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Diabetic retinopathy (DR) is a microvascular complication of diabetes and the most common cause of acquired vision loss in adults
worldwide. DR is associated with long-term chronic hyperglycaemia and its detrimental effects on the neurovascular structure and
function of the retina. Direct imaging of the retinal vasculature and staging of DR has been traditionally based on fundoscopy and
fluorescein angiography, which provide only 2D views of the retina, and in the case of fluorescein angiography, requires an invasive
dye injection. In contrast, advanced retinal imaging modalities like optical coherence tomography angiography (OCTA) and
adaptive optics (AO) are non-invasive and provide depth-resolved, 3D visualization of retinal vessel structure as well as blood flow.
Recent studies utilizing these imaging techniques have shown promise in evaluating quantitative vascular parameters that
correlate tightly to clinical DR staging, elucidating functional changes in early diabetes, and monitoring DR treatment response. In
this article, we discuss and synthesize the results of advanced retinal imaging studies in DR and their implications for our clinical
and pathophysiologic understanding of the disease. Based on the recent literature, we also propose a model to describe the
differential changes in vascular structure and flow that have been described on advanced retinal imaging as DR progresses. Future
studies of these imaging modalities in larger and more diverse populations, as well as corroboration with histological and functional
studies, will be important to further our understanding of DR.
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INTRODUCTION
Diabetic retinopathy (DR) is a microvascular complication of
diabetes and one of the leading causes of blindness in patients
aged 20–74 [1]. DR is estimated to affect one-third of the over 460
million diabetic patients worldwide [2]. As a progressive and
vision-threatening condition, its late-stage complications includ-
ing vitreous haemorrhage, traction retinal detachment, neovas-
cular glaucoma, and vision loss [3, 4]. DR is also associated with
heightened risk of other microvascular and systemic complica-
tions of diabetes including nephropathy and cardiovascular
disease [5, 6].
The pathophysiology of DR is characterized by chronic

hyperglycaemia, which promotes a pro-inflammatory environ-
ment characterized by the accumulation of acute-phase reactants,
advanced glycation end products, and reactive oxygen species [7–
10]. On a histologic level, these changes result in early pericyte
loss and endothelial damage [11, 12]. Capillary acellularity and
capillary closure ensue, leading to the reduced blood flow
and ischemia that characterize the earlier, non-proliferative stages
of DR (NPDR) [13, 14]. Loss of endothelial integrity also leads
to vascular leakage, vascular dilation to form telangiectasias, as
well as microaneurysms, and haemorrhages [15]. Continued
ischemia eventually drives a transition to a pro-angiogenic state
with the upregulation of signalling molecules like vascular
endothelial growth factor (VEGF), leading to the preretinal
neovascularization that marks the onset of proliferative diabetic
retinopathy (PDR) [16].

Optical coherence tomography angiography (OCTA) is a non-
invasive imaging modality that allows depth-resolved imaging of the
retinal structure and vasculature[17]. OCTA systems use multiple
structural OCT scans of the same retinal location to extract motion
and blood flow data, generating a map of vessel structure and flow
that is depth-resolved [18, 19]. Common vascular parameters that
have been extracted from OCTA images include perimeter and area
of the foveal avascular zone (FAZ); vessel density, measured as
percentage of scan area occupied by vessels; and vessel length
density, which skeletonizes vessels to a single pixel width to reduce
the influence of large superficial vessels.
The exquisite depth resolution of OCTA, along with the

development of segmentation methods that identify retinal layers
based on landmarks from the corresponding structural OCT, have
enabled clinicians to visualize individual layers of the retinal
capillary network to a level of detail that was not possible before
[20, 21]. In contrast, fluorescein angiography, considered the gold
standard for evaluating the retinal vasculature, requires an
intravenous dye injection and results in 2D images that best
visualize superficial vessels but fails to visualize the deeper
vascular layers [18, 22].

OCTA of the normal capillary network and neurovascular
coupling
The macular capillaries comprise a trilaminar vascular network
composed of three histologically distinct capillary plexuses—
superficial (SCP), middle (MCP), and deep (DCP)[23]. The radial
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peripapillary capillaries are an additional, fourth vascular layer
found superficially around the optic nerve [24]. While several
models have been proposed to describe the connectivity and
relationships between the SCP, MCP, and DCP [25], most suggest
that the three layers are supplied and drained by the large SCP
arterioles and venules in a hybrid model with parallel capillary
beds connected by anastomoses between the layers and limited
series connections between DCP vessels crossing the horizontal
raphe, forming an overall highly interconnected network (Fig. 1)
[26–28]. This predominantly parallel arrangement of capillary beds
would provide distinct arterial supply and venous drainage for
each layer, facilitating their function as independent neurovas-
cular units [29, 30].
Custom OCTA segmentation protocols can separate the

anatomic MCP from the SCP and DCP, enabling analysis of the
individual plexuses (Fig. 2). And indeed, OCTA studies of human
eyes in light and dark adaptation experiments support that the
SCP, MCP, and DCP are differentially regulated. In healthy eyes in
the light, the MCP and DCP constrict while the SCP dilates to
supply the metabolically active inner retinal cells (Fig. 3, top left)
[31]. Conversely, in the dark, the MCP and DCP dilate, increasing
blood flow to the underlying photoreceptors to meet increased
metabolic demand (Fig. 3, top right) [31, 32].
Furthermore, OCTA has provided an important adjunct to

methods like fundoscopic vessel imaging in evaluating the effects
of perturbations and pathologic changes, including diabetes, on
retinal neurovascular coupling responses [33, 34]. For example,
caffeine causes constriction of the MCP in the dark and delays the
light adaptation response, suggesting dysregulation that may
precipitate transient ischemia [35]. On the other hand, acute
hyperglycaemia reverses the neurovascular coupling response in
healthy eyes entirely, leading to a paradoxical constriction of the
DCP in the dark, and MCP and DCP dilation in the light (Fig. 3,
bottom row) [36].
Recently, our group showed that the dark adaptation response

is deranged in diabetics with pre-clinical or mild non-proliferative
retinopathy (NPDR) [37]. Compared to healthy controls, diabetic
subjects without DR and those with early NPDR showed reversed
responses to light adaptation with SCP constriction and MCP
dilation, similar to the reversed response seen in healthy eyes

exposed to acute hyperglycaemia. These dark adaptation data
corroborate the results of older studies using other imaging
modalities that showed abnormal neurovascular responses and
diminished sensitivity to dark adaptation in the diabetic retina
[33, 34, 38–40]. The disruption of normal light responses in acute
hyperglycaemia and early diabetes suggests hyperglycaemia may
contribute to subclinical ischemia by altering the normal oxygen
gradient in the retina during times of shifting metabolic demand.
Because the DCP is also thought to contribute to the oxygen and
vascular supply of the underlying photoreceptor cells [41, 42],
reversal of the normal dark dilation and light constriction response
of this layer may exacerbate photoreceptor stress and inflamma-
tion [43], and contribute to early diabetic neural dysfunction as
well [44, 45].

OCTA changes with DR progression
Vascular changes on OCTA have been shown to correlate with DR
severity. Many cross-sectional studies have characterized OCTA
parameters across DR severity, finding similar general trends.
Overall, vessel density decreases [46–52] and FAZ area increases
[53, 54] as DR severity increases, likely due to capillary loss and
diminished perfusion within existing vessels (Fig. 4). Notably, one
recent study comparing the size of the FAZ on structural OCT to
the FAZ area on OCTA suggested that the apparent increase in
OCTA FAZ area seen in increasing DR severity may actually result
from nonperfusion rather than from vessel loss, since these ghost
vessels were still detectable on highly averaged structural OCT
images [55]. Our group used a multivariate model that combined
multiple parameters from OCTA (vessel density and FAZ metrics)
to distinguish diabetic eyes without DR, NPDR, and PDR with high
specificity and sensitivity [56].
Despite an overall agreement on the trends of capillary loss

with DR progression, the relative extent of vessel density loss in
the different capillary layers is still debated. Some studies suggest
DCP vessel density changes are more significant [48, 51], while
others suggest SCP vessel density is better correlated with DR
severity [46, 52]. Further complicating the interpretation of these
results is that these studies do not consider the MCP separately.
Most commercial OCTA systems use a built-in image segmenta-
tion that divides the retinal capillaries into superficial and deep

Fig. 1 Illustration of 3D spatial relationships and vascular connectivity between the macular capillary plexuses. Figure taken from Nesper
and Fawzi [26]. Large superficial capillary plexus (SCP) arterioles (red) and venules (blue) supply and drain each of the three capillary plexuses
in a largely parallel arrangement. The capillary plexuses are further interconnected by anastomoses. Additional capillaries traverse the
horizontal raphe and provide series connections between different beds of the deep capillary plexus (DCP). Other abbreviations: HFL Henle
fibre layer; INL inner nuclear layer; IPL inner plexiform layer; MCP middle capillary plexus; OLM outer limiting membrane; ONL outer nuclear
layer; OPL outer plexiform layer.
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layers, with the anatomic MCP incorporated into or split between
the layers [57–59]. Studies that evaluated the MCP separately in
DR suggest that MCP changes tend to follow those of the DCP
[21, 58, 60]. It is generally thought that analyzing the MCP
separately can increase the sensitivity for detecting early
nonperfusion, especially within the MCP and DCP [21].

OCTA can also visualize the more subtle vascular changes in
different sub-stages of NPDR, an important area of research as we
strive to risk-stratify these subjects. For example, mild and
moderate NPDR are clinically associated with a lower one-year
risk of progression to PDR (5−15%) and visual complications
compared to severe NPDR (52−72%)[4]. Two recent studies have

Fig. 3 Hyperglycaemic and early diabetic eyes show reversal of neurovascular coupling. Vessel cross-sections are shown in red. Areas of
increased metabolic demand are indicated by green asterisks. In healthy eyes in the light (top left), superficial vessels are relatively dilated to
meet increased demand by inner retinal cells. In the dark (top right), superficial vessels constrict while the deep layers dilate to meet
photoreceptor demand. However, in acute hyperglycaemia and in preclinical DR, these neurovascular coupling responses are reversed, with
deep layer dilation in the light (bottom left) and superficial dilation in the dark (bottom right). These mismatched gradients of oxygen demand
(green wedges) and supply (red wedges) may contribute to subclinical ischemia in early diabetes.

Fig. 2 Segmentation of OCTA slabs enables isolation and analysis of three capillary layers in the macula. A En face full retinal slab from a
healthy eye and B structural OCT B-scan with overlaid flow signal. C Segmentation and F corresponding en face slab, respectively, for the
superficial; D, G middle; and E, H deep capillary plexuses.
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suggested that severe NPDR eyes show significantly decreased
SCP vessel density compared to moderate NPDR, which could be
very useful to stratify patients who are at higher risk for visual
complications [61, 62]. Decreased vessel densities are also seen in
eyes with mild NPDR compared to those without DR, suggesting
OCTA may also be useful in screening for DR onset [61, 62].

Estimating blood flow from OCTA
OCTA images not only provide vascular structural parameters like
vessel density and FAZ metrics, but also may reflect the rate of
vascular flow, which has been explored in several studies [63, 64].
Adjusted flow index (AFI) is a parameter that represents a
normalized pixel intensity from OCTA images, which has been
shown through in vitro experiments to correlate linearly with flow
velocities within a physiologic range [63]. This would suggest that
OCTA not only yields a proxy for blood flow velocity in retinal
vessels [63], but could also be used to monitor disease-related
changes that impact blood flow [64]. AFI has been suggested to
show differential changes in each retinal capillary layer with
progressive DR severity. Generally, AFI in the MCP and DCP
decreases as DR severity worsens [48, 51, 58]. However, AFI
changes in the SCP have shown somewhat conflicting results,
though the overall trend is for increased AFI. Two studies found an
initial increase in SCP AFI in diabetic eyes without DR compared to
healthy controls, but no significant trends in more severe stages
[48, 58]. Another study found an overall significant increase in SCP
AFI with advancing DR severity, but no significant difference
between diabetics without DR and healthy controls [61].
Taken together, the existing data would suggest that as DR

severity worsens, blood flow in the MCP and DCP decreases in the
face of unchanged or even increased SCP flow. These apparently
opposite changes in the different layers may reflect autoregula-
tory dysfunction of the retinal capillaries, consistent with the
impaired neurovascular coupling known to occur in diabetic eye
disease. Another potential explanation could be that the dilated
telangiectatic vessels in the SCP have lower resistance, which then

potentially exacerbates low flow at the MCP/DCP via a “steal
phenomenon” [65].

Characterizing OCTA changes in pre-clinical DR and the utility
of adaptive optics
While clinically apparent retinopathy is associated with measur-
able changes in vascular parameters like vessel density and to a
lesser extent, flow indices, the nature of early structural
microvascular changes in diabetic eyes without clinical manifesta-
tions of DR is poorly understood. Although OCTA dark adaptation
studies and other tests of neurovascular coupling do suggest
functional impairment in retinal blood flow autoregulation in
diabetic eyes without DR, such tests are time-consuming, not
widely available, and generate data that require more complex
interpretation, restricting their use to smaller research studies.
While a few studies have suggested increased FAZ area in

diabetic eyes without DR compared to healthy controls [66, 67],
many others found no significant differences [48, 68–70]. Even in
healthy eyes, FAZ area shows substantial inter-individual varia-
bility, which may limit detection of disease-related changes
[71, 72]. Mixed results have also been seen for vessel density,
with some studies suggesting reduced macular vessel density
[66, 73] and others finding no differences in the pre-clinical stages
of DR [69, 70, 74].
Recently, it has been suggested that capillary density may

actually be increased in the region surrounding the FAZ (200 μm
annulus) in diabetic subjects without DR. This has been suggested
to occur as a response to subclinical ischemia leading to capillary
dilation or recruitment of formerly non-perfused capillaries [75].
This finding of increased central perfusion, as well as the increased
SCP AFI that has been reported in diabetic eyes without DR
[48, 58], suggest that blood flow and thus perfusion may initially
increase in pre-clinical DR, although additional studies with larger
sample sizes and further standardization of flow quantification will
be important to investigate flow and vessel changes in pre-
clinical DR.

Fig. 4 OCTA imaging shows decreasing vessel density and increasing foveal avascular zone (FAZ) size with DR severity. Superficial (SCP;
top row), middle (MCP; middle row), and deep capillary plexuses (DCP; bottom row) in representative healthy eyes, diabetics without DR (DM
without DR), mild non-proliferative DR (Mild NPDR), moderate NPDR, severe NPDR, and proliferative DR (PDR). Capillary nonperfusion results
in FAZ (green) enlargement with worsening DR. Areas of capillary dropout (cyan asterisks) can be seen with the onset of NPDR and increase in
size as DR becomes more severe. Upregulation of vascular endothelial growth factor (VEGF) in response to worsening ischemia in PDR leads to
worsening dilation of telangiectatic vessels (red arrows) and neovascularization.
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Other retinal imaging modalities like adaptive optics (AO) may
provide a more precise assessment of flow alterations in
preclinical DR. AO imaging uses a wavefront sensor and
deformable lens to correct the optical aberrations in the eye
and increase imaging resolution [76]. AO has been combined with
various techniques including OCT [77] and scanning laser
ophthalmoscopy (SLO) [78] to visualize retinal structures such as
the photoreceptor mosaic by resolving the individual cells [79].
AOSLO can also resolve individual erythrocytes or erythrocyte
trains within retinal vessels, a property that has been utilized in a
further modification of AOSLO, XT scanning (AOSLO XT) [80]. In
AOSLO XT, a single blood vessel cross-section is scanned
repeatedly over time (Fig. 5A−D). While the vessel walls and
other retinal structures remain static, the erythrocytes will
translocate across the frame over time as blood flows through
the vessel. This movement is visualized as “streaks”. The blood
flow rate is then calculated based on the rate of erythrocyte
movement over time and the diameter of the blood vessel.
Using AOSLO XT to quantify flow in healthy eyes and compare

them to diabetic eyes with no DR or with mild NPDR, we recently
found that blood flow velocity increases in diabetic subjects
without DR, but decreases in those with NPDR relative to healthy
controls (Fig. 5E) [81]. These trends persisted across a range of
vessel diameters from medium (15−60 μm) to large (60−100 μm)
-sized retinal vessels. Currently, the clinical utility of AOSLO is
limited due to equipment cost and the complicated imaging
protocol, which may be difficult due to diabetic vision changes;
and restriction of visualization to a single point in a single blood
vessel in each session [76, 80, 82]. Nonetheless, these preliminary
findings also support increased blood flow in diabetic eyes prior to
DR onset, which may represent a compensatory mechanism to
increase perfusion in response to subclinical ischemia or a
secondary effect from the release of vasoactive mediators [83–
85]. These results also corroborate the results of older Doppler-
based studies showing normal to increased flow in early diabetic
eyes [86–88]. This flow increase may be analogous to the
glomerular hyperfiltration stage seen in diabetic kidneys prior to
the development of nephropathy [89].

Monitoring treatment response
Quantitative changes in vessel parameters not only track with the
severity of DR but are also associated with response to treatment.

OCTA parameters such as vessel tortuosity and fractal dimension,
which evaluate the geometric arrangement of the capillary
networks, worsen as DR severity increases, becoming more
tortuous and less complex, respectively [90–92]. Increasing
tortuosity is associated with the pro-angiogenic effects of VEGF,
which promotes the formation of new disorganized and leaky
blood vessels as well as dilation and leakage of existing vessels
[93–95]. Interestingly, these anomalous parameters appear to
reverse following pan-retinal photocoagulation (PRP) [90]. This
laser treatment is thought to effect its benefit by ablating
peripheral photoreceptors, lowering the overall retinal metabolic
demand, and decreasing the pro-angiogenic drive, which then
promotes regression of neovascularization and vascular telangiec-
tasias while reducing high-risk PDR characteristics.
Furthermore, using AFI as a surrogate metric for blood flow, PRP

treatment was shown to also improve macular blood flow, while
paradoxically increasing macular nonperfused areas in treated
PDR (Fig. 6) [96]. This finding is consistent with the application of
PRP to the peripheral retina, with secondary constriction of the
peripheral circulation due to increased flow of oxygen from the
choroid to the inner retina. As a result, retinal blood flow that
would otherwise be divided between peripheral and macular
circulation is primarily diverted to the macula, thereby improving
macular perfusion. Along with improved macular circulation, there
is remodelling of the macular capillaries, with “pruning” of some of
the less functional macular capillaries, along with increased flow in
the healthier ones. PRP is also associated with increased FAZ
circularity, suggesting the restoration of flow to previously non-
perfused vessels in the perifovea, also consistent with the model
of PRP flow diversion from the peripheral to macular circulation
[97]. Finally, OCTA may also be used to non-invasively monitor the
size of neovascularization in response to anti-VEGF treatment [98].

Overall model
Based on the findings of advanced retinal imaging in recent years,
we present a model of DR progression that encompasses many of
the quantifiable changes identified in the studies described above
(Fig. 7). Chronic hyperglycaemia as seen in pre-diabetes leads to
abnormal neurovascular coupling of the retinal capillaries,
resulting in aberrant responses that contribute to overall
subclinical retinal ischemia. In diabetes prior to the onset of DR,
blood flow initially increases, mainly in the SCP, and can partially

Fig. 5 AOSLO-XT imaging suggests blood flow is increased in diabetic eyes without DR (DM no DR). Figure adapted from Palochak et al.
[81]. In XT imaging, a single cross-section is scanned repeatedly in split-detection (A, B) and confocal (C, D) modes. Vessel angle relative to the
detector (α) and vessel cross-section width (Dp) are used to determine vessel luminal diameter (Dv), which, combined with angle of
erythrocyte translocation between scans (θ), is used to calculate blood flow rate. Smaller θ will indicate faster flow. E On average, DM no DR
eyes show higher blood flow rates over all vessel diameters than healthy controls (Control) or eyes with early non-proliferative DR (NPDR).
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compensate for this chronic low-level ischemia. With the
continued closure of the capillaries, however, there is a failure of
these compensatory mechanisms, with decreased blood flow and
the appearance of clinical retinopathy in NPDR, as well as

progressive loss of perfused vessel density exacerbating ischemia,
especially in the deeper layers. As NPDR severity worsens and
vessel dropout progresses, PDR develops when a threshold of
VEGF upregulation is reached. This VEGF also contributes to SCP

Fig. 6 PRP treatment leads to stable improvement in macular flow in eyes with PDR. Representative example of an eye with PDR before
(left column), 1 month after (middle column), and 6 months after PRP laser treatment (right column). Adjusted flow index (AFI) increases
compared to baseline and remains stable in the superficial (SCP; top row), middle (MCP; middle row), and deep (DCP; bottom row) capillary
plexuses following PRP.

Fig. 7 Proposed model of DR progression based on findings from advanced retinal imaging. Increasing ischemia is indicated by blue
gradient background. Hyperglycaemia in early diabetes (DM, no DR) contributes to abnormal neurovascular responses leading to subclinical
ischemia, which promotes a compensatory increase in blood flow from the superficial vessels. Failure of these compensatory mechanisms
leads to decreased blood flow, which along with continued capillary injury (nonperfused vessels in white) leads to the appearance of clinical
DR (NPDR). Leakage of protein- and lipid-rich fluid from damaged capillaries contributes to the formation of hard exudates (yellow).
Progression to PDR occurs when a threshold of upregulated VEGF is reached in response to worsening ischemia, promoting
neovascularization that further exacerbates ischemia, especially in the deep layers. By decreasing the photoreceptor metabolic demand
and the VEGF load, PRP leads to regression of the leaky neovascularization in the peripheral circulation and peripheral vasoconstriction, which
promotes remodelling and diverts blood flow from the retinal periphery to the macula, normalizing macular circulation parameters and
reducing the ischemic drive.
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telangiectatic changes that further divert flow from an increas-
ingly depleted MCP and DCP circulation. The telangiectatic SCP
capillaries continue to preferentially shunt flow into the lower-
resistance dilated SCP at the expense of the higher-resistance MCP
and DCP, feeding a vicious cycle of worsening ischemia.
Treatments like PRP, which reduce peripheral photoreceptor
demand and promote peripheral vasoconstriction and decreased
peripheral blood flow, help to increase overall macular perfusion
of the macula and contribute to relative normalization of blood
flow.

Summary and future directions
Advanced retinal imaging modalities like OCTA and AOSLO have
great potential, not just for clinical staging and monitoring of DR,
but also as important tools for studying in vivo structural and
functional changes in diabetic eye disease. Combining these
imaging modalities with emerging computational tools such as
artificial intelligence and machine learning algorithms may offer
new insight and improve the clinical workflow, not only for
screening large populations of patients but potentially also for
predicting the course of DR in individual eyes [50, 99, 100]. Further
study of advanced retinal imaging in larger and more diverse
populations, over longitudinal time courses, and in a wider variety
of treatments and experimental settings will help inform our
understanding of diabetic eye disease and expand the utility of
these devices in a wider range of clinical applications. Overall,
these tools will enhance our ability to monitor and predict high-
risk individuals who may benefit from new treatment algorithms.
Ultimately, pharmacologic treatments aimed at improving blood
flow and capillary health would greatly benefit DR, and these
therapies could be a great match for the advanced vascular
imaging tools that we have outlined here.
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