalmoscopy by an eye care specialist for grading 
the level of DR or DME.[81] This approach of DR screening 
is cost‑effective, reduces travel time, and expands access for 
patients in rural communities, and extends the geographic 
reach and expertise of the physicians and health care 
facilities.

The future of screening and grading of DR and other retinal 
diseases will likely rely on the retinal imaging technologies 
married to artificial intelligence/deep‑learning algorithms.

Artificial Intelligence
Artificial intelligence (AI) is a field of computer science that 
refers to devices mimicking human behavior in some way. 
Deep learning is a technique implemented in AI that is a 
modern extension of the classical neural network technique. 
It allows computational models that are composed of multiple 
processing layers to learn representations of data with multiple 
levels of abstraction.[82] Over the past few years, machine 
learning and deep learning have been widely used in image 
analysis, given that images are naturally complex and available 
in high volume. With the increasing diabetic population, there 
is an urgent need for automated DR screening and monitoring.

Several novel DR screening algorithms have been reported, 
including EyeArt, Retmarker, Google sponsored DR detection 
algorithms, IDx‑DR system, Singapore SERI‑NUS, and Bosch 
DR algorithms.[83‑88] Previous studies have demonstrated 
that some specific disease features such as microaneurysms, 
exudates, and hemorrhages can be successfully identified 
using AI technologies.[83,89,90] More importantly, AI based on 
deep‑learning algorithms have shown robust performance 
in detecting referable DR  (defined as moderate and severe 
diabetic retinopathy, referable DME defined as any hard 
exudates within 1 disk diameter of the macula which is a 
proxy for macular edema when stereoscopic views are not 
available). Large data sets of images are used to train an 
algorithm, followed by the validation of the performance of the 
algorithm. The images used are fundus photos, FA, OCT, or 
OCT angiography images. The studies have shown sensitivity 
and specificity >80% and the area under receiver operating 
curve approaching 1.[83‑88,91]

The AI studies mentioned above suggest that AI‑based 
algorithm can be used for DR screening with high reliability. 
At present, EyeArt and IDx‑DR have already been cleared by 
the US FDA. These AI algorithms can be adopted on a large 
scale to relatively reduce the workload of trained specialists 
and graders. However, AI‑based algorithms cannot completely 
replace human‑based screening or a complete eye exam, which 
still requires trained specialists. Over time, with the further 

development of comprehensive imaging technologies and 
further optimization of AI algorithms, these limitations may 
be overcome.

Conclusion
Multiple retinal imaging modalities are currently available 
for the diagnosis, classification, and management of DR. 
The imaging technology continues to evolve at a rapid pace. 
Teleophthalmology has proven to be a vital tool in screening 
individuals for DR in underserved areas of LMICs. The future 
of imaging in DR will likely incorporate AI/deep‑learning 
systems integrated with retinal imaging in order to further 
streamline and optimize care. This should help in broadening 
the access of patients with DR to sight‑saving treatment.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

References
1.	 Vision Atlas: The International Agency for the Prevention of 

Blindness. Available from: https://www.iapb.org/learn/vision‑atlas.
2.	 Atlas IDFD. IDF Diabetes Atlas Ninth Edition 2019. International 

Diabetes Federation. 2019. Avialable from: https://diabetesatlas.
org/en.

3.	 Jackman  WT, Webster  JD. On photographing the retina of the 
living eye. Philadelphia Photographer 1886;23:340‑1. Available 
from: http://www.archive.org/stream/philadelphiaphot18861phi
l#page/340/mode/1up.

4.	 Starr E. Photographing the human eye. Philadelphia Photographer 
1887;24:714‑6. Available from: http://www.archive.org/stream/phi
ladelphiaphot1887phil#page/715/mode/1up.

5.	 Howe L. Photography of the interior of the eye. Trans Amer Ophth 
Soc 1887;23:568‑71.

6.	 Thorner   W.  Die  s tereoskopische  Photographie  des 
Augenhintergrundes. Klin. Monatsbl F Augenh 1909;47:481‑90.

7.	 Ciardella ABD. Widefield imaging. In: Agarwal A, editor. Fundus 
Fluorescein and Indocyanine Green Angiography: A Textbook and 
Atlas Thorofare: Slack Inc; 2007. p. 79–84.

8.	 Pomerantzeff O. Equator plus camera. Invest Ophthalmol Vis Sci 
1975;14 401‑6.

9.	 Optos.com ‑ Optos products. Available from: https://www.optos.
com/Products/.

10.	 Williams  GA, Scott  IU, Haller  JA, Maguire AM, Marcus  D, 
McDonald  HR. Single‑field fundus photography for diabetic 
retinopathy screening. Ophthalmology 2004;111:1055‑62.

11.	 Murgatroyd  H, Ellingford  A, Cox  A, Binnie  M, Ellis  JD, 
MacEwen CJ, et al. Effect of mydriasis and different field strategies 
on digital image screening of diabetic eye disease. Br J Ophthalmol 
2004;88:920‑4.

12.	 Tan CH, Kyaw BM, Smith H, Tan CS, Car LT. Use of smartphones 
to detect diabetic retinopathy: Scoping review and meta‑analysis of 
diagnostic test accuracy studies. J Med Internet Res 2020;22:e16658.

13.	 Choudhry N, Duker JS, Freund KB, Kiss S, Querques G, Rosen R, 
et  al. Classification and guidelines for widefield imaging: 
Recommendations from the international widefield imaging study 
group. Ophthalmol Retina 2019;3:843‑9.

14.	 Staurenghi G, Viola F, Mainster MA, Graham RD, Harrington PG. 
Scanning laser ophthalmoscopy and angiography with a widefield 
contact lens system. Arch Ophthalmol 2005;123:244‑52.

15.	 SPECTRALIS | Heidelberg Engineering. Available from: https://
business‑lounge.heidelbergengineering.com/gb/en/products/
spectralis/spectralis/.



November 2021	 Attiku, et al.: Retinal imaging in diabetic retinopathy	 2975

16.	 Hafner  J, Pollreisz A, Egner  B, Pablik  E, Schmidt‑Erfurth  U. 
Presence of peripheral lesions and correlation to macular perfusion, 
oxygenation and neurodegeneration in early type II diabetic retinal 
disease. Retina 2020;40:1964‑71.

17.	 Hirano T, Imai A, Kasamatsu H, Kakihara S, Toriyama Y, Murata T. 
Assessment of diabetic retinopathy using two ultra‑widefield 
fundus imaging systems, the Clarus® and Optos® systems. BMC 
Ophthalmol 2018;18:332.

18.	 Treatment techniques and clinical guidelines for photocoagulation 
of diabetic macular edema: Early treatment diabetic retinopathy 
study report number 2. Ophthalmology 1987;94:761‑74.

19.	 Focal photocoagulation treatment of diabetic macular edema. 
Relationship of treatment effect to fluorescein angiographic and 
other retinal characteristics at baseline: ETDRS report no.  19. 
Early treatment diabetic retinopathy study research group. Arch 
Ophthalmol 1995;113:1144‑55.

20.	 Friberg TR, Gupta A, Yu J, Huang L, Suner I, Puliafito CA, et al. 
Ultrawide angle fluorescein angiographic imaging: A comparison 
to conventional digital acquisition systems. Ophthalmic Surg 
Lasers Imaging 2008;39:304‑11.

21.	 Wessel MM, Aaker GD, Parlitsis G, Cho M, D’Amico DJ, Kiss S. 
Ultra‑widefield angiography improves the detection and 
classification of diabetic retinopathy. Retina 2012;32:785‑91.

22.	 Oliver  SCN, Schwartz  SD. Peripheral vessel leakage  (PVL): 
A new angiographic finding in diabetic retinopathy identified 
with ultra widefield fluorescein angiography. Semin Ophthalmol 
2010;25:27‑33.

23.	 Baxter  SL, Ashir A, Nguyen  BJ, Nudleman  E. Quantification 
of retinal non‑perfusion associated with posterior segment 
neovascularization in diabetic retinopathy using ultra‑widefield 
fluorescein angiography. Ophthalmic Surg Lasers Imaging Retina 
2019;50:86‑92.

24.	 Fan  W, Nittala  MG, Velaga  SB, Hirano  T, Wykoff  CC, Ip  M, 
et  al. Distribution of non‑perfusion and neovascularization on 
ultrawide‑field fluorescein angiography in proliferative diabetic 
retinopathy  (RECOVERY Study): Report 1. Am J Ophthalmol 
2019;206:154‑60.

25.	 Fang  M, Fan  W, Shi  Y, Ip  MS, Wykoff  CC, Wang  K, et  al. 
Classification of regions of non‑perfusion on ultra‑widefield 
fluorescein angiography in patients with diabetic macular edema. 
Am J Ophthalmol 2019;206:74‑81.

26.	 Silva  PS, Cavallerano  JD, Haddad  NM, Kwak  H, Dyer  KH, 
Omar AF, et  al. Peripheral lesions identified on ultrawide field 
imaging predict increased risk of diabetic retinopathy progression 
over 4 years. Ophthalmology 2015;122:949‑56.

27.	 Rabiolo A, Parravano M, Querques L, Cicinelli MV, Carnevali A, 
Sacconi R, et al. Ultra‑widefield fluorescein angiography in diabetic 
retinopathy: A narrative review. Clin Ophthalmol 2017;11:803‑7.

28.	 Muqit MMK, Marcellino GR, Henson DB, Young LB, Patton N, 
Charles SJ, et al. Optos‑guided pattern scan laser (Pascal)‑targeted 
retinal photocoagulation in proliferative diabetic retinopathy. Acta 
Ophthalmol 2013;91:251‑8.

29.	 Otani  T, Kishi  S, Maruyama  Y. Patterns of diabetic macular 
edema with optical coherence tomography. Am J Ophthalmol 
1999;127:688‑93.

30.	 Barber AJ, Baccouche B. Neurodegeneration in diabetic retinopathy: 
Potential for novel therapies. Vision Res 2017;139:82‑92.

31.	 Peng P‑H, Lin H‑S, Lin S. Nerve fibre layer thinning in patients 
with preclinical retinopathy. Can J Ophthalmol 2009;44:417‑22.

32.	 Dijk HW van, Kok  PHB, Garvin  M, Sonka  M, DeVries  JH, 
Michels RPJ, et al. Selective loss of inner retinal layer thickness in 
type 1 diabetic patients with minimal diabetic retinopathy. Invest 
Ophthalmol Vis Sci 2009;50:3404‑9.

33.	 Sun JK, Lin MM, Lammer J, Prager S, Sarangi R, Silva PS, et al. 
Disorganization of the retinal inner layers as a predictor of visual 
acuity in eyes with center‑involved diabetic macular edema. JAMA 
Ophthalmol 2014;132:1309‑16.

34.	 Nicholson L, Ramu J, Triantafyllopoulou I, Patrao NV, Comyn O, 

Hykin  P, et  al. Diagnostic accuracy of disorganization of the 
retinal inner layers in detecting macular capillary non‑perfusion 
in diabetic retinopathy. Clin Exp Ophthalmol 2015;43:735‑41.

35.	 Forooghian  F, Stetson  PF, Meyer  SA, Chew  EY, Wong  WT, 
Cukras C, et al. Relationship between photoreceptor outer segment 
length and visual acuity in diabetic macular edema. Retina 
2010;30:63‑70.

36.	 Otani T, Yamaguchi Y, Kishi S. Correlation between visual acuity 
and foveal microstructural changes in diabetic macular edema. 
Retina 2010;30:774‑80.

37.	 Shin  HJ, Lee  SH, Chung  H, Kim  HC. Association between 
photoreceptor integrity and visual outcome in diabetic macular 
edema. Graefe’s Arch Clin Exp Ophthalmol 2012;250:61‑70.

38.	 Bolz M, Schmidt‑Erfurth U, Deak G, Mylonas G, Kriechbaum K, 
Scholda C. optical coherence tomographic hyperreflective foci: 
A  morphologic sign of lipid extravasation in diabetic macular 
edema. Ophthalmology 2009;116:914‑20.

39.	 Vujosevic  S, Bini  S, Midena G, Berton M, Pilotto E, Midena E. 
Hyperreflective intraretinal spots in diabetics without and with 
nonproliferative diabetic retinopathy: An in  vivo study using 
spectral domain OCT. J Diabetes Res 2013;2013:491835.

40.	 Uji A, Murakami T, Nishijima K, Akagi T, Horii T, Arakawa N, 
et al. Association between hyperreflective foci in the outer retina, 
status of photoreceptor layer, and visual acuity in diabetic macular 
edema. Am J Ophthalmol 2012;153:710‑7.

41.	 Ophir A, Martinez  MR. Epiretinal membranes and incomplete 
posterior vitreous detachment in diabetic macular edema, 
detected by spectral‑domain optical coherence tomography. Invest 
Ophthalmol Vis Sci 2011;52:6414‑20.

42.	 Adhi M, Badaro E, Liu JJ, Kraus MF, Baumal CR, Witkin AJ, et al. 
Three‑dimensional enhanced imaging of vitreoretinal interface 
in diabetic retinopathy using swept‑source optical coherence 
tomography. Am J Ophthalmol 2016;162:140‑9.

43.	 Muqit MM, Stanga PE. Swept‑source optical coherence tomography 
imaging of the cortical vitreous and the vitreoretinal interface in 
proliferative diabetic retinopathy: Assessment of vitreoschisis, 
neovascularization and the internal limiting membrane. Br J 
Ophthalmol 2014;98:994‑7.

44.	 Agarwal A, Gupta V. Intraoperative optical coherence tomography 
and proportional reflux hydrodissection‑guided pars plana 
vitrectomy for complex severe proliferative diabetic retinopathy. 
Indian J Ophthalmol 2020;68:177‑81.

45.	 Campos A, Campos EJ, Martins J, Ambrósio AF, Silva R. Viewing 
the choroid: Where we stand, challenges and contradictions 
in diabetic retinopathy and diabetic macular oedema. Acta 
Ophthalmol 2017;95:446‑59.

46.	 Ishibazawa  A, Nagaoka  T, Takahashi  A, Omae  T, Tani  T, 
Sogawa K, et al. Optical coherence tomography angiography in 
diabetic retinopathy: A prospective pilot study. Am J Ophthalmol 
2015;160:35‑44.

47.	 Thompson IA, Durrani AK, Patel S. Optical coherence tomography 
angiography characteristics in diabetic patients without clinical 
diabetic retinopathy. Eye 2019;33:648‑52.

48.	 Sun Z, Yang D, Tang Z, Ng DS, Cheung CY. Optical coherence 
tomography angiography in diabetic retinopathy: An updated 
review. Eye 2021;35:149‑61.

49.	 de Carlo TE, Chin AT, Joseph T, Baumal CR, Witkin AJ, Duker JS, 
et  al. Distinguishing diabetic macular edema from capillary 
non‑perfusion using optical coherence tomography angiography. 
Ophthalmic Surg, Lasers Imaging Retina 2016;47:108‑14.

50.	 Alibhai AY, De Pretto LR, Moult EM, Or C, Arya M, McGowan M, 
et al. Quantification of retinal capillary non‑perfusion in diabetics 
using widefield optical coherence tomography angiography. Retina 
2020;40:412‑20.

51.	 Agemy SA, Scripsema NK, Shah CM, Chui T, Garcia PM, Lee JG, 
et  al. Retinal vascular perfusion density mapping using optical 
coherence tomography angiography in normals and diabetic 
retinopathy patients. Retina 2015;35:2353‑63.



2976	 Indian Journal of Ophthalmology	 Volume 69 Issue 11

52.	 Schaal KB, Munk MR, Wyssmueller I, Berger LE, Zinkernagel MS, 
Wolf S. Vascular abnormalities in diabetic retinopathy assessed 
with swept‑source optical coherence tomography angiography 
widefield imaging. Retina 2019;39:79‑87.

53.	 Khalid H, Schwartz R, Nicholson L, Huemer  J, El‑Bradey MH, 
Sim DA, et al. Widefield optical coherence tomography angiography 
for early detection and objective evaluation of proliferative diabetic 
retinopathy. Br J Ophthalmol 2021;105:118‑23.

54.	 Melancia D, Vicente A, Cunha JP, Pinto LA, Ferreira J. Diabetic 
choroidopathy: A review of the current literature. Graefes Arch 
Clin Exp Ophthalmol 2016;254:1453‑61.

55.	 Loria O, Kodjikian L, Denis P, Vartin C, Dimassi S, Gervolino L, et al. 
Quantitative analysis of choriocapillaris alterations in swept‑source 
optical coherence tomography angiography in diabetic patients. 
Retina 2021;41:1809‑18.

56.	 Shen YC, Xu X, Liu K. Fundus autofluorescence characteristics 
in patients with diabetic macular edema. Chin Med J  (Engl) 
2014;127:1423‑8.

57.	 Waldstein SM, Hickey D, Mahmud I, Kiire CA, Charbel Issa P, 
Chong NV. Two‑wavelength fundus autofluorescence and macular 
pigment optical density imaging in diabetic macular oedema. Eye 
2012;26:1078‑85.

58.	 Pece A, Isola V, Holz F, Milani P, Brancato R. Autofluorescence 
imaging of cystoid macular edema in diabetic retinopathy. 
Ophthalmologica 2010;224:230‑5.

59.	 Vujosevic S, Toma C, Nucci P, Brambilla M, De Cillà S. Quantitative 
color fundus autofluorescence in patients with diabetes mellitus. 
J Clin Med 2020;10:48.

60.	 Özmen S, Ağca S, Doğan E, Aksoy NÖ, Çakir B, Sonalcan V, et al. 
Evaluation of fundus autofluorescence imaging of diabetic patients 
without retinopathy. Arq Bras Oftalmol 2019;82:412‑6.

61.	 Yoshitake S, Murakami T, Uji A, Unoki N, Dodo Y, Horii T, et al. 
Clinical relevance of quantified fundus autofluorescence in diabetic 
macular oedema. Eye 2015;29:662‑9.

62.	 Vujosevic  S, Casciano  M, Pilotto  E, Boccassini  B, Varano  M, 
Midena E. Diabetic macular edema: Fundus autofluorescence and 
functional correlations. Invest Ophthalmol Vis Sci 2011;52:442‑8.

63.	 McBain  VA, Forrester  JV, Lois  N. Fundus autofluorescence 
in the diagnosis of cystoid macular oedema. Br J Ophthalmol 
2008;92:946‑9.

64.	 Remky A, Beausencourt E, Hartnett ME, Trempe CL, Arend O, 
Elsner AE. Infrared imaging of cystoid macular edema. Graefes 
Arch Clin Exp Ophthalmol 1999;237:897‑901.

65.	 Vaz‑Pereira  S, Monteiro‑Grillo  M, Engelbert  M. Near‑infrared 
reflectance imaging of neovascularization in proliferative diabetic 
retinopathy. Int J Retina Vitreous 2020;6:59.

66.	 Dysli C, Wolf S, Berezin MY, Sauer L, Hammer M, Zinkernagel MS. 
Fluorescence lifetime imaging ophthalmoscopy. Prog Retin Eye 
Res 2017;60:120‑43.

67.	 Sauer  L, Gensure  RH, Hammer  M, Bernstein  PS. Fluorescence 
lifetime imaging ophthalmoscopy: A novel way to assess macular 
telangiectasia type 2. Ophthalmol Retina 2018;2:587‑98.

68.	 Jentsch S, Schweitzer D, Schmidtke KU, Peters S, Dawczynski J, 
Bär KJ, et al. Retinal fluorescence lifetime imaging ophthalmoscopy 
measures depend on the severity of Alzheimer’s disease. Acta 
Ophthalmol 2015;93:e241‑7.

69.	 Schweitzer  D, Deutsch  L, Klemm  M, Jentsch  S, Hammer  M, 
Peters S, et al. Fluorescence lifetime imaging ophthalmoscopy in 
type 2 diabetic patients who have no signs of diabetic retinopathy. 
J Biomed Opt 2015;20:61106.

70.	 Schmidt J, Peters S, Sauer L, Schweitzer D, Klemm M, Augsten R, et al. 
Fundus autofluorescence lifetimes are increased in non‑proliferative 
diabetic retinopathy. Acta Ophthalmol 2017;95:33‑40.

71.	 Bek T. Fine structure in diabetic retinopathy lesions as observed 
by adaptive optics imaging. A qualitative study. Acta Ophthalmol 
2014;92:753‑8.

72.	 Karst SG, Lammer J, Radwan SH, Kwak H, Silva PS, Burns SA, et al. 
Characterization of in vivo retinal lesions of diabetic retinopathy 

using adaptive optics scanning laser ophthalmoscopy. Int J 
Endocrinol 2018;2018:7492946.

73.	 Nesper  PL, Scarinci  F, Fawzi  AA. Adaptive optics reveals 
photoreceptor abnormalities in diabetic macular ischemia. PLoS 
One 2017;12:e0169926.

74.	 Li L, Zhang P, Liu H, Liu YH, Gao L. Evaluation of multispectral 
imaging in diagnosing diabetic retinopathy. Retina 2019;39:1701‑9.

75.	 Kashani AH, Lopez Jaime  GR, Saati  S, Martin  G, Varma  R, 
Humayun MS. Non‑invasive assessment of retinal vascular oxygen 
content among normal and diabetic human subjects: A study using 
hyperspectral computed tomographic imaging spectroscopy. 
Retina 2014;34:1854‑60.

76.	 Abràmoff MD, Folk  JC, Han  DP, Walker  JD, Williams  DF, 
Russell  SR, et  al. Automated analysis of retinal images for 
detection of referable diabetic retinopathy. JAMA Ophthalmol 
2013;131:351‑7.

77.	 Li S, Wang X, Du X, Wu Q. Clinical application of multicolour 
scanning laser imaging in diabetic retinopathy. Lasers Med Sci 
2018;33:1371‑9.

78.	 Saurabh  K, Roy  R, Goel  S. Correlation of multicolor images 
and conventional color fundus photographs with foveal 
autofluorescence patterns in diabetic macular edema. Indian J 
Ophthalmol 2020;68:141‑4.

79.	 Tan ACS, Fleckenstein M, Schmitz‑Valckenberg S, Holz FG. Clinical 
application of multicolor imaging technology. Ophthalmologica 
2016;236:8‑18.

80.	 Surendran  TS, Raman  R. Teleophthalmology in diabetic 
retinopathy. J Diabetes Sci Technol 2014;8:262‑6.

81.	 Horton MB, Brady CJ, Cavallerano  J, Abramoff M, Barker G, 
Chiang MF, et al. Practice guidelines for ocular telehealth‑diabetic 
retinopathy, Third Edition. Telemed J E Health 2020;26:495‑543.

82.	 Lecun Y, Bengio Y, Hinton G. Deep learning. Nature 2015;521:436‑44.
83.	 Bhaskaranand M, Ramachandra C, Bhat S, Cuadros J, Nittala MG, 

Sadda  S, et  al. Automated diabetic retinopathy screening and 
monitoring using retinal fundus image analysis. J  Diabetes Sci 
Technol 2016;10:254‑61.

84.	 Tufail A, Kapetanakis  VV, Salas‑Vega  S, Egan  C, Rudisill  C, 
Owen CG, et  al. An observational study to assess if automated 
diabetic retinopathy image assessment software can replace one 
or more steps of manual imaging grading and to determine their 
cost‑effectiveness. Health Technol Assess 2016;20:1‑72.

85.	 Gulshan V, Peng L, Coram M, Stumpe MC, Wu D, Narayanaswamy A, 
et al. Development and validation of a deep learning algorithm for 
detection of diabetic retinopathy in retinal fundus photographs. 
JAMA 2016;316:2402‑10.

86.	 Abràmoff MD, Lou Y, Erginay A, Clarida W, Amelon R, Folk JC, 
et al. Improved automated detection of diabetic retinopathy on a 
publicly available dataset through integration of deep learning. 
Invest Ophthalmol Vis Sci 2016;57:5200‑6.

87.	 Ting DSW, Cheung CYL, Lim G, Tan GSW, Quang ND, Gan A, et al. 
Development and validation of a deep learning system for diabetic 
retinopathy and related eye diseases using retinal images from 
multiethnic populations with diabetes. JAMA 2017;318:2211‑23.

88.	 Bawankar  P, Shanbhag  N, Smitha  KS, Dhawan  B, Palsule A, 
Kumar  D, et  al. Sensitivity and specificity of automated 
analysis of single‑field non‑mydriatic fundus photographs by 
Bosch DR Algorithm—Comparison with mydriatic fundus 
photography  (ETDRS) for screening in undiagnosed diabetic 
retinopathy. PLoS One 2017;12:e0189854.

89.	 Van Grinsven  MJJP, Van Ginneken  B, Hoyng  CB, Theelen  T, 
Sánchez CI. Fast convolutional neural network training using 
selective data sampling: Application to hemorrhage detection in 
color fundus images. IEEE Trans Med Imaging 2016;35:1273‑84.

90.	 Prentašić P, Lončarić S. Detection of exudates in fundus 
photographs using deep neural networks and anatomical 
landmark detection fusion. Comput Methods Programs Biomed 
2016;137:281‑92.

91.	 Gargeya R, Leng T. Automated identification of diabetic retinopathy 
using deep learning. Ophthalmology 2017;124:962‑9.


