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More than 15 years ago, the results of the pivotal trials supporting the intravitreal use of
ranibizumab were published [1,2]. The intravitreal application of anti-vascular endothelial
growth factor (anti-VEGF) drugs has subsequently revolutionized the treatment of several
common retinal diseases [3]. Suddenly, widespread conditions such as neovascular age-
related macular degeneration have become treatable, whereas previously, physicians could
only observe and document the rapid deterioration of vision due to irreversible structural
retinal damage.

This important paradigm shift in treatment has been further driven by the simul-
taneous emergence of novel, powerful, non-invasive imaging capabilities. Indeed, the
advent of anti-VEGF and optical coherence tomography (OCT) at roughly the same time
has advanced retinal treatment in unprecedented ways. OCT has evolved rapidly due
to incredible technological advances that have led to a dramatic increase in resolution
and acquisition speed. Combined with ingenious software, this has led to the advent
of OCT-Angiography, which has the potential to replace the more invasive fluorescein
angiography in the not-too-distant future.

In terms of intravitreal treatments, we are now at an inflection point with new treat-
ment modalities emerging. While treatment decisions for intravitreal medications are
currently limited to choosing between anti-VEGF and corticosteroids, the need for in-
formed decision making by physicians and choosing the best drug for an individual patient
will likely complicate the lives of retina specialists but, hopefully, add more value for
patients. We now need to start building the tools to tailor treatment decisions for every
individual patient.

For this issue, we approached world-class experts in the fields of medical retina, ocular
imaging, and drug development. We have assembled a collection of valuable articles that
contain innovative ideas and suggestions for future individualized treatment decisions.
We hope you enjoy browsing and reading the articles and that you will be inspired to
contribute further and ultimately feel empowered to advance the way we treat patients.

1. Imaging Biomarkers

The first section of papers focuses on imaging biomarkers. With dramatic progress
in technology for OCT and fundus imaging, we anticipate that more sophisticated data
analysis will lead to more tailored treatments for patients and better outcomes.

Sen et al. provide a comprehensive overview of established imaging biomarkers for
predicting visual outcomes in diabetic macular edema (DME), which is an important cause
of vision loss secondary to diabetes mellitus [4].

Babluch et al. report the 2-year results from the RECOVERY Study in proliferative
diabetic retinopathy using an innovative automatic segmentation algorithm to quantify
leakage and microaneurysm count, which have been shown to decrease under intravitreal
aflibercept treatment. The results suggest that these biomarkers reflect changes in diabetic
retinopathy severity score (DRSS) and central subfield thickness well [5].

The 2-year outcomes from the PRIME trial confirm that leakage on ultra-widefield fluo-
rescein angiography can indeed guide intravitreal aflibercept treatment for non-proliferative
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diabetic retinopathy and help provide individualized treatments to patients. Of note,
change in peripheral leakage preceded DRSS worsening [6].

Gadde et al. conducted a very comprehensive volumetric analysis on spectral-domain
OCT in patients with diabetic retinopathy. The edema volume correlated with diabetic
retinopathy severity and predicted the response to intravitreal treatment. Edema volume
increased with disease severity and was the best predictor for response to treatment [7].

To reflect the current state of development, the review by Kalra et al. provides a
comprehensive review of currently used quantitative imaging biomarkers in age-related
macular degeneration (AMD) and diabetic eye disease. Various approaches to extracting
the pertinent information are also presented [8].

The findings by Lai et al. illustrate that morphological aspects can be directly related
to function. This real-world data study confirms previous reports from clinical trials that
greater fluctuations in retinal thickness are associated with worse visual outcomes [9].

2. Systemic Biomarkers

Existing evidence suggests that glucose variability might be an independent risk factor
for the development of diabetic retinopathy. However, quantification of glucose variability
is costly. Hsing et al. investigated the possibility of using the glycemic gap as a surrogate
for glucose variability. Findings suggest that a negative glycemic gap is associated with
progression and show the importance of minimizing glucose fluctuations [10].

Prasuhan et al. explored the predictive value of specific autoantibodies in neovascular
AMD. Unfortunately, the five autoantibodies investigated were not useful in predicting
the clinical course. However, the selection was limited, and the outcome highlights the
importance of a more holistic approach [11].

In addition, Vader et al. reported results of a study designed to determine if circulating
microRNAs (miRs) levels could predict patient responsiveness to anti-VEGF therapies in
patients with DME. Their findings suggest that miR-181a may be negatively associated
with the central area thickness of the retina at baseline. Work focused on miRs is emerging,
and it is exciting to think similar trends can be determined as we identify more systemic
biomarker candidates [12].

Finally, Acar et al. report that multiplex profiling of complement proteins, demo-
graphic, factors, genetic variants, and systemic metabolites are correlated in patients with
AMD. This holistic approach is exciting as it may ultimately provide clinicians with more
options when treating patients [13].

3. Public Health Aspects

In the paper by Nugawela et al., a different angle is taken to highlight the importance
of ethnic and socio-economic aspects in diabetic eye disease care. The group investigated
the influence of ethnicity on the risk of DR and sight-threatening complications in the UK.
The outcomes show the importance of improving prevention, screening and treatment for
specific ethnic minorities [14].

4. Innovative Technologies

This section of this Special Issue focuses more on technical aspects and innovative
technology.

Maunz et al. show that their machine learning/artificial intelligence approach based on
spectral-domain OCT images from the HARBOR trial was accurate in classifying choroidal
neovascular lesions in exudative AMD. Results highlight the power of machine learning
and suggest that the different OCT modalities have the potential to substitute fluorescein
angiography in the very near future [15].

Cunha-Vaz et al., in their pilot study, experimented with an advanced OCT-Angiography-
based grading system to substitute DRSS grading on color fundus images [16].

Frizziero et al. report interesting results from a subthreshold micropulse laser treat-
ment for diabetic macular edema. Different groups have used this innovative method
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to treat macular edema, but its role is still not entirely clear. These results suggest that
the subthreshold micropulse laser is safe and repeatable for mild diabetic macular edema.
Such treatment might be considered for stabilizing macular edema in settings where other
alternatives are lacking [17].

In addition, Maurissen et al. reviewed the current and future opportunities for model-
ing neurovascular interactions using organ-on-a-chip and other physiological microsystems.
They argue that optimized models of the inner brain–retinal–blood barrier (iBRB) can be
generated using the knowledge obtained from studies of the neurovascular unit in the
retina and brain. Developing robust iBRB models could allow vision researchers to test key
hypotheses about iBRB integrity and identify novel targets to prevent devastating features
of diabetic retinopathy and other neurovascular diseases [18].
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Abstract: Blood-neural barriers regulate nutrient supply to neuronal tissues and prevent neuro-
toxicity. In particular, the inner blood-retinal barrier (iBRB) and blood–brain barrier (BBB) share
common origins in development, and similar morphology and function in adult tissue, while bar-
rier breakdown and leakage of neurotoxic molecules can be accompanied by neurodegeneration.
Therefore, pre-clinical research requires human in vitro models that elucidate pathophysiological
mechanisms and support drug discovery, to add to animal in vivo modeling that poorly predict
patient responses. Advanced cellular models such as microphysiological systems (MPS) recapitulate
tissue organization and function in many organ-specific contexts, providing physiological relevance,
potential for customization to different population groups, and scalability for drug screening pur-
poses. While human-based MPS have been developed for tissues such as lung, gut, brain and tumors,
few comprehensive models exist for ocular tissues and iBRB modeling. Recent BBB in vitro models
using human cells of the neurovascular unit (NVU) showed physiological morphology and per-
meability values, and reproduced brain neurological disorder phenotypes that could be applicable
to modeling the iBRB. Here, we describe similarities between iBRB and BBB properties, compare
existing neurovascular barrier models, propose leverage of MPS-based strategies to develop new
iBRB models, and explore potentials to personalize cellular inputs and improve pre-clinical testing.

Keywords: microphysiological systems; blood-neural barriers; neurovascular unit; disease modeling;
3D models; organ-on-a-chip; inner blood-retinal barrier

1. Introduction

The inner blood-retinal barrier (iBRB) is a selective endothelial barrier that restricts
molecular transport from the retinal microvasculature, located in between neuronal nuclear
layers, to neighboring neural tissue [1]. Likewise, the blood–brain barrier (BBB) controls
molecular transport to brain neural tissue. These blood–neural barriers are composed
of perivascular mural and glial cells that share a common origin in the central nervous
system (CNS) vascular development [2,3], form the retinal and brain neurovascular units
(NVUs) and play multiple roles in barrier stabilization and maintenance to protect against
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neurotoxicity [4–6]. Additionally, both neurovascular barriers have similar cellular proper-
ties [7], including the formation of specialized intercellular junctions and downregulation of
transcytosis [8,9], which limit paracellular and transcellular permeability, respectively. Mi-
crovascular diseases linked to chronic or genetic conditions often lead to barrier breakdown
and neurodegeneration in the retina or brain. iBRB dysfunction and vascular leakage are
associated with some of the most predominant ocular diseases such as diabetic retinopathy
(DR) and age-related macular degeneration (AMD) [10,11]. BBB breakdown was suggested
to be involved in the pathophysiology of several neurological disorders such as Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis and mul-
tiple sclerosis [12]. However, the mechanisms driving barrier breakdown and their link
to pathophysiology of neurodegenerative diseases are not yet fully characterized [13].
Pre-clinical studies in animal models poorly translate to humans and represent a major
hurdle in the drug discovery pipeline, since 80% of potential treatments fail in clinical
trials [14]. Therefore, there is a need for human-based models that faithfully recapitulate
the pathophysiology of human diseases, accelerate drug discovery processes, and better
predict patient response to treatments.

Human advanced in vitro models are becoming widespread tools to study cellular in-
teractions and function in many organ-specific contexts [15]. This is made possible through
technological advances in bioengineered microphysiological systems (MPS) that support
three-dimensional (3D) cellular self-organization [16], such as microfluidics or 3D pattern-
ing [17,18] in combination with biocompatible hydrogels [19,20]. While these individual
technological advances have progressed incrementally over decades, their combination
was only achieved recently. Resulting MPS now facilitate the formation, maturation and
maintenance of complex organotypic structures in well-defined and customizable microen-
vironments [18,21,22]. Human-based MPS have already been developed for tissues such as
lung, gut, brain and tumors, yet few integrative models exist for ocular tissues and iBRB
modeling [23,24]. Considering the implications of barrier breakdown and vascular leakiness
in ocular and neurodegenerative diseases, there is an urgent need to elucidate the patho-
physiological mechanisms of vascular instability and accelerate therapeutic interventions.

MPS are especially important to model the NVU, where close interactions between
endothelial cells (ECs), pericytes and astrocytes are crucial for proper function [24–26].
Various in vitro models and assays are being developed to investigate BBB function and
pathogenesis. ECs in mono-culture or in co-culture together with pericytes and astrocytes
have been grown in different configurations as 2D monolayers and more recently in 3D MPS
to interrogate barrier properties in standard culture or in response to treatments disrupting
or maintaining vascular permeability [27,28]. Only recently, the assembly of endothelial
and perivascular cells was accomplished in a manner that resembles NVUs found in CNS
micro-vasculatures, by self-organization of cells into microvascular networks (MVNs) in
MPS [29]. Deeper characterization of vascular models using primary cell sources alone,
or in combination with induced pluripotent stem cell (iPSC)-derived ECs, demonstrated
acquisition of tissue-specific cellular identities representative of physiological human blood-
neural barriers. Furthermore, human-based advanced cellular models have the potential to
be customized to specific patient groups/populations and to be scalable for drug discovery
purposes. Taken together, these BBB in vitro models showed physiologically relevant
morphology and permeability values, and reproduced pathophysiological phenotypes
such as vascular leakage and neurodegeneration [30–32].

Here, we review similarities in blood–neural barrier and NVU properties in the
retina and brain, and focus on recent developments in MPS-based neurovascular barrier
models. While bioengineering approaches to model BBB features have already been
extensively reviewed [22,25,33–38], we propose to harness the strengths of existing MPS-
based strategies to generate better iBRB models. Finally, we explore potentials to further
personalize cellular inputs and improve pre-clinical testing using MPS.
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2. Neurovascular Units in Health and Disease

CNS micro-vasculatures contain specialized endothelial and perivascular cells that,
together with neurons and glial cells, are organized into NVUs. Well-orchestrated inter-
actions between these different cell groups secure the healthy function of the CNS while
dysfunction of any of them can lead to inflammation, neurotoxicity and are associated
with neurodegeneration [6,12]. Here, we provide a brief summary of the key components
and properties of the iBRB and BBB, before highlighting similarities in their development.
We then describe the impact of neurovascular barrier breakdown on pathophysiologi-
cal outcomes.

2.1. Barrier Properties

NVUs consist of specialized endothelial and supporting pericytes and astrocytes
that closely interact to establish and maintain barrier properties. Increasing evidence
suggests that ECs in NVUs possess tissue-specific characteristics that distinguish them
from peripheral ECs and contribute to barrier properties. First, retinal and brain ECs
express specific tight junction proteins, such as Claudin-5 [39] and Occludin [40], that are
indispensable to restrict paracellular permeability [41]. Second, transcellular transport
across the retinal and brain endothelium is lower compared to peripheral endothelia [42,43].
This is partly due to high expression of Mfsd2a, a lipid transporter that inhibits transcytosis
in retinal and brain ECs [8]. In addition, intracellular regulators of transcytosis described
in epithelial cells (e.g., Rab25 and Rab17) are absent in CNS-ECs [5]. Third, a specific set of
transporters regulates the influx and efflux of substances. For example, ECs at the iBRB
and BBB have high expression of the glucose transporter GLUT-1 [44] and the efflux pump
P-gp [45]. Finally, the retinal and brain endothelia express low levels of leukocyte adhesion
molecules (LAMs) such as ICAM-1 and VCAM-1 [46], which restricts the migration of
peripheral immune cells across the healthy iBRB and BBB.

Surrounding and closely interacting with ECs are pericytes and astrocytes [47,48].
Pericytes line the micro-vessels, share and contribute to the basement membrane of those
vessels and regulate endothelial proliferation [49]. The ratio of ECs to pericytes in the retina
and brain is approximately 1:1–3:1, whereas this ratio is much lower in the lung (10:1)
and skeletal muscle (100:1) [50,51]. Interactions between pericytes and ECs induce TGF-β
activation, which increases basement membrane synthesis and reduces its degradation via
proteinase inhibitors such as TIMP-1 [51,52]. During angiogenesis, PDGF-B secreted by
sprouting ECs binds to heparin sulfate proteoglycans of the extracellular matrix (ECM) and
forms a concentration gradient that leads to the recruitment and attachment of PDGFRβ-
expressing pericytes, which promotes vascular stabilization and maturation, and plays a
role in controlling vascular permeability [3].

Astrocytes support iBRB and BBB integrity through end-feet projections, which are
highly specialized and polarized structures that cover almost the entire abluminal surface of
the blood vessels [48]. Astrocytes secrete Sonic hedgehog (Shh) that increases tight junction
protein expression in ECs and reduces expression of leukocyte adhesion molecules [53,54].
Co-cultures of ECs with astrocytes also increased tight junction expression in ECs and
reduced paracellular permeability to sucrose [55].

Important and often neglected components of the NVU are the surrounding extracellu-
lar matrix molecules of the glycocalyx and basement membrane, located at the luminal and
abluminal side, respectively. The basement membrane is composed of collagen IV, laminin,
fibronectin, nidogen and perlecan [56], with which the cells interact primarily via integrins.
Proteoglycans and glycoproteins of the glycocalyx are also involved in mediating cellular
signaling. Astrocyte-derived laminin, for example, promotes BBB integrity by increasing
EC tight junction proteins and regulating pericyte maturation, and conditional knock-out
of laminin gamma-1 in mice leads to BBB breakdown [57].
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2.2. Neurovascular Development

Blood vessels in the brain originate from the perineural vascular plexus (PNVP). In
humans, around 5 weeks after conception, endothelial sprouts from the PNVP invade
the CNS and start to form a vascular network [58] (Figure 1a). In parallel, the retina is
vascularized from the optic nerve outward [4] (Figure 1b). During this angiogenic process,
signaling pathways that drive angiogenesis in peripheral tissues are activated. These
include VEGF and Notch signaling, while PDGF-B/PDGFRβ [52] and ANG/TIE2 [51]
are involved in perivascular cell recruitment. In contrast, the Wnt signaling pathway is
activated specifically during brain angiogenesis but not in other vascular beds, and controls
expression of CLDN5 and PLVAP [59,60]. Early signs of blood–CNS barrier formation are
observed, with new vessels exhibiting barrier properties such as the expression of proteins
involved in the formation of specialized intercellular junctions (e.g., CLDN5), expression of
efflux transporters (e.g., MDR1/ABCB1), and reduced transcellular transport [42,61,62].

Important signal transduction pathways involving ECs and pericytes at the NVU
are PDGF-B/PDGFRβ, ANG/TIE2 and TGF-β/TGFβR2. The PDGF-B/PDGFRβ axis is
indispensable in pericyte recruitment and BBB stabilization as well as astrocyte end-feet
polarization, as demonstrated in pericyte-deficient mouse models [63,64]. Ang1 in both
iBRB and BBB is thought to originate from pericytes and astrocytes [65,66], although some
studies argue that Ang1 is not produced by pericytes in retinal vessels, and that Tie2
may be activated by blood flow-mediated shear stress instead [2,67–69]. Finally, TGF-
β signaling is multifaceted, affecting endothelial and pericyte proliferation and barrier
integrity [41,70–72].

Astrocyte networks populate the developing retina and form a network to guide the
retinal vascularization process by radial outgrowth from the optic nerve to the periph-
ery [73] (Figure 1b). In the brain, astrocyte development and maturation take place late
in embryonic development and continue after birth [74]. Since developing vessels in the
retina are leaky despite the presence of astrocytes [62], and astrocytes are not present in the
early stages of brain development [75], they are not likely play a key role in initial barrier
formation, but rather in barrier maintenance through secreted factors [57,76,77].

2.3. Pathophysiology

Disruption of iBRB/BBB promoting signaling pathways, progressive loss of vascular
cells and dissolution of endothelial junctions result in barrier breakdown and neurotoxicity
(Figure 1c).

Diabetic retinopathy. In diabetic conditions, different mechanisms were identified
to cause pericyte loss and other diabetic retinopathy-(DR)-associated changes. Hyper-
glycemia induces pericyte-specific activation of PKC-δ and SH-1, leading to PDGFR-β
dephosphorylation and resistance to PDGF-B secreted by ECs, and resulting in pericyte
apoptosis [78]. In addition, retinal capillary pericytes were found to accumulate vasculo-
toxic molecules in diabetic conditions, leading to their detachment from ECs or selective
pericyte degeneration [79]. For instance, soluble epoxide hydrolase (sEH) expression and
accumulation of 19,20-dihydroxydocosapentaenoic acid prevented the formation of N-
cadherin and VE-cadherin adherens junctions, thus disrupting pericyte-EC and inter-EC
junctions [80]. How these different mechanisms of pericyte loss are connected remains
unclear, but sEH inhibition was suggested to increase PDGF-B expression thereby restoring
PDGF-mediated survival actions, besides rescuing the formation of adherens junctions
and preventing the dissociation of vascular cells. Similarly, Notch3 expression in pericytes
promotes survival and EC-pericyte interactions through expression of N-cadherin, so in-
terruption of Notch signaling can result in vascular instability [81,82]. Activation of the
Notch pathway was also shown to modulate PDGFRβ signaling independently of PDGF-B.
Moreover, pericytes play a direct role in regulating the iBRB by influencing gene expression
patterns in ECs and polarization of astrocyte end-feet [64]. Pericyte loss thus leads to losing
astrocyte-derived components secreted from the end-feet. In sum, mechanisms causing
pericyte loss in DR interfere with paracrine signaling axes between pericytes and ECs such
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as PDGF-B/PDGFR-β, or with junctions binding pericytes and ECs such as N-Cadherin
and Notch3.
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Figure 1. Healthy and diseased NVU. (a) Vascularization in brain development originates from the
PNVP with sprouting vessels extending along neural stem and progenitor cells and oligodendrocyte
precursors that give rise to differentiated neuronal cell types; (b) In retinal development, an astrocyte
network forms radially from the optic nerve to the periphery followed by sprouting vessels that
vascularize the neuroretina following the astrocyte network, as shown in the retinal flat mounts and
cross section of the retinal layers; (c) Neurovascular unit composed of endothelial cells, pericytes and
astrocytes with structural features in healthy conditions (left), and during barrier breakdown (right).
Adapted from [73,83].

Neurodegenerative diseases. Neuronal pathologies such as Alzheimer’s disease
(AD), Parkinson’s disease, Huntington’s disease and amyotrophic lateral sclerosis are
highly associated with compromised BBB integrity. Specifically, in AD, BBB breakdown
is correlated with amyloid-β (Aβ) protein accumulation on the vascular walls and the
reduction in pericyte coverage [12,84,85]. Interestingly, increased BBB permeability, which
can be measured in vivo using several techniques (PET, MRI, near-infrared time-domain
optical imaging) [86] correlates well with cognitive decline in humans [87–89], and may
actually precede it. Furthermore, the expression of transporters, tight junction proteins,
and membrane transport regulators is also altered in AD [12,90], suggesting that multiple
aspects of BBB function are affected during the course of the disease. Whether these changes
have a causative role on the pathophysiology of disease or are instead a secondary result of
neurotoxicity and inflammation in the brain is still being investigated.

Monogenic diseases. Given the importance of signaling pathways on blood vessel
formation and maintenance, as well as on BBB integrity, the improper function of a single
protein can be expected to result in devastating outcomes. Indeed, a large number of hu-
man inherited monogenic diseases have been identified as disrupting BBB function [65,85].
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Typical examples include mutations in PDGFB or PDGFRB growth factor/receptor causing
primary familial brain calcification (idiopathic basal ganglia calcification, Fah’s disease),
mutations in receptor NOTCH3 associated with cerebral autosomal-dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL) and tight junction OCLN
in band-like calcification with simplified gyration and polymicrogyria (BLC-PMG), and
mutations in basement membrane COL4A1 and COL4A2 underlying cerebral small vessel
disease or LAMA2 in congenital muscular dystrophy 1A (MDC1A). The resulting dysfunc-
tional protein often disrupts normal function in specific cell types, including pericytes,
vascular smooth muscle cells and ECs. Deeper study of these genes vulnerable to mutations
might provide new insights into disease-related vascular dysfunction and potential new
therapeutic strategies.

3. Strategies to Mimic NVU Architecture and Function

The retinal and brain NVU share functional characteristics and develop in parallel,
and the retinal in vivo model has been extensively used to study vessel formation and
maturation [62]. In contrast, in vitro models with human cells have largely focused on
recapitulating features of the brain NVU. Here, we present both retinal and brain barrier
models with applications in drug development, and suggest that approaches developed
in connection with BBB models might also be applied to iBRB modeling, despite some
region-specific signaling differences [91].

3.1. Preliminary Considerations

Cellular sources. In the development of BBB models, one of the major challenges
is to maintain consistency in critical functional parameters such as permeability. In this
regard, the cell source has been identified as a major cause of variability since cells obtained
from different donors can show substantially different behaviors in culture, such as self-
organization capacity, response to treatment and/or barrier properties. Models of the
iBRB or BBB have been developed with ECs, and also with pericytes, astrocytes and
neurons obtained from primary tissue or differentiated from iPSC lines [24,25]. In order to
recapitulate in vitro the key properties of CNS micro-vasculatures, tissue-specific features,
such as higher expression of tight junction proteins and transporter receptors, are required
for input cells.

Human primary vascular and perivascular cells obtained from donors have been
widely used in different endothelial barrier culture models, and while primary ECs express
high levels of barrier markers, the nature of the model system (2D or 3D) and the other
cell types used (e.g., pericytes and astrocytes) can dramatically influence expression levels,
and as a result, the models only partially recapitulate physiological barrier function, as
shown by permeability assays [25,92]. Moreover, their barrier properties vary and are
limited by cell passage number and donor-associated heterogeneity [93]. In particular,
human umbilical vein endothelial cells (HUVECs) have been reliably used as a source for
vascular models, and in the presence of supporting human lung fibroblasts showed effective
self-organization into microvascular networks with low permeability values [94–97].

Human iPSCs are becoming a preferred cell source as differentiation protocols are
being improved and cellular identity and maturity are becoming better characterized [98].
Donor-specific iPSCs are used to generate multiple cell types in the same genetic back-
ground, and reconstitute complex in vitro models such as the NVU, corresponding to
individual patients. Various protocols are available to induce ECs and other components
of the NVU [99]. Direct conversion of induced brain microvascular endothelial-like cells
(iBECs) were previously described [100], yet recent work showed that the identity of these
cells do not correspond to ECs but are instead neuroepithelial cells [101]. These findings
raise questions on the applicability of these cells for modeling BBB-specific processes such
as immune cell migration or transcytosis. On the other hand, in a recent publication, data
were presented showing that primary brain ECs and iPSC-derived ECs share similar gene
expression levels of key genes involved in the regulation of BBB function when they are in
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tri-culture 3D systems [28]. Primary cells and iPSCs are both promising tools to generate
in vitro models suitable for physiological and pharmaceutical studies of the iBRB and BBB
(Figure 2). For this, cell lines need to be validated for the expression of relevant markers,
response to angiogenic stimuli, low permeability values, and capacity to form microvascu-
lar networks. In this regard, authors should strive to analyze and report the same genes
measured in previous studies and use comparable metrics for function in order to facilitate
direct comparisons.
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Figure 2. Personalized approaches for neurovascular barrier models. Patient or donor tissue is a
source for cellular and genetic manipulation with the aim of treating patients through regenerative
medicine or disease modeling approaches. Self-organization of relevant cell types in MPS models
provide valuable tools to test targets in a personalized manner and develop drugs that are pre-
validated in vitro on autologous cells. Created with BioRender.com.

Gene Editing. Alongside the development of organotypic in vitro systems, the rel-
evance of disease models can be further enhanced by genetic manipulation, to investi-
gate target mechanisms or pathogenic mutations associated with diseases such as retinal
dystrophies. Taking into consideration cell culture requirements when making genetic
modifications, including the selection, characterization and expansion of stable cell lines,
immortalized cell lines are better suited than freshly isolated primary cells or iPSC-derived
cells that have a very limited proliferation capacity. Ideally, genetic modification and stable
cell line generation are carried out in a suitable parent iPSC line before differentiation.
Nevertheless, genetic modification and associated experimental steps of clonal selection
could impact the differentiation efficiency of iPSC lines and downstream phenotyping [102].
Therefore, it is important to test in parallel several iPSC lines or, if unavailable, iPSC clones
to distinguish signal from noise during assay measurements.

In vitro modeling. Significant advances have been achieved in the development
of in vitro BBB models. A variety of models has indeed been referenced and can serve
different applications in particular with the engineering of drugs/compounds that could
(i) overcome the BBB restricted permeability and target the brain parenchymal cells such as
neurons, glial cells or even brain stem cells, but also metastatic brain tumors or (ii) protect
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from and repair BBB lesions or dysfunctions. In addition to their potential for predictive
drug studies and therapeutic applications, such models represent an important asset for
dissecting the complex interplay between the different NVU components in steady-state
homeostatic conditions as well as in disease, which is often characterized by a primary
defect in BBB permeability and protective properties. Indeed, by combining co- and tri-
cultures of relevant cell types in a gel matrix, well-calibrated platforms can be designed to
better recapitulate the physiological function of the human microvasculature at the capillary
level. Since numerous neuronal and vascular diseases have been linked to disrupted
neurovascular interactions and BBB failure, multi-component in vitro systems, although
challenging to validate, represent promising approaches in tackling these ever increasing
health issues.

Current efforts to evaluate transport of biologics to the CNS rely primarily on in vivo
studies with rodents. However, recent evidence shows clear differences in the molecular
composition of the human BBB compared to mice [103]. In addition, animal studies are not
amenable to extensive screening. Therefore, human in vitro models of the BBB can support
drug development by improving confidence in targets, studying drug mechanism of action
and/or enabling lead optimization campaigns.

Progress in BBB modeling is also likely to benefit related research into the development
of iBRB models in health and disease. Further, these developments could provide a rationale
for engineering a more complex multicellular system that would include both the inner
and the outer components of the BRB for better functional integration.

3.2. 2D Models

2D layers. Historically, 2D models exemplified with Transwell systems were the first
approaches aiming to recreate endothelial barrier properties in vitro. In these settings,
ECs placed on top of a porous flat membrane, in mono- or co-culture with pericytes, and
with supporting cells such as pericytes and/or astrocytes grown on the other side of the
membrane or at the bottom of the well, form monolayers. These multi-component systems
enable direct measurement of permeability, but also the spatiotemporal behavior of (i) cell
migration through the cell layers and (ii) dynamic interactions between the different cell
types of the reconstituted platforms [104–112]. A major advantage of these systems is the
direct electrical assessment of the trans-endothelial electrical resistance (TEER) and solute
values for permeability [113]. Additionally, the use of each side of the membrane support,
which can be controlled in its composition, porosity and thickness in conjunction with
advanced transcriptomic analysis, provide simplified but informative 2D experimental
frameworks [114,115]. Monolayers thus provided a first approach to investigation of the
barrier properties of the iBRB and BBB using various readouts.

2D organs-on-a-chip. To further improve the relevance of these widely used systems
and recreate the tissue and organ complexity within a dynamic microenvironment with
physiological flows, 2D organ-on-a-chip models were introduced by seeding different cell
types inside a microfluidic device under more controlled conditions that would be fully com-
patible with cell growth and critical multi-lineage network development. The addition of
media flow and control of shear stresses provide a more realistic biomechanical framework
which can still be combined with TEER measurement while allowing high-resolution live
imaging [116,117]. Various 2D systems have managed to partially recapitulate iBRB or BBB
functions such as permeability and high expression of tight junction proteins [30–32,117].
Despite the 2D organ-on-a-chip “biomimetic” models offering several advantages over the
2D monolayer models, they are still limited in their morphological relevance, in particular
because of the large size of their vasculature-like structures, which largely exceeds the
human retinal or brain microvasculature. 2D organs-on-a-chip nonetheless improve barrier
properties and increase the co-culture possibilities by introducing additional cellular com-
partments, which could be applied to modeling the iBRB with additional cell types, such as
neurons, in different configurations.
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3.3. 3D Models

Blood-brain barrier organoids. Instead of co-culturing NVU cell types spatially sepa-
rated on a trans-well, Urich et al. noticed that when primary human brain ECs, pericytes
and astrocytes are mixed in hanging drop cultures, they spontaneously self-assemble into
organoids [118]. The organoid core mostly contains astrocytes, while pericytes wrap around
the core and the ECs form a continuous layer on the organoid surface. Interestingly, ECs
and pericytes also form spheroids when cultured individually, while astrocytes alone or
together with ECs are not able to form clusters. Co-culturing ECs, pericytes and astrocytes
in organoids also upregulated surface VE-Cadherin, CD31, and P-gp [119] while ICAM-1
and -2 were downregulated. This change in endothelial adherens junction molecules, efflux
pump and leucocyte adhesion molecule (LAM) expression was not found in a trans-well
setup [118,119], which is likely due to the lack of, or very limited, direct cellular contact
in trans-wells.

Various methods have since been used for BBB organoid formation, from hanging
drops [118,120,121] to agarose [119], ultra-low attachment plates [122], micro-patterned
hydrogels [123] and custom-made microfluidic spheroid arrays [124]. Cho et al. assessed
the BBB tightness and functionality by demonstrating P-gp activity and LRP-1 mediated
transcytosis of Angiopep-2 into the core of a tri-culture organoid made with primary human
brain microvascular ECs (BMECs), pericytes and astrocytes. To demonstrate the aptness of
the BBB organoid model for drug screening purposes, they evaluated barrier penetration
of fluorescently labeled peptides, and verified their ability to cross the BBB into the brain
parenchyma in a mouse model. Simonneau et al. scaled up the BBB organoid assay and
used CRISPR/Cas9 edited ECs to identify critical regulators of endocytosis across the BBB
model. Using this model, they demonstrated that clathrin, but not caveolin, is required for
transferrin receptor-dependent transcytosis of antibody shuttles.

Others have focused on increasing the cellular complexity of BBB organoid models.
Nzou et al. added oligodendrocyte progenitors, microglia and neuronal progenitors to the
organoid core, all of which were iPSC-derived. They demonstrated selective neurotoxicity
by exposing the organoid to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
1-methyl-4-phenylpyridinium (MPP+). The neurotoxin MPP+ is hydrophilic and thus not
able to penetrate an intact BBB, while MPTP can cross the barrier and become metabolized
to MPP+ in the presence of glial cells. Nzou et al. demonstrated these different cytotoxic
effects in BBB organoids [120]. Instead of adding iPSC-derived cells, Kumarasamy & Sosnik
combined primary human BMECs, pericytes and astrocytes with rat cortical neurons and
microglia, and used this model to screen for nanoparticle penetration [125].

The overall advantages of BBB organoid models are their ease of assembly and culture,
cost-effectiveness and scalability. They can be used for screening small molecule BBB
penetration [119] and large molecule transcytosis [123]. By combining this model with
genetic engineering on selected cell types [123], BBB organoids can also help to investigate
mechanisms of transcytosis. While no similar model exists using retinal microvascular cells,
this approach could be applied to model and compare transport mechanisms across the
iBRB with medium to high throughput.

3D tubular channels. The constant need for better recapitulating organ formation and
their vasculature led to a shift of current microfabrication technologies to 3D systems where
cells are embedded in hydrogels. The development of 3D-like vascular systems, together
with co-culturing different cell types adjacent to each other in hydrogel scaffolds, takes
a step closer to mimicking the in vivo complexity of the vasculature. More specifically,
microfluidic channels are coated with a layer of ECs to form a tube-like structure, which is
adjacent to a gel mixed with different cells of interest. For modeling the BBB, astrocytes and
neuronal cells are embedded in adjacent gels to establish a BBB-like organization that can
have various applications such as disease modeling [126–128]. For the iBRB, an endothelial
barrier was used to probe permeability in response to disease triggers [129]. Similar models
were achieved using the viscous fingering method or by casting the gel around needles
or wires that can subsequently be removed leaving hollow tubular channels, all within
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a petri dish or microfluidic device, which can subsequently be seeded with cells of inter-
est [130–132]. While these models improved BBB properties such as permeability values,
morphology and tight junction proteins expression levels, they fail to fully recapitulate
the morphology (diameter, branching pattern, etc.) and permeability of the BBB observed
in vivo. In particular, the size of the lumens are much larger than in vivo microvasculature
and permeability values generally tend to be one to two orders of magnitude higher than
in vivo measurements [25].

3D microvascular networks. 3D self-assembled MVNs are a recent approach used
to recapitulate features of the human brain vasculature more precisely. In this approach,
cells of interest are mixed with a hydrogel and acquire BBB-like structure and function
following self-assembly. Several published models showed improved relevance for mim-
icking the human system in terms of vasculature morphology and barrier properties in
comparison with the previously described 2D and 3D in vitro models [29,133,134] and
better recapitulated pathophysiological features of neurodegenerative diseases than in
other in vitro models. For example, in Alzheimer’s disease, pericytes showed a detrimental
role in APOE4-mediated amyloid accumulation in the cerebral vasculature [135], and in
cancer astrocytes secreting the C-C motif chemokine ligand 2 promoted cancer cell transmi-
gration in the BBB [136]. Advanced transcriptomics and proteomics analysis can be readily
obtained after cell extraction from the devices [28]. Barrier permeability can be measured
by perfusing different sizes of fluorescent tracers or compounds of interest tagged with a
fluorescent marker and measuring accumulated signal in the extra-vascular space [25,27,97].
Overall, direct comparison between a 2D co-culture trans-well system and a 3D co-culture
vascular network, all using the same cells, show uniformly lower permeabilities with the
3D network, and these values are comparable to in vivo permeability measurements [27].

Introduction of media flow in a continuous circulating direction was described in
similar models [137], but most 3D self-assembled BBB MVNs have not been tested yet under
flow conditions. It would be beneficial for these systems to be continuously perfused with
media flow using circulating pumps since the shear stresses acting on the vascular walls
are known to decrease permeability values, in comparison to static models, and to enhance
barrier function [137–140]. Furthermore, applying 3D self-assembly to recapitulate the iBRB
would allow for better models with a microvasculature-like morphology, multicellular
organization of co-cultured cell types with direct cellular interactions, and enable a more
accurate representation of disease phenotypes.

Vascularized brain organoids. While there are several cortical organoids for develop-
ment and disease modeling that have formed features of brain tissue [141,142], there is a
need to vascularize these systems to ensure proper growth and better functionality. BBB
organoids have been developed and grafted onto mice for perfusion. They mimic in vivo
BBB properties such as high expression levels of tight junctions and adherens junctions,
low permeability of different molecules and expression of efflux transporters [143–145].
Vascularization of brain organoids has recently benefitted by the incorporation of human
embryonic stem cells in the organoid that ectopically express the human ETS variant 2
(ETV2), but it is unclear to what extent these ECs acquire a functional BBB identity [146].
However, there are challenges that the field needs to overcome by improving the organoid
formation and culture methods and by increasing their reproducibility. Similarly, retinal
organoids have been differentiated but lack vascularization, and thus tissue-specific iBRB
properties, for further interrogation [147,148]. This remains a promising direction for in-
creasing the cellular diversity and complexity of the in vitro models to an anatomical level.

Overall, each approach has strengths but also limitations (Table 1). Research labs
can combine these approaches depending on the readouts they are interested in. Current
tools can provide morphological and functional characteristics of the iBRB/BBB but further
improvement is still necessary. Additional cellular and tissue components can be added
to the systems such as lymphatic vasculature and microglia that have been shown to be
important components of the NVU and the retina or brain in general. In sum, the majority
of novel human-based in vitro model developments focus on the BBB while fewer iBRB

14



J. Pers. Med. 2022, 12, 148

models are being established. Given the physiological similarities between the iBRB and
BBB, we propose that many of the novel approaches developed for the BBB can be applied
to accelerate model development for the iBRB. Indeed, retinal and brain ECs share similar
CNS vasculature-specific markers, such as Claudin-5, that make assay parallelization
possible for this type of readout [41]. Likewise, pericytes and astrocytes are organized
similarly in the retinal and brain NVU, so that in vitro iBRB and BBB platform designs
could be used interchangeably depending on the degree of complexity and the variety
of cellular components [81]. Generally, it has been shown that iPSC-derived ECs tend to
acquire a CNS-like identity when cultured in the corresponding BBB-specific niche [28,29],
which could also be potentially applicable to the iBRB. However, it is unclear if tissue-
specific primary cells could be used interchangeably between iBRB and BBB models since
their cellular identities despite being similar are not identical, and the acquisition of tissue-
specific gene expression patterns has not been demonstrated. Finally, the iBRB and BBB
have additional tissue-specific cell types, such as Müller glia and neurons that would only
be introduced in their respective model.

Table 1. Summary of in vitro neurovascular barrier models.

Model Application Limitations iBRB Refs. BBB Refs.

2D layers
(e.g., Trans-well)

Tight junction
immunostaining

TEER
Permeability

Imaging
Transcriptomic analysis

Stiffness of tissue culture plastic
2D monolayer morphology

Tendency for high permeability
[104–108] [109–112]

2D organ-on-a-chip
(e.g., Emulate)

Tight junction
immunostaining

TEER
Permeability

Imaging
Transcriptomic analysis

Poor morphology
Tendency for high permeability

Low throughput
[117] [30–32]

3D organoids

Immunostaining
Permeability
Transcytosis

Imaging medium-high
throughput screening

TEER not available
Limited cellular
self-organization

N/A [118–123]

3D tubular channels
(e.g., Mimetas)

Tight junction
immunostaining

Permeability
Imaging

Morphologically large networks
Limited cellular
self-organization

Moderate throughput

[129] [126–128,130,131]

3D self-assembled
micro-vasculatures
(e.g., AIM Biotech)

Immunostaining
Permeability

Imaging
Transcriptomic analysis

TEER not available
Morphological variability N/A [28,29,133–140]

Moderate throughput

4. Outlook

A significant number of drugs fail during Phase II, during which the efficacy of a given
molecule is evaluated in a disease population [149]. This is due to inadequate prediction of
human efficacy during preclinical development. Therefore, developing methods that better
capture drug performance in patients may help to bring more drugs to clinical approval.
In vitro human models that recapitulate critical aspects of human biology and disease are
one class of tool that can screen therapeutics early in the development process and inform
decisions as to whether to move forward with a molecule, or stop its development if the
selection criteria are not met. Information gathered from human models can span the
investigation of drug mechanism of action, prediction of on- and off-target effects, and
evaluation of transport properties or safety. Altogether these data will improve compound
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optimization, clinical candidate selection and human dose prediction accuracy before
clinical trials in humans.

More specifically, microphysiological neurovascular barrier models that contain hu-
man NVU components and capture specific NVU function (e.g., permeability, transport)
can provide a better understanding of human barrier biology and interrogate barrier dys-
function in disease. When the pathophysiology of the disease is well-documented, as for
DR, it is easier to validate the model by the observation of critical pathological events (e.g.,
pericyte loss, basement membrane thickening, vascular leakage). While in vitro models of
the NVU comprise a powerful tool to understand disease processes and screen potential
therapeutics, major challenges for broad implementation remain. These include repro-
ducibility, scalability and utility of the readouts, matching the complexity of the model for
the specific question, ease of use and throughput.

4.1. Readouts

In vitro iBRB/BBB models are well-suited to measure barrier permeability and trans-
port of molecules. These readouts can be used both for compound ranking and selection,
as well as for investigating pathways and molecular mechanisms. Barrier permeability
can be assessed by TEER or fluorescently labeled molecules such as dextrans in combi-
nation with time-lapse imaging, depending on the model and platform. Permeability
readouts can be used to assess whether barrier integrity is affected by disease triggers
(e.g., VEGFA-induced permeability [129]) and test compound efficacy to prevent and/or
restore barrier dysfunction. As previously discussed, crossing of molecules at the BBB
can be quantified by adding a fluorescent tag to the compound of interest and measuring
the accumulation of signal in the perivascular compartment (or the organoid core in case
of iBRB/BBB spheroids [119,123]). This measurement can help optimizing compound
properties, or studying mechanisms of receptor-mediated transcytosis [123]. In addition,
more complex models that contain cell types of the parenchyma can be used to assess
which cell types a molecule of interest targets after crossing the iBRB/BBB, and whether the
molecule of interest is effective on its target (i.e., pharmacodynamics) or also affects other
cell types (i.e., neurotoxicity [120]). Advanced readouts on vascular functionality are also
possible with in vitro models containing blood vessels, for example, to measure vascular
contractility [150].

4.2. Reproducibility

Within in vitro models, the least controllable parameter remains cellular behavior,
which originates and differs from various unpredictable factors. Batch-to-batch variability
is common when using biological materials. In the case of primary cell lines and iPSCs,
differences in donor profile (age, sex, genetic background) and isolation procedure (cell
sorting, media, quality control) can lead to variable cellular behavior. In addition, for a
given cell batch in culture, external factors (e.g., extracellular matrix, serum) can lead to
cellular heterogeneity, such as astrocyte reactivity in response to serum in the cell culture
medium [151]. Systematic cell phenotyping, validation via expression of specific relevant
markers and functional assays can help to control heterogeneity and define standards
for the cells to be incorporated in 3D models. In self-assembled micro-vessels or self-
organized organoids, variations in cell–cell communication during the assembly process
can lead to substantial morphological and functional differences from one batch to another.
This variability needs to be accounted for in advanced in vitro iBRB and BBB models and
defining relevant functional readouts for each model as quality control parameters will
facilitate the implementation and regular use of complex models. Further, the parameters
of interest, for example permeability, need to be consistent across experiments. As observed
with patient populations, some cells and/or models might respond differently to the
same trigger. Classification and stratification of models might help understand disease
heterogeneity, response to treatment and develop treatments better suited for a given
patient population.
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4.3. Scalability

The more complex the model is in terms of cell types, matrix and structure, the closer
we get to accurately mimic organotypic functions, but the more difficult it is to guarantee
reproducibility, ease of use, and throughput. Typically in preclinical development, high-
throughput systems such as microtissues/spheroids or organoids in suspension would
be used for primary screens while lower throughput systems such as organs-on-chips or
assembloids that require more direct handling would be employed for target validation
or toxicity assessment. Complex models that include perfusion, additional cell types (e.g.,
microglia) or self-renewal potential (organoids and assembloids) could also be useful in
disease modeling over longer periods of time. While they may provide crucial insights into
human biological mechanisms in the health and disease of the iBRB/BBB, they require a
high investment in resources and time, and require careful handling.

In contrast, models of intermediate complexity, such as tubular NVUs and self-
assembled micro-vessels, have the potential to be improved upon in terms of readout
reproducibility. Once this is achieved, they are tools that add value in the drug discovery
and target validation process.

4.4. Personalization

The promise of personalized medicine revolves around using a patient’s autologous
cells or a donor’s allogeneic cells with matching human leukocyte antigens (HLA) for drug
discovery or regenerative medicine, to test specific drug response and dosage, or to repair
or replace damaged tissue [98]. For this reason, cellular sources, genetic manipulation and
the accuracy of downstream phenotyping have the potential to personalize pre-clinical
research (Figure 2). Primary cells can be isolated, and iPSCs reprogrammed from healthy
and diseased individuals, taking into consideration specific characteristics of population
groups such as age, sex, genetic background and predisposition to disease.

In addition, genetic factors are known to influence the onset and progression of ocular
diseases such as diabetic retinopathy [152] and age-related macular degeneration [153].
Advances in CRISPR/Cas9 template-mediated gene editing are facilitating the genera-
tion of single-nucleotide polymorphisms (SNPs) and single-nucleotide variants (SNVs) in
iPSCs [154,155], in order to recreate or rescue associated phenotypes in vitro (Figure 2). Sim-
ilar strategies have been applied for retinal disease modeling or gene therapy, by knock-in
of patient mutations, or correction or knock-out of mutant alleles, respectively [156].

5. Conclusions

The retinal and brain micro-vasculatures share specific properties and ensure neu-
roprotective barrier function in health, and their dysfunction in disease can influence
neurodegenerative outcomes. Different retinal and brain micro-vasculature in vitro models
have been generated that reassemble native tissue morphology and function, mimicking
endothelial barrier properties and multicellular NVU architecture, and recapitulating physi-
ological neurovascular barrier permeability values. MPS are a powerful tool to recapitulate
the complex cellular microenvironments and experimental boundary conditions required
to obtain relevant multicellular organization and interactions. iBRB MPS models are still
lacking and can benefit from development in parallel to new BBB models that leverage this
technology. In vitro neurovascular barrier models will allow addressing of the mechanisms
of disease initiation and progression causing barrier breakdown, vascular leakage and neu-
rodegeneration in ocular and neurological diseases. MPS-based models have the potential
to accelerate pathophysiological insights relevant to human biology and accelerate the
development of new therapies, by increasing the controllability over cellular inputs and
by matching the level of complexity of a model with its capacity for high-throughput and
reproducible testing.
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Abstract: Optical coherence tomography (OCT) enables the detection of macular edema, a significant
pathological outcome of diabetic retinopathy (DR). The aim of the study was to correlate edema
volume with the severity of diabetic retinopathy and response to treatment with intravitreal injections
(compared to baseline). Diabetic retinopathy (DR; n = 181) eyes were imaged with OCT (Heidelberg
Engineering, Germany). They were grouped as responders (a decrease in thickness after intravitreal
injection of Bevacizumab), non-responders (persistent edema or reduced decrease in thickness),
recurrent (recurrence of edema after injection), and treatment naïve (no change in edema at follow-up
without any injection). The post-treatment imaging of eyes was included for all groups, except for
the treatment naïve group. All eyes underwent a 9 × 6 mm raster scan to measure the edema volume
(EV). Central foveal thickness (CFT), central foveal volume (CFV), and total retinal volume (TRV)
were obtained from the early treatment diabetic retinopathy study (ETDRS) map. The median EV
increased with DR severity, with PDR having the greatest EV (4.01 mm3). This correlated positively
with TRV (p < 0.001). Median CFV and CFT were the greatest in severe NPDR. Median EV was
the greatest in the recurrent eyes (4.675 mm3) and lowest (1.6 mm3) in the treatment naïve group.
Responders and non-responders groups had median values of 3.65 and 3.93 mm3, respectively. This
trend was not observed with CFV, CFT, and TRV. A linear regression yielded threshold values of CFV
(~0.3 mm3), CFT (~386 µm), and TRV (~9.06 mm3), above which EV may be detected by the current
scanner. In this study, EV provided a better distinction between the response groups when compared
to retinal tomography parameters. The EV increased with disease severity. Thus, EV can be a more
precise parameter to identify subclinical edema and aid in better treatment planning.

Keywords: diabetic retinopathy; retina; edema; OCT; tomography

1. Introduction

Diabetic retinopathy (DR) is the main complication of both type one and type two
diabetes and is one of the leading causes of blindness [1]. Diabetic macular edema (DME)
results from retinal microvascular changes that compromise the blood-retinal barrier [2].
The earliest signs of leakage have been observed in mild, non-proliferative DR (NPDR),
and increase with higher grades of DR (moderate and severe), until the end stage, where it
reaches the proliferative stage (PDR) [3]. The development of optical coherence tomogra-
phy (OCT) has allowed the imaging of DME with high resolution tomography. Since the
classification of DR is primarily based on fundus image features3, there is a clinical need
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of the improved quantification of DME. Several studies in the recent past have attempted
the quantification of DME zones in 2-D OCT images. These studies can be broadly clas-
sified into two types: (a) studies where the clinical evaluation of DME led to improved
understanding of the disease and response to therapy [4–6]; (b) studies where methods
were developed to automatically detect DME and to classify the disease accordingly [7–10].
However, none of these studies quantified the morphological featured of edema in terms of
3D tomography, i.e., the volume of the edema after treatment, and its correlation with other
clinical imaging features. Therefore, this study analyzed the distribution of edema volume
in a population of DME patients, who were either being treated to resolve their edema or
were yet to be treated. Subsequently, the volume of their edema was correlated with current
clinical imaging features, namely, central foveal volume (CFV), central foveal thickness
(CFT), and total retinal volume (TRV), to establish the proportionate change in the volume
of an edema for a specific change in a clinical feature after treatment. These clinical features
were derived from early treatment diabetic retinopathy sectors (ETDRS) [11].

2. Methods

This was a retrospective, observational, cross-sectional study of the eyes of diabetic
patients who were diagnosed with retinopathy. The study was approved by the Narayana
Nethralaya institutional Ethics Committee, Bangalore, India. All methods were performed
in accordance with the relevant guidelines and regulations of the hospital, as set by the
Ethics Committee. Medical records of the patients were retrospectively reviewed, and the
need for patient consent was waived by the Ethics Committee. Only those eyes having had
B-scans, which were acquired with the same scan protocol, were chosen for retrospective
analyses. The sample size was 181 patients, in the age range from 38 to 79 years. Among
these, 19 patients did not have edema. The remaining patients (n = 162) were sub-divided
into the following response sub-groups:

(a) Responders—decrease in CFT by 100 µm or more after either the first or second
intravitreal injection of steroid or anti-VEGF; (n = 60)

(b) Non-responders—either persisting macular edema or having an increase in CFT by
100 µm or CFT ≤ 100 µm from previous OCT scans, after 3 consecutive intravitreal
injections; (n = 63)

(c) Recurrent—return of macular edema with an increase in thickness greater than
100 µm, when compared to the last visit, after an injection free period of 2 months;
(n = 26)

(d) Treatment naïve—no visible signs of change in macular edema from consecutive scans
at regular follow-ups, or eyes without any prescribed treatment. (n = 29)

In responder, non-responder, and recurrent eyes, the post-treatment scans were ana-
lyzed. In the treatment naïve, there was no treatment involved by definition.

In case of anti-VEGF injections, patients other than the treatment naïve group had
undergone intravitreous injections of bevacizumab (Roche, Basel, Switzerland). Recent
studies have suggested the classification of responders and non-responders based on more
than three repeat intravitreous injections [12,13]. In the Indian sub-continent, treatment
with repeat injections is limited, due to the high costs of the injections. Thus, it becomes
necessary to evaluate the treatment outcomes earlier than the protocols followed in Western
populations. We aimed to investigate the distribution of tomographic and edema volume
in the aforementioned subgroups after intravitreous injection and compare them with
treatment naïve patients. Furthermore, only those patients with an identical central macular
raster scan pattern, and without significant media haze based on visual examination by
retina specialists (S.G, T.M), were included in the study.

Exclusion criteria included the presence of vitreous hemorrhage, coexistent uveitis,
having had ocular surgery in the last 6 weeks, any intravitreal injections for other causes,
presence of vein occlusions, age related macular degeneration, pseudophakic cystoid
macular edema, and endophthalmitis. All the OCT scans were performed with a Heidelberg
Spectralis™ (Heidelberg Engineering, Heidelberg, Germany). This device had an A-scan

26



J. Pers. Med. 2021, 11, 1337

rate of 40,000 lines per second. The images were exported as zipped files (*.e2e format)
and converted to video files (*.avi) using the Heidelberg Eye. The frames in the video files
were extracted as images (*.png) for postprocessing. CFV and CFT were obtained from the
central sector of the ETDRS thickness map. TRV was obtained by adding the volumes from
all the sectors of the ETDRS map.

To calculate the volume of the edema, a 9 × 6 mm scan of the central retina, centered
approximately at the fovea, was acquired. A total of 25 uniformly spaced B-scans were
acquired within the scan area. Only those scans were used, where all the 25 B-scans had a
maximum noise level of 90 or below. The B-scans were exported from the OCT device as
8-bit gray scale images for analyses. Each scan was further processed to quantify the edema
zones. Since the edema was 3D in shape, each B-scan was essentially a 2D cross-sectional
image of a 3D volume. Each B-scan was initially resolved with a Wiener filter (window
size 5 × 5), which preserved the high frequency sections of the B-scan. Since the amount
of noise can vary among the images, as well as signal strength, signal to noise ratio (SNR)
balancing was used to further resolve the edema zones. The evident noise N in the image
was computed as the mean pixel value within a window in the upper left portion of the
image. The signal S was calculated as the mean pixel value within a window located from
the rightmost image, where the signal value was high. The noise and signal values were
chosen after a trial and error method, wherein images with different signal strength and
noise values were considered. The values for N and S were averaged across the B scan
images. The images were then SNR balanced using the equation

If = (I0 − N)/(S − N)

where I0 is the initial pixel value and If is the final pixel value [14]. This equation was
applied to each B scan. Then, a median filter was applied to these SNR balanced images
(window size of 15 × 15) to remove salt and pepper noise. A morphological operation
was performed to isolate the edema zones with a minimum number of connected compo-
nents [15]. The anterior and posterior boundary of the retina was segmented in each B-scan
to restrict the quantification only to the region of interest (ROI). The anterior boundary
(inner limiting membrane) was defined as the layer having the first horizontal gradient
change from the top. Similarly, the posterior boundary (retinal pigment epithelium) was
defined as the first gradient change in the horizontal direction from the bottom. All the dark
pixels (intensity~0) in the ROI were identified as edema. The segmented edema regions
were overlaid on the original image. The area occupied by the pixels was calculated and
converted to millimeters squared (image pixel resolution was ~3.77 pixel/mm).

In this study, all or some of the 2D B-scans for a given eye captured the cross-sections
of edema regions, if they existed at the location of the scan. Then, the area of the captured
cross-section of the edema was calculated from the image. These areas were calculated for
all 25 of the B-scans. Since the spatial separation between the B-scans was known (25 µm),
the areas were simply integrated numerically using the Trapezoidal method of integration.
If Ai represented the area of the edema region in the ith B-scan, then the edema volume
was computed as:

Volumeofedema = (h/2.0)×

(

2
24

∑
i=2

Ai + A1 + A25

)

where h = 25 µm. This provided an estimate of the total volume of the edema within the
scan area of 9 × 6 mm. Since volume is essentially the sum of all the areas, the difference in
volume computed by areas that were derived from manual segmentation vs. an algorithm
would be simply the sum of differences between the individual areas derived from the
manual vs. algorithm segmentation of the edema cross-sections. All the above methods
were implemented using MATLAB v7.10 (MathWorks Inc., Natick, MA, USA).
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Statistical Analyses

The normality of distribution was checked with the Kolmogorov-Smirnov test. All
continuous variables were reported as median along with 95% of CI interval. Additionally,
a manual segmentation of the edema zones was performed by an experienced retina
specialist for a sub-set of the total number of B-scans. The agreement between the manual
and automated segmentation of the area of the edema zones in the B-scans was analyzed
with ICC. This agreement between the areas of fluid-filled zones in the B-scans was also
equal to the agreement between corresponding volumes of the fluid filled zones. The
variables analyzed were the corrected distance visual acuity (CDVA in LogMAR), volume
of the edema (mm3), CFV (mm3), CFT (µm), and TRV (mm3). The variables were analyzed
between the ETDRS grades and also between the response sub-groups.

The Kruskal Wallis test was used for the pairwise comparison of subgroups, us-
ing the Conover post hoc test. A p-value of less than 0.05 was considered statistically
significant. The statistical analyses were performed with MedCalc v18.5 (MedCalc Inc.,
Ostend, Belgium).

3. Results

3.1. Segmentation and Edema Volume Calculation

The manual segmentation of edema zones was performed in 371 B-scans chosen
randomly from the patient scans. The areas of segmented zones were calculated from both
the manual method and from the algorithm. The intra-class correlation (ICC) between the
manual and automated segmentation of areas was 0.91 (95% confidence interval ADDIN
EN.CITE [1] 0.89–0.93). Among the 181 eyes, 19 were devoid of edema and were isolated
as a separate group. The CFV, CFT, and TRV of these eyes were 0.31 (0.28–0.34) mm3,
395 (342.4–439.2) µm and 10.1 (9.24–12.20) mm3, respectively. Among the eyes with
edema, there were 7 with mild NPDR, 44 with moderate NPDR, 53 with severe NPDR and
74 with PDR.

3.2. Tomographic Features vs. DR Grades

Table 1 summarizes the salient tomographic features of the DR eyes stratified on the
basis of severity. Corrected distance visual acuity (CDVA), TRV, CFV, and CFT were similar
between the grades of DR eyes (p > 0.05). However, edema volume increased with an
increasing severity of the grade of DR (p < 0.001). Among the response groups, there were
60 responder eyes, 63 non-responder eyes, 26 recurrent eyes, and 29 treatment naïve eyes.

Table 1. Median with range of indices for the ETDRS grades of diabetic retinopathy.

Mild NPDR Mod NPDR Severe NPDR PDR p-Value

Age (years) 66 (61.4 to 64.8) 64 (64.00 to 66.00) 62 (61.00 to 65.76) 62.5 (57.33 to 65.00) 0.5

CDVA (LogMAR) 0.3 (0.36 to 0.52) 0.18 (0.16 to 0.30) 0.3 (0.18 to 0.48) 0.477 (0.33 to 0.48) 0.02

Edema Volume (mm3) 2.86 (0.47 to 3.84) 2.60 (2.17 to 3.69) 3.85 (3.34 to 4.70) 4.011 (3.31 to 4.76) 0.17

Total Retinal Volume (mm3) 9.05 (8.40 to 9.79) 9.52 (9.0 to 10.15) 11.82 (10.63 to 12.4) 11.16 (10.75 to 11.80) <0.001

Central Foveal Volume (mm3) 0.33 (0.28 to 0.35) 0.34 (0.32 to 0.38) 0.42 (0.31 to 0.48) 0.34 (0.31 to 0.36) 0.42

Central Foveal Thickness (µm) 416 (359.24 to 443.11) 434.5 (402.8 to 471.93) 461 (400.03 to 536.78) 435 (398.27 to 452.04) 0.58

CDVA—Corrected distance visual acuity, NPDR—Non-proliferative diabetic retinopathy, PDR—Proliferative diabetic retinopathy.

3.3. Tomographic Features vs. Treatment Response

Table 2 summarizes the salient tomographic features of the DR eyes stratified on the
basis of response to treatment. Only CDVA was better in the responder and treatment
naïve groups when compared to the non-responder and recurrent groups (p = 0.05). The
remaining indices were similar between the groups (p > 0.05). The volume of edema was
greatest in the recurrent group (median of 4.675 mm3). The linear correlation between
CDVA and the edema volume was not significant (p > 0.05), irrespective of either grade of
DR or response to treatment.
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Table 2. Median with range of indices for the DR eyes based on response to treatment.

Non-Responder Recurrent Responder Treatment Naïve p-Value

Age (years) 64 (61.00 to 65.24) 65 (61.00 to 69.05) 64 (59.46 to 66.00) 62 (55.00 to 66.00) 0.56

CDVA (LogMAR) 0.48 (0.42 to 0.60) 0.6 (0.18 to 1.09) 0.3 (0.18 to 0.48) 0.477 (0.18 to 0.48) 0.05

Edema Volume (mm3) 3.93 (3.31 to 4.49) 4.675 (2.83 to 5.41) 3.65 (2.69 to 3.96) 1.604 (0.37 to 3.82) 0.11

Total Retinal Volume (mm3) 10.59 (9.82 to 11.39) 11.64 (10.81 to 12.42) 10.74 (10.28 to 11.78) 10.23 9 (32 to 11.94) 0.47

Central Foveal Volume (mm3) 0.34 (0.32 to 0.36) 0.395 (0.35 to 0.46) 0.33 (0.280 to 0.40) 0.34 (0.31 to 0.37) 0.11

Central Foveal Thickness (µm) 431 (401.69 to 459.80) 494.5 (439.55 to 577.51) 415 (364.07 to 470.43) 438 (397.51 to 457.57) 0.18

3.4. Correlation among Features

The CFT and edema volume were significantly correlated (r = 0.40, p < 0.001) as shown
in the linear regression data (Figure 1). Similarly, the linear regression data of CFV and
TRV were significantly correlated with the edema volume (r = 0.41 and 0.65 respectively,
p < 0.001 (Figures 2 and 3)). Interestingly, the estimated zero edema volume CFT (Figure 1)
was 386.06 µm, which was very close to the median CFT of the 19 eyes with an absence of
edema. Similarly, the zero edema volume CFV (Figure 2) was 0.30 mm3, which was very
close to the median CFV of the same 19 eyes. In case of TRV, the difference between the
two was slightly greater (9.06 mm3 from Figure 3 versus 10.1 mm3 in the 19 eyes). Figure 4
shows a sample B-scan (A), after SNR balancing, (B) with the segmented edema regions
overlaid on (A).

Figure 1. Linear regression with 95% confidence interval between central foveal thickness and
edema volume. Only eyes with an edema volume greater than zero were included in the regression.
Thickness was derived from the central sector of the ETDRS map.
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Figure 2. Linear regression with 95% confidence interval between central foveal volume and edema
volume. Only eyes with an edema volume greater than zero were included in the regression. Volume
was derived from the central sector of the ETDRS map.

Figure 3. Linear regression with 95% confidence interval between total retinal volume and edema
volume. Only eyes with an edema volume greater than zero were included in the regression. Total
retinal volume was derived by adding the volumes of all the sectors of the ETDRS map.
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Figure 4. (A) A sample B-scan of a patient (categorized as recurrent and with an ETDRS grading as
PDR) showing fluid filled regions; (B) the same B-scan is shown after signal to noise ratio balancing;
(C) segmented fluid region is highlighted in red.

4. Discussion

The identification and quantification of edema in DR eyes is a subject of immense
interest. With the advent of OCT, the high resolution mapping of edema zones is possible,
along with the segmentation of the retinal layers. Increases in retinal thickness due to
edema is a primary endpoint in the assessment of edema in DR eyes [4–6,16]. The same
can be used to assess the efficacy of treatments and progression of the disease as well.
Recent studies have focused on the automated classification of DR, by detection of edema
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in diabetic patients [7–9]. However, none of these studies assessed the volume of the
edema as a primary endpoint. In this study, the volume of the edema was quantified using
serial B-scans and numerical integration to obtain a representative measure of the fluid
volume. These were then compared with the clinical classification of DR and its response
to treatment, to assess whether current classifications accurately capture change in edema
volume, if any.

The calculation of edema volume over a large scan is an important feature of the retina
in DR, since the edema may not be localized in the foveal region alone and the region
of maximal edema could be away from the fovea. Thus, quantification of the volume of
the edema over a larger scan area makes clinical sense. In this study, CFV and TRV were
derived from the ETDRS maps with diameters of 1 mm and 3 mm, respectively. In other
words, TRV was calculated for an en face area of 28.3 mm2 (= π × 3 × 3) using 12 radial
scans. However, the edema volume was calculated for an en face area of 54 mm2 (= 9 × 6)
using 25 rectangular scans. Despite this difference, the linear correlations predicted nearly
the same CFT, CFV, and TRV at zero edema volume as the 19 eyes with an absence
of edema. An absence of edema can also be seen as the absence of large pockets of
edema, which are clearly visible to the naked eye. It may also be treated as “dispersed”
edema. Therefore, it appeared that progression of DR led to swelling of the retinal tissues
before fluid-filled spaces actually formed in the retina. Detection of fluid-filled volume
is also limited by the axial and lateral resolution of the OCT scanner, as volumes which
are smaller than the resolution cannot be detected. Thus, it may be concluded that a
threshold value of CFT~386 µm, CFV~0.3 mm3, and TRV~9.06 mm3 (Figures 1–3) needs
to be reached before edema could be detectable by the OCT scanner that was used in this
study. These observations need further validation with larger sample sizes and also with
different populations. The linear equations may also be used estimate edema volume
from known measurements of CFT, CFV, and TRV from ETDRS maps, thereby serving as
predictive models.

Past studies have established that the volume of edema should increase with an
increasing severity of DR [3,17]. PDR had the greatest edema volume. However, the
ETDRS grading scale does not consider the presence or absence of edema in the retina.
Thus, several analyzed eyes in the study had no edema. A separate grading scale, based
on the tomography of the retina and edema volume, may be useful to further monitor the
progression of disease and response to treatment. Among the response groups, the edema
volume was the greatest in the non-responders when compared to baseline, followed by
the responders and recurrent eyes. Treatment naïve eyes had the least edema volume.
These trends make logical sense but weren’t quantified previously. Further, no clear trends
were observed with TRV, CFV, and CFT between the response groups. This implies that the
quantification of edema volume may be a better marker to assess response to treatment
than CFT, CFV, and TRV. These observations also require further validation.

Deep learning was used to quantify the correlation of retinal thickness and fluid
volumes with post-treatment CDVA in a relatively large sample size of eyes (n = 629) [18].
Voxel imaging was used in this study [18]. The agreement between the model prediction
and the actual CDVA was moderate (R2 = 0.21) [18], but better than the correlation between
edema volume and CDVA from our study. Another study [19] used deep learning to
quantify the macular fluids in AMD, DME, and RVO eyes. Here, volumetric data from
Spectralis were used to detect intraretinal cystoid fluid and sub-retinal fluid (SRF), with an
AUC of 0.97 and 0.87, respectively. One more study [20] used deep learning to associate
anti-VEGF treatment with visual acuity (BCVA), intra-retinal fluid (IRF) and SRF. It was
concluded that presence of SRF was associated with low baseline BCVA. Thus, future
combinations of deep learning, a larger sample size, and our method of edema volume
analysis may improve the correlations presented in this study. The type of treatment and the
rate of change of fluid volume during treatment are also important determinants of residual
fluid volume in a patient. Combining this with deep learning may further improve the
prediction of visual acuity and/or volume of fluid at the end of the treatment. In another
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study, edema volume was quantified in age-related macular degeneration eyes using
volumetric imaging (voxel size of 30 × 30 × 1.95 µm3) [21]. The measured fluid volumes
ranged from 0 to 2 mm3 [21]. Another study used a voxel size of 11.7 × 46.9 × 2.7 µm to
image 10 patients, who underwent anti-VEGF injections over a year [20]. Detected volumes
decreased over time and ranged from 0 to 1.8 mm3 [22]. Thus, volumetric imaging was the
primary protocol of interest in earlier studies. Voxel imaging was generally performed over
a smaller en face area of 6 × 6 mm and took a longer time to acquire [22,23]. In comparison,
our method is relatively faster and covered a larger en face area of 9 × 6 mm. In the future,
agreement between volume quantification from voxel imaging and our method needs to
be assessed for the same en face area.

A limitation of this study was that different types of edemas were not analyzed
separately, and this needs to be addressed in future studies. A study on the correlation of
BCVA with inner and outer retinal thickness found that inner retinal thickness negatively
correlated with visual acuity, while outer retinal thickness was positively correlated, or
had visual acuity gain, in response to the intravitreal injection of ranibizumab [18]. They
speculated that the recovery of the outer retina in response to treatment. In future studies,
assessing differential correlations between thickness changes in the inner and outer retinal
layers, with changes in edema volume following treatment, would be of more value.
However, it is clear that the spatial distribution of edema volume was largely heterogeneous
over the scan area, since it correlated with TRV but not with CFT and CFV. Both CFT and
CFV were specific to the center retina, i.e., the 1 mm diameter circle of the ETDRS map.
Since this is a single center, single population study, it is a limitation which we will
address in future studies with diverse patient populations in larger cohorts to validate our
observations. In summary, the volume of edema was quantified in response groups with
DR and was observed to be significantly correlated with retinal tomography features along
with disease severity. It was also observed to be an improved differentiator between the
response groups.
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Abstract: Background: The aim of this study was to investigate whether miRNA levels in the
circulation could serve as a predictive biomarker for responsiveness to anti-vascular endothelial
growth factor (VEGF) therapy in patients with diabetic macular edema. Methods: Whole blood
samples were collected at baseline from 135 patients who were included in the BRDME study, a
randomized controlled comparative trial of monthly bevacizumab or ranibizumab treatment for
6 months in patients with diabetic macular edema (Trialregister.nl, NTR3247). Best corrected visual
acuity letter score (BCVA) and retinal central area thickness (CAT) were measured monthly during the
6-month follow-up. Levels of selected miRNAs were quantified. Results: Following linear regression
analysis, the levels of four miRNAs were negatively associated with baseline CAT. Multivariable
regression analysis confirmed this association for miR-181a. No associations with changes in CAT
after 3 or 6 months of anti-VEGF treatment were found. In addition, no associations with miRNA
levels with baseline BCVA or change in BCVA after 3 or 6 months of anti-VEGF treatment were found.
Conclusions: Circulating miR-181a levels were negatively associated with CAT at baseline. However,
no associations between miRNA levels and the response to anti-VEGF therapy were found.

Keywords: diabetic macular edema; visual acuity; central area thickness; biomarker; microRNA;
anti-VEGF

1. Introduction

Patients with diabetic macular edema (DME) are commonly treated with intravitreal
injections of anti-vascular endothelial growth factor (VEGF) agents. Unfortunately, a
substantial number of patients exhibit a suboptimal response to anti-VEGF agents regarding
the gain in visual acuity and might benefit from alternative therapeutics options, such
as intravitreal corticosteroid injections or additional photocoagulation therapy [1–3]. To
prevent long-term vision loss, it is important to identify this patient group at an early stage
to ensure that they receive the proper treatment regimen. However, predictive biomarkers
for anti-VEGF treatment response are lacking.

DME is the most important cause of visual impairment in patients with diabetic
retinopathy. VEGF, the main known mediator of DME, is a protein secreted by retinal cells
during hypoxia which is responsible for disruption of the blood–retinal barrier, resulting
in fluid and protein leakage into the retina, causing DME, and eventually, visual impair-
ment [4]. DME patients are therefore treated with intravitreal anti-VEGF agents, of which
bevacizumab, ranibizumab and aflibercept are commonly used in clinical practice.

However, up to 40% of DME patients treated with anti-VEGF agents exhibit a subopti-
mal response with minimal visual acuity gain or are non-responders. These patients would
be better off switching to another anti-VEGF agent, or should initially be treated with
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alternative treatments [1–3]. Considering the varying response to anti-VEGF agents and
the different treatment possibilities, treating clinicians need to know in advance whether a
patient will be a responder or a non-responder (Figure 1). However, to date, no sufficient
predictive biomarkers have been reported that are able to distinguish responders from
non-responders.
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Figure 1. OCT images of DME patients obtained with Heidelberg Spectralis at baseline and after 6 months of anti-VEGF
treatment. The central area thickness was unchanged after treatment in the non-responder patient, whereas the central area
thickness was clearly decreased and macular edema was almost resolved in a responder patient.

Research on the role of microRNAs (miRNAs) in the pathogenesis of diabetes, diabetic
retinopathy and diabetic macular edema is emerging. miRNAs are highly conserved, ap-
proximately 22 nucleotides long, noncoding RNAs that regulate gene expression. miRNAs
are expressed in all human cells and are engaged in several physiological processes [5]. Dis-
tinct expression levels of specified miRNAs are known to be involved in the development
of non-proliferative diabetic retinopathy and in the progression to proliferative diabetic
retinopathy [5–9]. Only a few papers have reported a role for miRNAs in the development
of DME [10–12]. However, it is unknown whether these miRNA expression profiles could
also predict DME development or even predict responsiveness to anti-VEGF therapy.

The use of microRNA levels in circulation to predict therapy efficacy has previously
been established in rheumatoid arthritis patients treated with anti-TNFα [13], and in the
prediction of the response to radiotherapy in head and neck squamous cell carcinoma pa-
tients [14]. In the current study, we investigated whether miRNA levels in the circulation at
baseline could serve as a biomarker for the responsiveness to anti-VEGF therapy in patients
with diabetic macular edema. We selected seven miRNAs: miR-21, miR-181c and miR-1197,
based on their reported roles as serum biomarkers for proliferative diabetic retinopathy
(PDR) [8]; miR-181a and miR-222, for their roles in retinal neovascularization [15,16]; miR-
133b, for its role in wound healing and the regulation of connective tissue growth factor
(CTGF) [17]; and miR-7, for its role as a negative mediator of angiogenesis [18]. Using linear
regression, we analyzed possible correlations between miRNA levels and the best corrected
visual acuity letter score (BCVA) as well as central area thickness (CAT) at baseline and its
change after 3- and 6-month follow-up.

2. Materials and Methods

2.1. Study Population

Patient material for miRNA analyses was obtained from participants of the BRDME
study [19]. The BRDME study is a randomized, double-masked, multicenter clinical
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trial, conducted to generate conclusive evidence on the non-inferiority of bevacizumab to
ranibizumab in the treatment of patients with DME (Trialregister.nl, NTR3247). The study
was approved by the Institutional Review Board of the Amsterdam University Medical
Centers, location AMC, and performed in accordance with the Declaration of Helsinki.

In the period from June 2012 to February 2018, 170 participants were enrolled in the
BRDME study. Patients were eligible for participation if they presented vision loss due to
DME and may benefit from treatment with anti-VEGF agents, were over 18 years of age,
diagnosed with type 1 or type 2 diabetes mellitus with a glycosylated hemoglobin (HbA1c)
of less than 12%, a CAT of >325 µm, and a BCVA between 24 and 79 letters. Over a period
of 6 months, patients received monthly injections of either 1.25 mg bevacizumab (n = 86) or
0.5 mg ranibizumab (n = 84) for a follow-up time of 6 months.

The BCVA of the studied eye and CAT of the studied eye were measured monthly.
BCVA was examined using the standardized Early Treatment Diabetic Retinopathy Study
chart and registered as the number of letters read by the participant. CAT is defined as
the 1 mm central retinal thickness area, as described in the ETDRS. Only at screening
and after 6 months was a more comprehensive ophthalmic examination performed. Data
on CAT were obtained from optical coherence tomography (OCT) scans, and different
OCT devices were used depending on the available system at the participating center
(Zeiss Cirrus, Heidelberg Spectralis or Topcon). CAT values obtained from Zeiss Cirrus
and Topcon devices were converted to Heidelberg Spectralis outcomes, according to the
conversion table derived by Giani et al. [20]. Blood samples for DNA and RNA extraction
were collected during the screening visit, before administration of the first injection. The
diagnosis of DME was confirmed by an independent reading center, the Belfast Reading
Center, Belfast, United Kingdom, part of the Network of Ophthalmic Reading Centers
of the United Kingdom. A summary of the clinical design and data analysis is given in
Figure 2.
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                     Figure 2. Flow chart summarizing the clinical design and data analysis.

2.2. Outcome Measurements

The primary outcomes included the association between miRNA expression levels
and the change in BCVA from baseline to 3 and 6 months, and the association between
miRNA levels and change in CAT from baseline to 3 and 6 months. In addition, differences
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in miRNA expression levels between responder groups were examined. Participants were
appointed to one of the following groups based on changes in CAT: rapid response, defined
as a reduction of >50% in CAT after 3 months of treatment; slow response, reduction in
CAT between 10% and 50% at 3 months, but a reduction of >50% at 6 months; and no
response, a less than 25% reduction in CAT at both 3 and 6 months.

2.3. miRNA Profiling

Whole blood samples of 2.5 mL were collected from 135 participants, which were
drawn into PAXgene RNA tubes; eventually, RNA was extracted using the PAXgene
blood RNA kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions.
miRNA expression profiles were quantified using real-time quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR). A 1 µg aliquot of total RNA of each sample was
reverse-transcribed into cDNA using the miScript II RT Kit (Qiagen). The samples were
diluted 20 times with nuclease-free water. Real-time qPCR was performed using a CFX96
real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA). A master mix
was prepared for each primer set, consisting of a 5 µL iQ SYBR green supermix (Bio-Rad)
and 1 µL primer mix. Additionally, 4 µL of cDNA (diluted 1:80) in 6 µL master mix was
amplified using the following PCR protocol: 95 ◦C for 10 min and 60 ◦C for 1 min, followed
by 44 cycles of 95 ◦C for 10 s and 60 ◦C for 1 min, followed by 95 ◦C for 30 s and a melting
program (60–95 ◦C). Calculating the relative gene expression, the equation: R = E−Ct was
used, where E is the mean efficiency of all samples as determined by LinReg [21], and Ct is
the threshold for the gene that was determined during qPCR. The following miRNAs were
analyzed in our study cohort: miR-7, miR-21, miR-133b, miR-181a, miR-181c, miR-222 and
miR-1197. These were selected based on reported associations with angiogenesis, diabetes
or diabetic retinopathy [5,6,8]. Primers were purchased from Exiqon. All reactions were
performed in quadruplicates. Gene expression data were normalized using UnisP6.

2.4. mRNA Expression of Leukocyte Markers

The mRNA levels of the following leukocyte markers were analyzed: PTPRC/CD45
(pan-leukocyte marker), CD4 (CD4+ T-cells), CD8A (CD8+ T-cells), CD19 (B-cells) and
CD14 (monocytes). A 1 µg aliquot of total RNA of each sample was treated with DNase-I
(amplification grade; Invitrogen, Waltham, MA, USA) and reverse-transcribed into cDNA
using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA).
Real-time quantitative PCR (RT-qPCR) was performed on 20× diluted cDNA samples
using a CFX96 real-time PCR detection system (Bio-Rad Laboratories) and the specificity
of primers was confirmed as described previously [22]. Primer details are available upon
request. Gene expression data are expressed as absolute amounts. All reactions were
performed in triplicates.

2.5. Statistical Analysis

Linear regression analysis was performed to evaluate the relationship between miRNA
levels and baseline BCVA, changes in BCVA, baseline CAT and changes in CAT from
baseline to 3 and 6 months. miRNA and mRNA data were log10-transformed to obtain a
normal distribution. Multivariable regression analysis was used to confirm associations
found by univariable regression analysis.

For responder and non-responder analyses, a threshold of 283 µm was subtracted
from OCT values, which equaled the mean normal retinal thickness, as measured with Hei-
delberg Spectralis, because all OCT measurements were converted to Heidelberg Spectralis
values [20]. Relative changes in CAT were used for the classification of rapid responders,
slow responders and non-responders, as described in Section 2.2. For responder analysis,
miRNA levels were compared using the Kruskal–Wallis test with multiple comparisons.

Significance levels of <0.05 were considered as statistically significant in all analyses
mentioned above.
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3. Results

3.1. Patient Characteristics

The mean age of the patients in the study was 63.7 ± 11.4 years (±standard deviation);
85 were male and 51 were female. The majority of the participants (n = 119) were diagnosed
with type 2 diabetes mellitus, whereas 16 participants were diagnosed with type 1 diabetes
mellitus. The mean duration since the diagnosis of diabetes mellitus was 16.0 ± 11.1 years.
The mean baseline BCVA score was 68.6 ± 9.8 letters, and participants had a mean CAT of
462.5 ± 101.3 µm. Hemoglobin A1c (HbA1c) levels of only 60 patients were documented,
with a mean HbA1c of 7.78%.

3.2. miRNA Levels and Visual Acuity Outcomes

Following linear regression analysis, levels of miRNAs in the circulation at baseline
were not associated with BCVA at baseline (Table 1). In addition, no association with
miRNA levels or change in BCVA at 3 and 6 months was found.

Table 1. Linear regression analysis for log10-transformed miRNA levels and baseline BCVA and changes in BCVA at 3 and
6 months.

miRNA miR7 miR21 miR133b miR181a miR181c miR222 miR1197

Baseline BCVA
Beta 0.132 0.152 −0.047 0.102 0.080 0.154 0.078
SE 1.868 1.486 1.782 1.904 1.345 1.911 0.990

p-value 0.128 0.078 0.586 0.240 0.354 0.074 0.371

∆BCVA 3 months
Beta −0.135 −0.088 0.068 0.020 0.046 −0.041 −0.040
SE 1.299 1.042 1.238 1.331 0.938 1.344 0.690

p-value 0.118 0.310 0.430 0.821 0.579 0.635 0.642

∆BCVA 6 months
Beta −0.062 0.004 0.167 0.108 0.081 0.060 0.008
SE 1.437 1.149 1.343 1.453 1.027 1.475 0.758

p-value 0.473 0.962 0.053 0.214 0.353 0.490 0.922

Beta, beta coefficient; SE, standard error.

3.3. miRNA Levels and Central Area Thickness

Following linear regression analysis, CAT at baseline was negatively associated with
miRNA levels in circulation at baseline for miR-7, miR-181a, miR-222 and miR-1197 (Table 2,
Figure 3). Multivariable linear regression analyses confirmed a significant association of
miR-181a with baseline CAT. No associations of any miRNA levels and change in CAT at 3
or 6 months could be demonstrated (Table 2, Figure 3).

3.4. Responder Analyses

Following the criteria for responsiveness as described in the Methods section, 66 patients
were defined as rapid responders, 18 patients as slow responders, and 29 patients as non-
responders. Using the Kruskal–Wallis test, no significant differences were found in miRNA
levels between these responder groups (Figure 4).

3.5. miRNA Levels and Leukocyte Markers

The majority of mRNA isolated from whole blood comes from leukocytes, and these
cells play an important role in the pathogenesis of DME; therefore, we checked whether
the expression of leukocyte markers is related to miRNA expression and VA and CAT
outcomes. The following leukocyte markers were included in the analyses: CD4, CD8a,
CD14, CD19 and CD45.

Regression analysis demonstrated a number of associations between miRNA levels
and leukocyte markers (Figure 5). miR-21 was positively associated with the marker of
CD4+ T-cells CD4 and the monocyte marker CD14. miR-133b was negatively associated
with the B-cell marker CD19 and the pan-leukocyte marker CD45. miR-222 was positively
associated with CD14 and miR-1197 was negatively associated with CD45. Expression
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levels of leukocyte markers were not associated with BCVA or CAT at baseline or with CAT
changes at 3 or 6 months.

Table 2. Univariable and multivariable linear regression analysis for log10-transformed miRNA levels and baseline CAT
and changes in CAT at 3 and 6 months.

miRNA miR7 miR21 miR133b miR181a miR181c miR222 miR1197

Baseline CAT

Univariable
Beta −0.194 −0.154 −0.151 −0.298 −0.157 −0.217 −0.171
SE 19.132 15.373 18.244 18.906 13.792 19.538 10.119

p-value 0.024 0.074 0.080 0.000 0.070 0.011 0.048

Multivariable
Beta −0.083 0.013 −0.002 −0.348 0.070 0.097 −0.106
SE 30.418 27.553 22.193 33.824 18.543 43.481 10.780

p-value 0.540 0.932 0.986 0.020 0.546 0.608 0.246

∆CAT 3 months

Univariable
Beta 0.138 0.058 0.001 0.054 −0.028 0.025 0.104
SE 21.117 16.982 20.178 21.619 15.260 21.876 11.167

p-value 0.111 0.506 0.993 0.535 0.747 0.774 0.228

Multivariable
Beta 0.273 0.034 −0.074 0.168 −0.129 −0.259 0.113
SE 34.108 30.896 24.886 37.928 20.793 48.757 12.088

p-value 0.051 0.827 0.493 0.270 0.278 0.182 0.226

∆CAT 6 months

Univariable
Beta 0.120 0.053 0.010 0.137 0.018 0.066 0.144
SE 21.871 17.553 20.850 22.160 15.773 22.563 11.482

p-value 0.164 0.541 0.913 0.112 0.839 0.446 0.096

Multivariable
Beta 0.191 −0.009 −0.091 0.286 −0.122 −0.218 0.142
SE 35.111 31.804 25.617 39.043 21.404 50.190 12.444

p-value 0.169 0.957 0.394 0.061 0.302 0.259 0.128

Beta, beta coefficient; SE, standard error.
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Figure 3. Association between circulating miRNAs and baseline CAT or change in CAT at 3 and
6 months. The scatter plots show the simple linear regression line with 95% confidence bands. Beta
(β) coefficients and p-value (p) are given. p-values < 0.05 are indicated in bold.
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Figure 4. Expression of circulating miRNAs at baseline in different responder groups. Rapid
responders exhibited a reduction of >50% in CAT after 3 months of treatment, slow responders
exhibited a reduction in CAT between 10% and 50% at 3 months but a reduction of >50% at 6 months,
and patients with no response exhibited a less than 25% reduction in CAT at both 3 and 6 months.
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Figure 5. Association between circulating miRNAs and leukocyte markers at baseline. The scatter plots show the simple
linear regression line with 95% confidence bands. Beta (β) coefficients and p-values (p) are given. p-values < 0.05 are
indicated in bold.

4. Discussion

The use of microRNA levels as biomarkers for disease progression or in the prediction
for therapy response is emerging [13,14]. In the present study, we compared the expression
levels of selected miRNAs with BCVA and central area thickness (CAT) at baseline and
after 3 and 6 months of anti-VEGF therapy. Four miRNAs, miR-7, miR-181a, miR-222 and
miR-1197, exhibited a negative association with baseline CAT, as analyzed with univariable
regression analysis. For miR-181a, this association could be confirmed with the use of
multivariable regression analysis. No associations were found between miRNA levels and
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changes in CAT or BCVA after therapy, which means that these miRNAs are not suitable
as predictors for therapy efficacy. We could also not demonstrate an association between
miRNA levels and baseline BCVA. Therefore, expression in the circulation of the studied
miRNAs does not seem to be related to the DME response to anti-VEGF.

The main positive finding of this study is that levels at baseline of miR-181a are
negatively associated with baseline CAT, suggesting that miR-181a levels decrease when
CAT increases. This finding seems in line with a recent study which reported that miR-181a
is enriched in the normal mouse retina, but reduced in the retinas of mice in an oxygen-
induced retinopathy (OIR) model [15]. The downregulation of miR-181a was accompanied
by the upregulation of its target gene endothelial cell-specific molecule 1 (endocan or
ESM-1), which has previously been identified to be highly enriched in retinal endothelial
tip cells [23], and which has been shown to play an important role in the regulation of
angiogenesis [24]. The intraocular injection of miR-181a resulted in the suppression of
retinal neovascularization in the OIR model [15].

In addition, extracellular microvesicles (EVs) derived from apoptotic human T lym-
phocytes (LMPs) were found to have anti-angiogenic properties in the OIR model, and
miR-181a was shown to be one of the most abundant miRNAs in these LMPs [25]. This con-
firms an anti-angiogenic role for miR-181a and suggests LMPs as a source of this miRNA,
which may also explain our findings in the circulation.

To explore this further, we investigated possible associations between mRNA levels
of leukocyte markers and miRNA levels. We were unable to find a relationship between
miR-181a and the abundance of T-cells with markers for CD4 and CD8A, however, sug-
gesting that leukocytes may not be the source of miR-181a, or that the used method is
not appropriate. However, associations with leukocyte markers could be established for
miR-21, miR-133b, miR-222 and miR-1197, suggesting that leukocytes may be a source for
these miRNAs. Other sources of miRNAs may be diverse, including passive leakage from
inflamed or injured cells or platelets, active secretion via cell-derived membrane vesicles
such as microparticles, exosomes, shedding vesicles, and apoptotic bodies, and active
secretion by a protein–miRNA with lipoproteins (e.g., high-density lipoprotein: HDL) and
Argonaute protein (e.g., Ago2) [26].

We used whole serum samples; therefore, we could not distinguish between miRNAs
from these different sources, although miRNAs derived from leukocytes were expected
to be the most abundant in our samples. It remains to be determined which sources of
circulating miRNAs can best be used as biomarkers for the diagnosis, prevention, and
treatment of disease, but thus far, research is in favor of exosomal samples compared to
whole serum samples [26]. Future experiments with exosomal-derived miRNAs from
serum may discover better associations with therapy efficacy in DME than we found in the
current study.

In addition to the lack of an association of miRNA levels with changes in CAT or BCVA
after therapy, we could also find no differences between the different responder groups. In
our study, we used selected miRNAs. Possibly, by using a discovery-based method and
analyzing all possible miRNAs available, future studies will reveal other miRNAs that do
associate with therapy efficacy.

Another limitation of this study is that we only had blood samples collected at the
beginning of the study, before the start of anti-VEGF treatment. The expression of miRNAs
can change rapidly in response to changes in the microenvironment; therefore, a single
measurement is only a snapshot and may not truly reflect the dynamic regulation of
miRNAs in relation to changes in BCVA and CAT after therapy. To better understand the
role of these miRNAs in the response to anti-VEGF treatment, blood samples should also
be examined during and after treatment in future studies.

5. Conclusions

Our findings demonstrated no role for the miRNAs studied in predicting response to
anti-VEGF therapy. However, we did observe an association between miR-181a levels and
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CAT at baseline. Future research is needed to further investigate the predictive value of
miRNAs as biomarkers of anti-VEGF treatment response, and to fully understand the role
of miRNAs in the pathophysiology of DME.
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Abstract: Age-related macular degeneration (AMD) is a major cause of vision loss among the
elderly in the Western world. The complement system has been identified as one of the main AMD
disease pathways. We performed a comprehensive expression analysis of 32 complement proteins
in plasma samples of 255 AMD patients and 221 control individuals using mass spectrometry-
based semi-quantitative multiplex profiling. We detected significant associations of complement
protein levels with age, sex and body-mass index (BMI), and potential associations of C-reactive
protein, factor H related-2 (FHR-2) and collectin-11 with AMD. In addition, we confirmed previously
described associations and identified new associations of AMD variants with complement levels. New
associations include increased C4 levels for rs181705462 at the C2/CFB locus, decreased vitronectin
(VTN) levels for rs11080055 at the TMEM97/VTN locus and decreased factor I levels for rs10033900
at the CFI locus. Finally, we detected significant associations between AMD-associated metabolites
and complement proteins in plasma. The most significant complement-metabolite associations
included increased high density lipoprotein (HDL) subparticle levels with decreased C3, factor H
(FH) and VTN levels. The results of our study indicate that demographic factors, genetic variants
and circulating metabolites are associated with complement protein components. We suggest that
these factors should be considered to design personalized treatment approaches and to increase the
success of clinical trials targeting the complement system.
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1. Introduction

Age-related macular degeneration (AMD) is a major cause of vision loss among the
elderly in the Western world. Due to increased ageing of the population, the number of
individuals affected by AMD worldwide is expected to rise from 200 million currently
to approximately 288 million by 2040 [1]. Early forms of AMD are characterized by
the accumulation of drusen between the retinal pigment epithelium (RPE) and Bruch’s
membrane. As the disease progresses, the drusen expand and coalesce, leading to two types
of advanced stages. Geographic atrophy (GA) is defined by atrophy of photoreceptors,
RPE and choriocapillaris in the macula, leading to progressive and irreversible loss of
central vision. Neovascular AMD (nAMD) is characterized by the abnormal ingrowth of
new blood vessels from the choriocapillaris into the sub-RPE or subretinal space. These
aberrant vessels are fragile and tend to leak fluid and blood, causing rapid and severe vision
loss. Neovascularization in nAMD can effectively be treated with intravitreal injections of
anti-vascular endothelial growth factor (VEGF), but no approved treatment is currently
available to prevent degeneration in GA.

AMD is a multifactorial disease caused by a combination of environmental and genetic
risk factors. Increasing age, female sex, smoking and a high body-mass index (BMI) are
associated with an increased risk for AMD, while use of antioxidants decreases the risk
of AMD disease progression [2–5]. Genome-wide association studies have identified the
complement system, extracellular matrix remodelling and lipid metabolism as main AMD
disease pathways [6]. The strongest independent genetic associations were reported for the
common p.Tyr402His (rs1061170) variant in the complement factor H (CFH) gene [7–10]
and for a common variant at the ARMS2/HTRA1 locus [11–13]. Since then, eight additional
genetic variants at the CFH locus have been independently associated with AMD. In addi-
tion, four variants in or near the complement factor B (CFB) and complement component
2 (C2) genes, three variants in or near the complement component 3 (C3) gene, two variants
in or near the complement factor I (CFI) gene, one variant in the complement component
9 (C9) gene and one variant near the vitronectin (VTN) gene have been associated with
AMD [6,14,15]. These variants include intergenic, intronic and coding variants that either
confer an increased or decreased risk for AMD. Coding variants in these genes include
the variants p.Gly119Arg (rs141853578) in CFI, p.Arg102Gly (rs2230199) and p.Lys155Gln
(rs147859257) in C3, and p.Pro167Ser (rs34882957) in C9, which are associated with an
increased risk of AMD. Two coding variants in the CFB gene, p.Leu9His (rs4151667) and
p.Arg32Gln (rs641153), are associated with a decreased risk for AMD. In addition to these
variants that are individually associated with AMD, an aggregated effect of rare coding
variants in the CFH, CFI, C3 and C9 genes has also been reported to associate with AMD
using gene-based approaches [6,16–19].

An important role of the complement system in AMD already emerged from earlier
studies demonstrating that complement components are constituents of drusen [8,14,20–22].
In addition, altered concentrations of complement components have been detected in the
systemic circulation of AMD patients. Several have studies demonstrated that complement
activation markers such as C3a, C3d and C5a are elevated in AMD patients compared to
controls [23–25]. Moreover, several genetic variants in or near genes of the complement
system are associated with altered concentrations of complement protein components in
the systemic circulation of AMD patients. The AMD-protective p.Leu9His (rs4151667)
variant in the CFB gene is associated with reduced factor B (FB) levels [25,26], while the
AMD-risk variant p.Gly119Arg (rs141853578) in the CFI gene is associated with reduced
factor I (FI) levels [27]. The AMD-risk variant p.Pro167Ser (rs34882957) in the C9 gene was
initially associated with elevated C9 levels [28], but a more recent study rather reported
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decreased C9 levels in carriers of the p.Pro167Ser variant [29]. Common variants at the
CFH locus were recently shown to be strongly associated with levels of the factor H-related
proteins FHR-1, FHR-2, FHR-3 and FHR-4, which are encoded by the CFHR genes lo-
cated at the CFH locus downstream of the CFH gene. The AMD risk-conferring variant
rs570618[T] is associated with increased FHR-1, FHR-2, FHR-3 and FHR-4 levels, while
the AMD-protective variant rs10922109[A] is associated with decreased FHR-1, FHR-2,
FHR-3 and FHR-4 levels [30–32]. Nevertheless, for many of the AMD-associated genetic
variants in or near genes of the complement system, the effect on complement protein
levels remains unknown.

A recent study observed strong associations of systemic complement activation
measurements (defined by the C3d/C3 ratio) with AMD-associated metabolites, includ-
ing lipoprotein subfractions (large and very large high-density lipoproteins (L- and XL-
HDL), very-low-density lipoproteins (VLDL)), other lipids/apolipoproteins (remnant-C,
apolipoprotein B (ApoB), triglycerides), fatty acids (monounsaturated fatty acids (MUFA),
saturated fatty acids (SFA), total fatty acids (TotFA)), and amino acids (leucine (Leu),
isoleucine (Ile) and alanine (Ala)) [33]. Increased L-and XL-HDL levels were associated
with increased complement activation, and both HDL levels and complement activation
were increased in AMD patients compared to controls. On the other hand, decreased VLDL,
remnant-C, ApoB, triglycerides, MUFA, SFA, TotFA, Ile, Leu and Ala levels were associated
with increased complement activation, and these metabolites were decreased in AMD
compared to controls. These associations may indicate biological interactions between the
main AMD disease pathways: lipid metabolism and complement activation. Associations
between other complement components and AMD-associated metabolites have not yet
been studied in the context of AMD.

In this study, we performed a comprehensive analysis of 32 complement proteins
in plasma samples of AMD patients and controls using mass spectrometry-based semi-
quantitative multiplex profiling [34]. First, we aimed to determine associations of comple-
ment proteins with demographic factors and with AMD. Next, we aimed to determine the
association of genetic variants with levels of complement proteins in plasma. Finally, we
aimed to determine associations between AMD-associated metabolites and complement
proteins in plasma.

2. Results

Using a multiplex selected reaction monitoring (SRM) liquid chromatography–mass
spectrometry (MS) assay [34], levels of 64 peptides from 32 proteins of the complement
system were measured in 476 plasma samples (details of the measured peptides are pro-
vided in Supplementary Table S1). These samples belonged to 221 control individuals
and 255 AMD patients selected from the EUGENDA database (descriptive statistics of the
study cohort are provided in Supplementary Table S2). Genotyping and metabolomics
data was available for the majority of the included individuals.

2.1. Complement Peptide Levels Are Associated with Age, Sex, and BMI

First, we evaluated whether complement peptide levels vary with age, sex, smoking
and BMI. Pearson correlation analyses were performed on the entire cohort using rank-
based inverse normal transformed peptide levels. After correcting for the false discovery
rate (FDR), 12 peptides were significantly correlated with age (Table 1, Supplementary
Table S3). Peptides originating from factor D (FD), C9 and C7 were positively correlated
with age, whereas peptides originating from MASP1/3, FCN3, MASP1, C8G (two peptides),
C8A (two peptides), C4BPA and clusterin were negatively correlated with age (Table 1).
The most significant correlation was found for factor D (r = 0.25, p-value = 2.50 × 10−8,
PFDR = 1.60 × 10−6, Table 1).
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Table 1. Association of demographic factors with complement peptide levels. Pearson correlation
was computed for each demographic factor, and the significantly associated protein peptides are
shown. Full list of Pearson correlations to age, sex, smoking and BMI can be found in Supplementary
Tables S3–S6.

Demographic Peptide ID Protein Pearson’s r p-Value p-ValueFDR

Age

39 FD 0.25 2.50 × 10−8 1.60 × 10−6

46 MASP1/3 −0.19 2.78 × 10−5 8.89 × 10−4

52 FCN3 −0.18 9.94 × 10−5 2.12 × 10−3

35 C9 0.14 1.65 × 10−3 2.64 × 10−2

32 C8G −0.14 2.80 × 10−3 2.94 × 10−2

31 C8G −0.14 2.85 × 10−3 2.94 × 10−2

48 MASP1 −0.13 3.21 × 10−3 2.94 × 10−2

25 C7 0.13 3.87 × 10−3 3.10 × 10−2

27 C8A −0.13 4.94 × 10−3 3.16 × 10−2

26 C8A −0.13 4.64 × 10−3 3.16 × 10−2

55 C4BPA −0.12 7.62 × 10−3 4.07 × 10−2

60 Clusterin −0.12 7.07 × 10−3 4.07 × 10−2

Sex

23 C6 0.19 3.17 × 10−5 2.03 × 10−3

50 MBL2 −0.18 9.60 × 10−5 3.07 × 10−3

51 MBL2 −0.17 2.06 × 10−4 3.29 × 10−3

57 C4BPB 0.17 1.69 × 10−4 3.29 × 10−3

58 IC1 0.16 6.38 × 10−4 8.17 × 10−3

59 IC1 0.15 7.97 × 10−4 8.50 × 10−3

43 FI 0.14 2.61 × 10−3 1.86 × 10−2

61 Clusterin 0.14 2.47 × 10−3 1.86 × 10−2

60 Clusterin 0.14 2.58 × 10−3 1.86 × 10−2

39 FD −0.14 2.95 × 10−3 1.89 × 10−2

27 C8A 0.13 5.85 × 10−3 3.40 × 10−2

BMI

44 CRP 0.28 9.49 × 10−9 6.07 × 10−7

12 C3 0.24 1.20 × 10−6 3.85 × 10−5

41 FH 0.21 1.05 × 10−5 2.25 × 10−4

43 FI 0.20 5.55 × 10−5 8.88 × 10−4

42 FH 0.19 1.27 × 10−4 1.63 × 10−3

40 FH 0.18 1.77 × 10−4 1.89 × 10−3

63 Vitronectin 0.17 4.03 × 10−4 3.69 × 10−3

13 C3 0.14 5.40 × 10−3 4.32 × 10−2

38 FB 0.13 6.53 × 10−3 4.64 × 10−2

Pearson correlation identified 11 peptides that were significantly correlated with sex
(Table 1, Supplementary Table S4). Peptides originating from C6, C4BPB, IC1, FI, C8A and
clusterin were higher in females, while peptides originating from MBL2 and FD were lower
in males. The most significant association with sex was noted for peptide 23 originating
from the C6 protein (r = 0.19, p-value = 3.17 × 10−5, PFDR = 2.03 × 10−3). No significant
correlations were identified for smoking status with complement peptides (Supplementary
Table S5). However, nine peptides, originating from CRP, C3, FH, FI, vitronectin, and
FB, were all positively correlated with increased BMI (Table 1, Supplementary Table S6).
The most significantly BMI-associated peptide originated from the CRP protein (r = 0.28,
p-value = 9.49 × 10−9, PFDR = 6.07 × 10−7). All correlation coefficients were between the
absolute value of 0 and 0.3, which suggests weak correlations. A schematic overview
of correlations between complement peptide levels and demographics is provided in
Supplementary Figure S1.

2.2. Association Analysis of Complement Peptide Levels with AMD

To determine associations of complement peptide levels with AMD, we performed
an association analysis of rank-based inverse normal transformed peptide levels with

48



J. Pers. Med. 2021, 11, 1256

AMD status by means of linear regression analysis adjusted for age, sex, BMI, smoking
and triglycerides, since triglyceride levels were previously associated with complement
activation levels [35]. After correction for multiple testing using FDR, no peptides remained
significantly associated with AMD status (Supplementary Table S7). However, peptides
originating from CRP, FHR-2 and collectin-11 had a p-value < 0.05 prior to FDR correction
(Table 2) and they were elevated in AMD patients compared to controls (Figure 1A–C).

Table 2. Suggestive associations of complement peptide levels with age-related macular degeneration.
Beta values show the effect estimates from the regression analysis results. AMD status was the
dependent variable in the regression model, while peptide levels, age, sex, BMI, smoking status and
triglyceride levels were added as independent variables.

Peptide id Protein B SE p-Value p-ValueFDR

64 FHR-2 0.234 0.094 0.013 0.517
44 CRP 0.226 0.094 0.016 0.517
54 Collectin 11 0.187 0.094 0.046 0.913
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Figure 1. Suggestive association of CRP, FHR-2 and collectin-11 peptide levels with AMD. Showing
the distribution of peptide levels (in L/H ratio = endogenous peptide/heavy labelled standard)
in blood plasma from controls and AMD patients for (A) CRP peptide #44 levels (ESDTSYVSLK),
(B) FHR-2 peptide #64 levels (TGDIVEFVCK), and (C) collectin-11 peptide #54 levels (VFIGINDLEK).
p-values represent the results from the regression model that is adjusted for age, gender, BMI,
smoking status and triglyceride levels.

2.3. Complement Peptide Levels Are Associated with AMD Variants

Next, we aimed to determine associations of complement peptide levels with AMD-
associated genetic variants. The list of all the variants included in our study can be found in
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Supplementary Table S7. We initially focused on cis-acting effects of the genetic variants on
complement peptide levels, thus we studied associations of genetic variants with proteins
encoded by genes located in or near these AMD loci (Table 3, Supplementary Tables S9–S19).
Association analyses of complement peptides with AMD-associated variants as identified
by the IAMDGC GWAS [6] were carried out adjusting for age, sex and AMD status.

Table 3. Cis-acting effects of AMD-associated genetic variants on complement peptide levels. Complement protein levels in
the locus of each known AMD variant were tested for association with each known AMD variant separately. Alleles were
chosen for the risk increasing effect.

Peptide
Id

Protein
AMD

Variant *
Allele AF Locus Gene(s) ˆ B SE p-Value p-ValueFDR

OR
AMD

#

p-Value AMD
#

64 FHR-2 rs61818925 G 0.639 CFH
(CFHR3/CFHR1)

0.570 0.075 2.84 × 10−13 1.13 × 10−12 1.667 6.0 × 10−165

64 FHR-2 rs570618 T 0.442 CFH 0.560 0.074 3.24 × 10−13 1.13 × 10−12 2.380 2.0 × 10−590

64 FHR-2 rs10922109 C 0.617 CFH 0.540 0.078 2.20 × 10−11 5.13 × 10−11 2.632 9.6 × 10−618

64 FHR-2 rs148553336 T 0.996 CFH 1.320 0.585 0.025 0.044 3.448 8.6 × 10−26

41 FH rs148553336 T 0.996 CFH 1.669 0.573 0.004 0.084 3.448 8.6 × 10−26

40 FH rs148553336 T 0.996 CFH 1.399 0.576 0.016 0.112 3.448 8.6 × 10−26

42 FH rs148553336 T 0.996 CFH 1.403 0.581 0.016 0.112 3.448 8.6 × 10−26

41 FH rs61818925 G 0.639 CFH
(CFHR3/CFHR1)

0.179 0.079 0.024 0.126 1.667 6.0 × 10−165

42 FH rs10922109 C 0.617 CFH −0.164 0.082 0.047 0.197 2.632 9.6 × 10−618

17 C4 rs181705462 T 0.009 C2/CFB/SKIV2L 1.713 0.401 2.55 × 10−5 0.001 1.550 3.1 × 10−10

15 C4 rs181705462 T 0.009 C2/CFB/SKIV2L 1.485 0.406 2.91 × 10−4 0.003 1.550 3.1 × 10−10

16 C4 rs181705462 T 0.009 C2/CFB/SKIV2L 1.468 0.409 3.73 × 10−4 0.003 1.550 3.1 × 10−10

14 C4 rs181705462 T 0.009 C2/CFB/SKIV2L 1.318 0.410 0.001 0.006 1.550 3.1 × 10−10

63 Vitronectin rs11080055 A 0.522 TMEM97/VTN 0.206 0.072 0.005 0.010 1.099 1.0 × 10−8

AF = Allele frequency, * AMD associated variants from the IAMDGC GWAS on AMD (Fritsche et al., 2015) [6], ˆ Nearest genes to the
variant, # Results from the primary IAMDGC GWAS in Fritsche et al., 2015 [6].

2.3.1. FHR-2 Peptide Levels Are Associated with AMD Variants at the CFH Locus

The multiplex complement assay contains three peptides from FH and one peptide
from FHR-2, which are both encoded by genes located at the CFH locus (Supplementary
Table S1). Eight genetic variants at the CFH locus were previously associated with AMD
(rs570618, rs121913059, rs187328863, rs35292876, rs191281603, rs10922109, rs148553336 and
rs61818925) [6]. Association analyses were performed for these eight variants with FH
and FHR-2 peptide levels. After correction for multiple testing using FDR, no peptides
from FH were significantly associated with genetic variants at the CFH locus, while strong
associations were identified for the FHR-2 peptide with rs61818925, rs570618, rs10922109
and rs148553336 (Table 3, Supplementary Tables S9 and S10).

The AMD variant rs61818925 was strongly associated with higher FHR-2 peptide lev-
els (B = 0.570, SE = 0.075, p-value = 2.84 × 10−13, PFDR = 1.13 × 10−12, Table 3). The median
FHR-2 peptide levels were significantly lower in individuals carrying the TT genotype com-
pared to those carrying the GG genotype for rs61818925 (p-value = 2.0 × 10−13, Figure 2A).
The AMD variant rs10922109 was associated with higher FHR-2 peptide levels (B = 0.540,
SE = 0.078, p-value = 2.20 × 10−11, PFDR = 5.13 × 10−11). The median FHR-2 peptide levels
were significantly lower in individuals carrying the homozygous AA genotype compared
to those carrying the homozygous CC genotype for rs10922109 (p-value = 9.5 × 10−11,
Figure 2B). The AMD variant rs148553336 was associated with higher FHR-2 peptide levels
(B = 1.320, SE = 0.585, p-value = 0.025, PFDR = 0.04), with significantly lower median FHR-2
peptide levels in individuals carrying the minor TC genotype compared to those carrying
the homozygous TT genotype for rs148553336 (p-value = 0.026, Figure 2C). The AMD
variant rs570618 was associated with higher FHR-2 peptide levels (B = 0.560, SE = 0.074,
p-value = 3.24 × 10−13, PFDR = 1.13 × 10−12). Individuals carrying the homozygous GG
genotype had significantly lower median FHR-2 peptide levels compared to those carrying
the homozygous TT genotype for rs570618 (p-value = 2.0 × 10−10, Figure 2D).
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Figure 2. Factor-H related-2 (FHR-2) peptide levels show significant differences between genotype groups of AMD-
associated variants at the CFH locus. Red indicates homozygous AMD-risk increasing genotype, while blue shows the
homozygous AMD protective genotype and yellow indicates the heterozygous genotype. The Kruskal–Wallis test was
included to test if there was a difference between the three genotype groups, where possible. Medians of two genotype
groups were compared with the Mann–Whitney-U test. Showing the distribution of peptide levels in light/heavy (L/H) ratio
in blood plasma for (A) FHR-2 peptide #64 (TGDIVEFVCK), stratified by rs61818925 genotype at the CFH locus; (B) FHR-2
peptide #64 (TGDIVEFVCK), stratified by rs10922109 genotype at the CFH locus; (C) FHR-2 peptide #64 (TGDIVEFVCK),
stratified by rs148553336 genotype at the CFH locus; (D) FHR-2 peptide #64 (TGDIVEFVCK), stratified by rs570618 genotype
at the CFH locus.

Associations of peptides from FH with genetic variants at the CFH locus did not reach
significance after FDR correction, but three variants showed suggestive associations with
FH peptide levels with a p-value <0.05 prior to FDR correction (Table 3; Supplementary
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Table S10). The median FH level comparisons with CFH locus variants showed borderline
significance between different genotypes and can be seen in Supplementary Figure S2A–C.

In addition to the eight AMD-associated variants at the CFH locus, a collective enrich-
ment of rare coding variants in the CFH gene has been reported in AMD using gene-based
approaches [6]. Two rare CFH variants were present in this study cohort in more than one
individual: CFH p.Arg175Gln and CFH p.Ser193Leu (details of the number of carriers for
rare variants are displayed in Supplementary Table S11). A Mann–Whitney U test was
performed comparing FH levels in carriers versus non-carriers. Both coding variants in the
CFH gene were not associated with altered FH peptide levels.

2.3.2. C4 Peptide Levels Are Associated with AMD Variants at the C2/CFB/SKIV2L Locus

Four genetic variants are independently associated with AMD at the C2/CFB/SKIV2L
locus [6], which encompasses four complement genes: the C2, CFB, C4A and C4B genes.
Notably, the rs181705462 variant is located closer to the C4A gene (3 kb) than to the C2
(34 kb) and CFB (27 kb) genes (Figure 3A). The multiplex complement assay contains
three peptides from FB, two peptides from C2, and four peptides from C4 (Supplementary
Table S1). Association analyses were performed for the four AMD-associated variants at
the C2/CFB/SKIV2L locus with FB, C2 and C4 peptide levels. After correction for multiple
testing using FDR, no peptides from FB and C2 were associated with genetic variants at the
C2/CFB/SKIV2L locus (Supplementary Tables S12 and S13), while significant associations
were identified for all four C4 peptides with the rs181705462 variant located near the C4A
gene (Table 3, Supplementary Table S14). The AMD variant rs181705462 was associated
with higher C4 peptide levels for all four C4 peptides, of which C4 peptide 17 showed the
strongest effect (B = 1.713, SE = 0.401, p-value = 2.55 × 10−5, PFDR = 0.001). The median C4
peptide levels were significantly higher in individuals carrying the GT genotype compared
to those carrying the homozygous GG genotype for rs181705462 (p-value = 0.0031 for
peptide 17; Figure 3B–E).

The rs116503776 variant at the C2/CFB/SKIV2L locus tags two coding variants in the
CFB gene: p.Leu9His (rs4151667) and p.Arg32Gln (rs641153) [6] (Figure 3A). The p.Leu9His
(rs4151667) variant was previously associated with reduced FB levels [25,26]. We therefore
also analysed the median levels of FB in relation to the p.Leu9His (rs4151667) genotype,
however, no significant difference was observed. Supplementary Figure S3A–C).
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Figure 3. Complement C4 peptide levels show significant differences between genotype groups of AMD-associated variants at the C2/CFB/SKIV2L locus. Blue shows the homozygous
AMD protective genotype and yellow indicates the heterozygous genotype. Medians of two genotype groups were compared with the Mann–Whitney-U test. (A) Overview of the
C2/CFB/SKIV2L locus, showing the four top AMD-associated variants at this locus and two coding variants in CFB tagged by rs116503776, indicating their location in relation to the genes
at this locus. Graphs showing the distribution of peptide levels in light/heavy (L/H) in blood plasma for (B) complement C4 peptide #14 (DFALLSLQVPLK), stratified by rs181705462
genotype at the C2/CFB/SKIV2L locus; (C) complement C4 peptide #15 (VDFTLSSER), stratified by rs181705462 genotype at the C2/CFB/SKIV2L locus; (D) complement C4 peptide
#16 (VGDTLNLNLR), stratified by rs181705462 genotype at the C2/CFB/SKIV2L locus; (E) complement C4 peptide #17 (SHALQLNNR), stratified by rs181705462 genotype at the
C2/CFB/SKIV2L locus.
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2.3.3. VTN Peptide Levels Are Associated with AMD Variants at the TMEM97/VTN Locus

The multiplex complement assay contains two peptides originating from vitronectin
(VTN). A common variant (rs11080055) at the TMEM97/VTN locus is independently as-
sociated with AMD [6]. The rs11080055 variant was associated with higher VTN peptide
levels (for peptide 63: B = 0.206, SE = 0.072, p-value = 0.005, PFDR = 0.010; Table 3, Supple-
mentary Table S15). The median VTN peptide levels were lower in individuals carrying
the homozygous CC genotype compared to those carrying the homozygous AA genotype
for rs11080055 (for peptide 63: p-value = 0.00022; Figure 4A,B).

0.13

0.011

0.39

Kruskal-Wallis, p-value = 0.036

0

2.5

5

7.5

AA AC CC

V
itr

o
n
e
c
tin

 p
e
p
tid

e
 #

6
2
 le

v
e
ls

 (
L

/H
 r

a
ti
o

)

A

0.082

0.00022

0.051

Kruskal-Wallis, p-value = 0.00089

0

2.5

5

7.5

10

rs11080055 (TMEM97/VTN locus)
V

itr
o
n
e
c
tin

 p
e
p
tid

e
 #

6
3
 le

v
e
ls

 (
L

/H
 r

a
ti
o

)

AA AC CC

rs11080055 (TMEM97/VTN locus)

B

Figure 4. Vitronectin (VTN) levels show significant differences between genotype groups of AMD-
associated variants at the TMEM97/VTN locus. Red indicates homozygous AMD-risk increasing
genotype, while blue shows the homozygous AMD protective genotype, and yellow indicates the
heterozygous genotype. The Kruskal–Wallis test was included to test if there was a difference between
the three genotype groups, where possible. Medians of two genotype groups were compared with
the Mann–Whitney-U test. Showing the distribution of peptide levels in light/heavy (L/H) in blood
plasma for (A) VTN peptide #62 (DVWGIEGPIDAAFTR), stratified by rs11080055 genotype at the
C2/CFB/SKIV2L locus; (B) VTN peptide #63 (FEDGVLDPDYPR), stratified by rs11080055 genotype
at the C2/CFB/SKIV2L locus.

2.3.4. FI Peptide Levels Are Associated with AMD Variants at the CFI Locus

Two genetic variants at the CFI locus are associated with AMD: the common variant
rs10033900 and the rare coding variant p.Gly119Arg (rs141853578) [6]. The target peptide
for FI encompasses the p.Gly119 residue, thus the multiplex complement assay cannot be
used to reliably analyse the effect of the p.Gly119Arg (rs141853578) variant on FI levels.
The AMD risk-conferring variant rs10033900 was not significantly associated with FI pep-
tide levels (Table 3, Supplementary Table S16). In addition to the two AMD-associated
variants, a collective enrichment of rare coding variants in the CFI gene has been reported
in AMD using gene-based approaches [6,16]. The following variants were present in this
study cohort in more than one individual: CFI p.Leu131Arg, CFI p.Arg406His and CFI
p.Pro553Ser (details of the number of carriers for rare variants are displayed in Supple-
mentary Table S11). A Mann–Whitney U test was performed comparing carriers versus
non-carriers for both rare and common variants which suggested significant difference CFI
p.Leu131Arg variant (Supplementary Figure S4).

2.3.5. C9 Peptide Levels Are Associated with AMD Variants at the C9 Locus

A low-frequency coding variant in the C9 gene, rs62358361, is associated with AMD [6].
The multiplex complement assay contains three peptides originated from C9; however,
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association analyses that were performed for C9 peptide levels with the C9 rs62358361
variant showed no significant results (Supplementary Table S17). The coding variant
p.Pro167Ser (rs34882957) was previously associated with altered C9 levels [28,29]. The
Mann–Whitney U test comparing carriers versus non-carriers identified significant dif-
ferences in levels of all three C9 peptides with C9 genotype (p-value = 1.91 × 10−10 for
peptide #34; Supplementary Table S11). C9 peptide levels are significantly lower in carriers
of the C9 p.Pro167Ser (rs34882957) variant compared to non-carriers (Figure 5A–C).
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Figure 5. Complement C9 levels show significant differences between genotype groups of rare AMD
risk variants at the C9 locus. Showing the distribution of peptide levels in light/heavy (L/H) in blood
plasma for (A) peptide #33 (TSNFNAAISLK), (B) peptide #34 (VVEESELAR) and (C) peptide #35
(LSPIYNLVPVK), stratified by C9 p.Pro167Ser (rs34882957) genotype. Blue indicates homozygous
AMD protective genotype, and yellow indicates the heterozygous genotype.

2.3.6. Association Analysis of C3 Peptide Levels with AMD Variants at the C3 Locus

Three variants in or near the C3 gene were previously associated with AMD [6]. Two
peptides from the C3 protein were included in the multiplex complement assay. Association
analyses of C3 peptide levels with C3 genotypes did not identify any significant associations,
neither by using general linear models nor with a Mann–Whitney U test (Supplementary
Tables S11 and S18).

2.3.7. Association Analysis of Complement Peptide Levels with AMD-Associated Genetic
Variants at Other Loci

In addition to cis-acting effects, we also analysed the effects of AMD-associated
genetic variants on complement peptide levels originated from proteins encoded by other
loci. These associations did not reach statistical significance after FDR correction, but 173
suggestive associations with complement peptide levels with a p-value < 0.05 prior to FDR
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correction were identified (Supplementary Table S19). Within the complement system
loci, there were three variants that had more than 10 suggestive associations with other
complement protein peptides: the AMD risk-conferring variant rs12019136 at the C3 locus
showed suggestive associations with increased levels of 11 peptides, the protective AMD
variant rs148553336 at the CFH locus showed suggestive associations with decreased levels
of 14 peptides, and the AMD risk-conferring variant rs181705462 at the C2/CFB/SKIV2L
locus showed suggestive associations with increased levels of 11 peptides.

2.4. Complement Peptides Are Associated with Lipoproteins and Other AMD Metabolites

In a large metabolomics study including 2267 AMD cases and 4266 controls, a total of
60 metabolites were found to be associated with AMD [33] (see Supplementary Table S20
with the associated metabolites and the effect on AMD). These metabolites included
elevated levels of large and extra-large HDL subclasses, decreased levels of VLDL, citrate
and amino acids. Moreover, 57 out to these AMD metabolites were associated with
complement activation levels measured as the C3d/C3 ratio.

A total of 452 samples (239 cases, 213 controls) from the previous metabolomics study
were also included in the current complement profiling study, which allowed us to as-
sess whether complement peptides are associated with AMD metabolites. Association
of complement peptide levels with AMD metabolites was performed adjusting for age,
sex and AMD status. After FDR adjustment for multiple testing, a total of 327 significant
associations were documented (Table 4, Supplementary Table S21). The strongest associa-
tion was found for a C3 peptide with lower total cholesterol in very large HDL particles
(B = −0.250, SE = 0.044, p-value = 2.79 × 10−8, PFDR = 3.70 × 10−5), Table 4. The top
20 associations were found for peptides in C3, FH, C9 and vitronectin. These peptides all
associated with lower HDL subparticle levels except for C9, which was associated with
higher phenylalanine levels (Table 4). These top 20 associations were also observed in a
stratified analysis for disease status (Supplementary Table S21).

Table 4. Top 20 associations of complement peptide levels with AMD-associated metabolites. Each AMD-associated
metabolite was checked for association with complement protein peptides in univariate regression analyses.

Metabolite ORAMD * Peptide Id Protein B SE p-Value p-ValueFDR

XL-HDL-C 1.082 12 C3 −0.250 0.044 2.79 × 10−8 3.70 × 10−5

XL-HDL-L 1.102 12 C3 −0.246 0.044 2.81 × 10−8 3.70 × 10−5

XL-HDL-P 1.105 12 C3 −0.249 0.044 2.89 × 10−8 3.70 × 10−5

XL-HDL-FC 1.092 12 C3 −0.240 0.044 6.61 × 10−8 6.34 × 10−5

XL-HDL-C 1.082 42 FH −0.239 0.044 9.93 × 10−8 6.71 × 10−5

XL-HDL-P 1.105 42 FH −0.237 0.044 1.05 × 10−7 6.71 × 10−5

XL-HDL-FC 1.092 42 FH −0.233 0.044 1.48 × 10−7 7.12 × 10−5

XL-HDL-L 1.102 42 FH −0.233 0.044 1.37 × 10−7 7.12 × 10−5

XL-HDL-PL 1.123 12 C3 −0.229 0.043 1.89 × 10−7 8.06 × 10−5

Phe 0.857 34 C9 0.227 0.044 2.97 × 10−7 9.97 × 10−5

L-HDL-P 1.092 12 C3 −0.218 0.042 2.65 × 10−7 9.97 × 10−5

L-HDL-CE 1.095 12 C3 −0.219 0.042 3.38 × 10−7 9.97 × 10−5

L-HDL-FC 1.097 12 C3 −0.224 0.043 3.14 × 10−7 9.97 × 10−5

L-HDL-C 1.095 12 C3 −0.218 0.042 3.90 × 10−7 1.07 × 10−4

XL-HDL-P 1.105 63 Vitronectin −0.225 0.044 5.01 × 10−7 1.13 × 10−4

XL-HDL-PL 1.123 42 FH −0.220 0.043 5.29 × 10−7 1.13 × 10−4

L-HDL-P 1.092 42 FH −0.213 0.042 4.51 × 10−7 1.13 × 10−4

L-HDL-CE 1.095 42 FH −0.214 0.042 5.27 × 10−7 1.13 × 10−4

L-HDL-FC 1.097 42 FH −0.218 0.043 5.66 × 10−7 1.14 × 10−4

L-HDL-C 1.095 42 FH −0.213 0.042 6.12 × 10−7 1.18 × 10−4

* Acar et al., 2020 [33].
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Of the 327 significantly associated metabolites, those increased in AMD are HDL
cholesterol, HDL-2 cholesterol and subparticles of large and extra-large HDL (Supplemen-
tary Tables S20 and S21). These HDL-related metabolites were all associated with decreased
peptides levels of C3, FH, vitronectin, CRP, FCN3, FI, MASP3, FB, MASP1, C4BPB, C1QA,
C8B, C2, FD and properdin (Supplementary Table S21). Metabolites decreased in AMD
were VLDL subparticles, apoB, amino acids, citrate, several triglyceride measurements,
fatty acid measurements and remnant cholesterol (Supplementary Tables S20 and S21).
These metabolites were associated both with higher complement peptide levels and with
lower complement peptide levels (Supplementary Table S21). VLDL subparticles were
associated with higher peptide levels of FCN3, and lower peptide levels of C7 and C9.
APOB was associated with higher levels of FCN3 and lower levels of C7.

The amino acid phenylalanine was associated with higher CRP, FB, C1QA and C8G,
isoleucine and leucin were associated with higher FCN3 and alanine was associated with
lower C9 and CRP peptide levels. Citrate was associate with lower CRP and C8B peptide
levels. Serum triglyceride levels were associated with higher FCN3 levels and lower
levels of C7 and C9, and triglyceride in HDL was associated with lower levels of C1QB,
C1QC, C1R, C2, C6, C7, C8B, C8G and C9. Fatty acid measurements were associated with
higher FCN3 peptide levels, and lower C1QC, C7 and C9 peptide levels. Finally, remnant
cholesterol was associated with lower C7 levels (Supplementary Table S21).

3. Discussion

In this study we performed a comprehensive analysis of 32 complement proteins
in plasma samples of AMD patients using mass spectrometry-based semi-quantitative
multiplex profiling [34]. We detected significant associations of complement protein levels
with age, sex and BMI, and identified potential associations of CRP, FHR-2 and collectin-11
with AMD. In addition, our proteogenomics analyses identified significant associations of
genetic variants with levels of complement proteins in plasma, adjusted for AMD status,
sex and age: FHR-2 peptide levels were associated with AMD variants at the CFH locus,
C4 peptide levels were associated with an AMD variant at the C2/CFB/SKIV2L locus,
VTN peptide levels were associated with an AMD variant at the TMEM97/VTN locus, FI
peptide levels were associated with AMD variants at the CFI locus and C9 peptide levels
were associated with an AMD variant at the C9 locus. Finally, we detected significant
associations between AMD-associated metabolites and complement proteins in plasma,
also adjusted for AMD status, sex and age. The most significant complement-metabolite
associations included HDL subparticle levels with decreased C3, FH and VTN levels. A
schematic overview of the identified associations is provided in Figure 6.

We observed an increase of FD, C9 and C7 levels with age, whereas MASP1/3, FCN3,
MASP1, C8G, C8A, C4BPA and clusterin decreased with age. A previous study also de-
tected an increase of C9 levels with age [36], which is in agreement with our findings.
However, that study reported increased C8 and decreased FD levels with age, which does
not correspond to our findings. A potential explanation for the discrepancies between the
studies is the difference in age range: the study by Gaya de Costa et al. included a popula-
tion of healthy individuals with an age range of 20 to 69 years (mean age 45 years) [36],
while the AMD case–control cohort described in this study has a mean age of 74 years (Sup-
plementary Table S2). Additional studies specifically in the elderly population will gain
a better understanding of the effect of ageing on complement component concentrations
across the entire age spectrum. We also identified significant associations of sex and BMI
with complement peptide levels. Peptides originating from C6, C4BPB, IC1, FI, C8A and
clusterin were increased in females, while peptides originating from MBL2 and FD were
decreased. A previous study also detected significant sex differences of complement activ-
ity and complement levels in a healthy population [36]. In that study lower concentrations
of C3, properdin, MBL, ficolin-3 and terminal component levels were found in females,
while FD concentrations were higher. The difference between sex-associated complement
proteins could be caused by age difference as it was mentioned for age associations as
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well. In our current study, peptides originated from CRP, C3, FH, FI, vitronectin and FB,
and were all positively correlated with increased BMI. This finding is in agreement with
previous studies, which demonstrated that complement factors are expressed in adipose
tissue and increased CRP, C3, FH and FB levels are positively associated with BMI [37,38].

Figure 6. Schematic overview of associations of complement proteins with genetic variants and
metabolites. AMD is highlighted in the center in red, complement proteins are highlighted in blue
diamonds, genetic variants are highlighted in purple circles and metabolites are highlighted in yellow
squares. Only the significantly associated proteins, genetic variants and metabolites are shown.
Green colored connections show associations with beta estimates smaller than zero, which indicate
associations with lower levels. Red colored connections show associations with beta estimates larger
than zero, which generally indicate associations with higher levels. The color of the line is closer to
gray as the beta estimate gets closer to zero. Association lines are represented thicker for the higher
absolute beta estimates, and thinner for the lower absolute beta estimate.

None of the analysed levels of complement-derived peptides were significantly asso-
ciated with AMD after FDR correction. However, the levels of three distinct peptides had
a p-value < 0.05 prior to correction and are thus suggestive for association with AMD. In
our analysis, the peptide from CRP was elevated in AMD patients compared to controls,
which confirms previous studies reporting elevated CRP levels in multiple cohorts [39].
In addition, a peptide from the FHR-2 protein was elevated in AMD patients compared
to controls, which is in agreement with our recent work reporting elevated FHR-2 levels,
in addition to elevated FHR-1, FHR-3 and FHR-4 levels in AMD patients using ELISA
measurements [30,31]. Finally, a peptide from collectin-11 was elevated in AMD patients
compared to controls. A previous study demonstrated that binding of collectin-11 to retinal
pigment epithelial cells induces complement activation [40]. Collectin-11 was shown to
activate inflammatory responses through recognition of L-fucose, and fucosidase-treated
RPE cells failed to activate complement. This suggests that collectin-11 is of relevance to
the inflammatory status of RPE cells and may play a role in AMD pathogenesis. Further
analysis of collectin-11 in larger AMD case–control cohorts is warranted to further confirm
this association.

This study enabled us to systematically analyse the effect of genetic variants on
concentrations of complement components. Our study confirmed previously described
associations of FHR-2 levels with genetic variants at the CFH locus [31], and reduced
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FB levels with the p.Leu9His (rs4151667) variant in the CFB gene [25,26]. The AMD-risk
variant p.Pro167Ser (rs34882957) in the C9 gene was initially associated with elevated C9
levels [28], but a more recent study rather reported decreased C9 levels in carriers of the
p.Pro167Ser variant [29]. The current study identified decreased C9 levels in carriers of
the p.Pro167Ser variant in the C9 gene and gave consistent results for three independent
peptides from C9, supporting the latter study that the C9 variant levels are genuinely lower.

Importantly, our study also identified new associations of AMD variants with comple-
ment levels. The AMD risk-conferring variant rs181705462 at the C2/CFB/SKIV2L locus
was associated with higher C4 peptide levels. The rs181705462 variant is located closer
to the C4A gene (3 kb) than to the C2 (34 kb) and CFB (27 kb) genes, supporting that the
variant may be a relevant determinant of C4 levels, yet the complexity of this locus does
not allow us to draw strong conclusions. A previous study by Grassmann et al. reported a
protective effect of copy number variation of the C4A gene on AMD [41]. The copy number
variation was reported to be tagged by rs429608, while the C4A copy number variation is
independent of rs181705462. This suggests that the elevated C4 peptide levels associated
with rs181705462 are not driven by the C4A copy number variation. Moreover, the direction
of effect in our study seems to be opposite to the study by Grassmann et al., as our study
identified an association of increased AMD risk with higher C4 peptide levels, while the
study by Grassmann et al. suggests a protective effect with increased C4A copy number
and thus increased C4A protein levels. Our mass spectrometry-based assay was not able
to differentiate between the C4A and C4B isoforms as the targeted peptides are identical
in both isoforms (the isoforms differ in only several amino acids). Further studies are
needed to determine which isoform is elevated and how this relates to a higher AMD risk
conferred by the rs181705462 genotype.

Our study also demonstrates that the AMD variant rs11080055 at the TMEM97/VTN
locus is associated with increased VTN peptide levels. This is in agreement with a recent
study that examined the effect of rs704, a non-synonymous variant in the VTN gene [42].
The AMD risk-conferring variant rs704 is associated with increased VTN expression,
supporting the involvement of altered VTN levels in AMD pathogenesis. VTN is an
inhibitor of the terminal complement complex, and also serves various other functions,
such as maintaining retinal integrity [42]. The rs704 variant induces collagen accumulation,
and VTN is a major component of drusen and subretinal drusenoid deposits. It was also
reported in the same study that rs704 causes a change in vitronectin protein, resulting in
two isoforms. Our mass spectrometry assay was not designed to differentiate between
these isoforms specifically. Therefore, we could not study the differences of these isoforms.

Additionally, we observed a suggestive association of the AMD risk-conferring vari-
ant rs10033900 at the CFI locus with reduced FI levels. A recent eQTL study reported
associations of genetic variants (that are in high linkage disequilibrium with rs10033900) at
the CFI locus with decreased gene expression of CFI in the retina [43]. Reduced FI levels
have previously also been reported for the p.Gly119Arg variant and other rare coding
variants in the CFI gene [27,44]. The effect of the p.Gly119Arg variant on FI levels could
not reliably be analysed with the multiplex complement assay used in this study, as the
target peptide for FI encompasses the p.Gly119 residue. In this study we confirmed that
the rare coding CFI variant p.Leu131Arg is associated with lower FI levels, while no effect
on FI levels was noted for the p.Arg406His and CFI p.Pro553Ser variants [44].

In addition to cis-acting effects, we also identified potential associations of comple-
ment peptide levels with genetic variants at other AMD loci, but none of these associations
remained significant after FDR correction. Several variants showed suggestive associa-
tions with multiple complement components. For example, the protective AMD variant
rs148553336[C] at the CFH locus showed suggestive associations with decreased FI, C3,
FB and VTN peptide levels, in addition to decreased FHR-2 and FH associated with
cis-acting effects at the CFH locus. The AMD risk-conferring variant rs181705462 at the
C2/CFB/SKIV2L locus showed suggestive associations with increased FI, C9, C3 and FH
peptide levels, in addition to increased C4 levels. A recent study using the same assay for
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semi-quantitative multiplex profiling of the complement system in patients with various
complement deficiencies also identified potential trans-acting effects of mutations in com-
plement genes [45]. This may be explained by functional coupling of complement factors
within the pathways down- or upstream of the affected protein. Semi-quantitative multi-
plex profiling of the complement system in larger AMD case–control cohorts can further
solidify trans-acting effects of genetic variants on a wide range of complement proteins.

The associations between genetic variants and the peptides of complement proteins
were further checked in the QTLbase database (http://www.mulinlab.org/qtlbase/index.
html, accessed on 12 November 2021) to assess novelty of our findings. In this database,
rs570618 was reported to be associated with FH proteins. Only the effect estimates for
hemopexin was reported for CFH, which was 0.09 (beta value). Given how small the effect
estimate is, we would need higher statistical power to detect it in our study. For the variant
rs10922109, an association with hemopexin was shown with the beta estimate of −0.13
within the database. We have shown a similar effect estimate for this variant (−0.16) which
lost its statistical significance after multiple test correction. Lastly, the variant rs11080055
was shown as a pQTL; however, the effect estimate is not provided in the database.

Finally, we detected strong associations between metabolites and complement com-
ponents. A recent study observed strong associations of systemic complement activation
measurements (defined by the C3d/C3 ratio) with AMD-associated metabolites, including
HDL and VLDL lipoprotein subfractions, other lipids/apolipoproteins (remnant-C, ApoB
and triglycerides), fatty acids (MUFA, SFA and TotFA) and amino acids (Leu, Ile and
Ala) [33]. In the current study, we extended these associations to a broad range of metabo-
lites and complement components. Increased HDL levels were previously associated with
an increased risk of AMD [33,46], and in this study we show that increased HDL levels
are associated with decreased C3, FH, VTN, CRP, FCN3, FI, MASP3, FB, MASP1, C4BPB,
C1QA, C8B, C2 and FD and properdin levels. Increased HDL levels have previously been
associated with decreased FH and FB levels [37]; our study thus confirms and further ex-
tends these findings. In addition, our current study identified strong associations of VLDL
subparticles, amino acids, citrate and fatty acids with altered complement component
levels. Strong associations between AMD-associated metabolites and complement compo-
nents may indicate biological interactions between the main AMD pathways, including the
lipid metabolism and the complement system.

The results of this study have several implications for clinical translation. Multiple
clinical trials, either targeting the central components C5 and C3 or complement regulators,
have been completed or are currently ongoing [47]. Most of the candidate therapeutic
complement compounds that have been tested so far have shown limited success [48].
Our current study suggests that several factors including age, sex, BMI, genetic variants
and circulating metabolites may affect complement protein concentrations and may thus
influence treatment success. The observed age-related differences of concentrations of
complement components suggest that age should be considered in the design of therapeu-
tics targeting the complement system, as different doses may be required among different
age groups [36]. In addition, genetic variants may be considered for patient inclusion in
clinical trials to increase the efficacy of the treatments that are being tested. Variants at the
CFH, CFI, C2/CFB, C9 and VTN loci are associated with altered complement component
concentrations and could therefore be used to select patients for compounds targeting
specific complement components. Two clinical trials supplementing FH (GEM103, Gem-
ini Therapeutics) and CFI (GT005, Gyroscope Therapeutics) are the first to be selecting
patients based on genotype (carrying risk variants in CFH and CFI, respectively) before
inclusion in the trials. Our current study and previous work by others [17,25,26,29,30,44]
suggest that genetic variants at the CFH, CFI, C2/CFB, C9 and VTN loci can also be used to
design personalised medicine approaches for AMD. Furthermore, the strong associations
between circulating metabolites and complement components suggest that multiple disease
pathways may need to be targeted for successful treatment of AMD.
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Our study has several strengths and weaknesses. A strength of our study is that our
semi-quantitative multiplex profiling assay is able to measure a broad range of comple-
ment components using a small sample volume [34]. The availability of detailed genetic
data and metabolite measurements for our cohort enabled the integration of complement
concentrations with various levels of data. Our current study included a fairly large sample
size, consisting of 476 plasma samples. Although our sample size was sufficiently large to
identify numerous significant associations, even larger studies are needed to follow-up on
our identified suggestive associations that remained under the multiple testing adjusted
threshold. Moreover, the genetic variants with low MAF (<5%) can be chance based find-
ings due to their rarity and should not be considered to be conclusive with the number of
samples included in this study. A limitation of the current design of our multiplex assay is
that, due to peptide target design and the detection limit of our mass spectrometry assay,
not all complement components can be assessed: FHR-2 could be analysed using the assay,
but the other FHR proteins were below the detection limit. In addition, the target peptide
for FI is specific for the p.Gly119 residue and can therefore not detect the effect of the
CFI variant p.Gly119Arg on FI levels. Furthermore, the current assay cannot differentiate
between the C4A and C4B isoforms, and further studies are needed to clarify which iso-
form (or whether the ratio between isoforms) is associated with the rs181705462 genotype.
Finally, the current assay has been developed to measure complement component levels
and does not allow the measurement of complement activation products.

In conclusion, we performed a comprehensive analysis of 32 complement proteins in
plasma samples of AMD patients and controls using semi-quantitative multiplex profiling.
Our study did not identify significantly associated peptides with AMD status; however, we
identified numerous associations of complement components with age, sex, BMI, genetic
variants and circulating metabolites. The results of our study suggest that these factors
should be taken into account to design personalized treatment approaches and to increase
the success of clinical trials targeting the complement system.

4. Materials and Methods

4.1. The Study Samples

For this study, EDTA plasma samples from 255 AMD patients and 221 control sub-
jects were selected from the Dutch and German European Genetic Database (EUGENDA-
Nijmegen and EUGENDA-Cologne) [49]. These EDTA plasma have been collected and
stored (–80 ◦C within 1 h) according to the standard protocols. All participants pro-
vided written informed consent for clinical examination, epidemiological data collection
and blood sampling for biochemical and genetic analyses. All studies were approved
by the appropriate ethical committees (Commissie Mensgebonden Onderzoek [CMO]
Arnhem-Nijmegen for EUGENDA-Nijmegen, Ethics Commission of Cologne University’s
Faculty of Medicine for EUGENDA-Cologne). Inclusion/exclusion criteria was based on
the completeness of the dataset in terms of AMD grading, age > 55, and genetics and
metabolomics data availability. Demographic factors of the study cohort are provided in
Supplementary Table S2.

4.2. Genotyping

All individuals included in this study had previously been genotyped with a custom-
modified Illumina HumanCoreExome array at the Centre for Inherited Disease Research
(CIDR) and analysed within the IAMDGC GWAS (43,566 subjects; 16,144 advanced AMD
cases and 17,832 controls of European ancestry in the primary analysis dataset) [6].

4.3. Metabolomic Analysis

Available metabolomic data from these patients were obtained from a previous study
by Acar et al. [33]. In summary, the plasma samples were analysed by means of a high-
throughput proton nuclear magnetic resonance (NMR) metabolomics platform (Nightin-
gale Health, Ltd., Helsinki, Finland). After quality control, in total 146 high quality

61



J. Pers. Med. 2021, 11, 1256

metabolites were selected, including amino acids, glycolysis measures, ketone bodies,
inflammation-related measurements, fatty acids, and lipoprotein subclasses (Supplemen-
tary Table S20). Univariate logistic regression models were adjusted for age and sex,
and were further combined into a random effects meta-analysis to determine the final
association estimates.

4.4. Complement Targeted Multiplex Assay

Sample preparation and mass spectrometric analysis was performed as previously
described [37]. Briefly, the plasma samples were reduced, alkylated, digested and stored at
−80 ◦C. In prior to analysis, the digests were spiked with a mix of C-terminally 13C15N
stable isotope labelled peptide standards (Thermo, JPT) for quantitation (L/H ratio =
endogenous peptide/heavy labelled standard) and were desalted using Bond Elut OMIX
tips (Agilent). Samples were analysed in 1-min target windows using the Waters Aquity
MClass UPLC Xevo TQ-S, equipped with an ESI source and an iKeyTM (Waters peptide
BEH C18, 130 Å, 1.7 µm, 150 µm × 100 mm). The peptides were eluted from the column
using a gradient from 3 to 35% acetonitrile in 0.1% formic acid in 20 min at a flow rate of
2 µL/min. Raw data were analysed and exported using Skyline software v3.7 (MacCoss
Lab, University of Washington, DC, USA [50]). The quality of the dataset was manually
inspected to ensure correct peak detection and integration. Peaks that failed manual
evaluation had poor technical quality indicators such as <0.75 dot product (ratio of the
transitions as compared to the human plasma spectral library (Human_plasma_2012-
08_all.splib.zip, build by H. Lam (2012), available at the PeptideAtlas website: http://www.
peptideatlas.org/speclib/, last accessed 20 June 2020) or <3× signal-to-noise ratio. They
were excluded and reported as ‘invalid’ or ‘below limit of detection’ (<LOD), respectively.
This resulted in 64 high quality peptides targets for 32 different complement proteins
(Supplementary Table S1).

4.5. Statistical Analysis

Statistical analyses were performed using SPSS (version 16.0; IBM) and standard build-
in packages in R (version 3.6.3). Pearson correlations were calculated for demographic
factors with Hmisc package in R, using Pearson parameter in rcorr function. Rank-based
inverse normal transformation was used for the peptide levels. Univariate association
analyses with the complement proteins as outcomes were performed using linear regres-
sion models adjusted for sex, age, smoking, BMI, and triglyceride levels. A post hoc
multiple testing correction was performed to control the false discovery rate (FDR) using
the Benjamini–Hochberg procedure to take the high correlation between complement
peptides into account (Supplementary Figure S1). Genotype and metabolite associations
were performed by univariate linear regression models adjusted by age, sex, and AMD
status, with complement proteins as outcomes. Genotype associations were performed to
determine the AMD risk increasing alleles. Differences between different genotype groups
were explored using the Mann–Whitney U test, and Kruskal–Wallis test where possible.
The threshold for statistical significance was defined as an FDR-corrected p-value (PFDR) of
less than 0.05. The p-values that were lower than 0.05, but were higher than 0.05 for PFDR,
were defined as suggestive associations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11121256/s1, Figure S1: Correlation heatmap of demographic factors and peptides from
proteins, Figure S2: Factor H (FH) peptide levels show significant differences between genotype
groups of AMD-associated variants at the CFH locus, Figure S3: Factor B (FB) peptide levels show
significant differences between genotype groups of AMD-associated variants at the C2/CFB/SKIV2L
locus, Figure S4: Factor I (FI) levels show significant differences between genotype groups of
rs10033900 and p.Leu131Arg rare variant at the CFI locus, Table S1. Peptides of the complement
system analysed in the multiplex selected reaction monitoring liquid chromatography–mass spec-
trometry assay, Table S2. Demographic factors, clinical characteristics and other measurements of the
study cohort, Table S3. Pearson correlation analyses of peptides in the complement pathway with
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age, Table S4. Pearson correlation analyses of peptides in the complement pathway with sex, Table S5.
Pearson correlation analyses of peptides in the complement pathway with smoking status, Table S6.
Pearson correlation analyses of peptides in the complement pathway with BMI, Table S7. Association
of peptides in the complement pathway with age-related macular degeneration, Table S8. List of the
genetic variants included in this study, Table S9. Association of FHR-2 peptides with CFH variants
known to be associated with age-related macular degeneration, Table S10. Association of FH peptides
with CFH variants known to be associated with age-related macular degeneration, Table S11. Rare
variants in complement genes in the study cohort and Mann–Whitney U test results with peptide
levels between rare variants carriers and non-carriers, Table S12. Association of FB peptides with
variants at the C2/CFB/SKIV2L locus, known to be associated with age-related macular degeneration,
Table S13. Association of C2 peptides with variants at the C2/CFB/SKIV2L locus, known to be associ-
ated with age-related macular degeneration, Table S14. Association of C4 peptides with variants at
the C2/CFB/SKIV2L locus, known to be associated with age-related macular degeneration, Table S15.
Association of vitronectin peptides with variants at the TMEM97/VTN locus, known to be associated
with age-related macular degeneration, Table S16. Association of FI peptide with variant at the CFI

locus, known to be associated with age-related macular degeneration, Table S17. Association of
C9 peptides with a rare variant at the C9 locus, known to be associated with age-related macular
degeneration, Table S18. Association of C3 peptides with variants at C3 locus, known to be associated
with age-related macular degeneration, Table S19. Association of peptides from the complement
system with variants at other AMD loci, Table S20. Metabolites included in the Nightingale platform
and their association with AMD, Table S21. Association of peptides in the complement pathway with
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Abstract: (1) Background: Altered levels of autoantibodies (aab) and their networks have been
identified as biomarkers for various diseases. Neovascular age-related macular degeneration (nAMD)
is a leading cause for central vision loss worldwide with highly variable inter- and intraindividual
disease courses. Certain aab networks could help in daily routine to identify patients with a high
disease activity who need to be visited and treated more regularly. (2) Methods: We analyzed
levels of aab against Angiotensin II receptor type 1 (AT1-receptor), Protease-activated receptors
(PAR1), vascular endothelial growth factor (VEGF) -A, VEGF-B, and VEGF-receptor 2 in sera of
164 nAMD patients. In a follow-up period of five years, we evaluated changes in functional and
morphological characteristics. Using correlation analyses, multiple regression models, and receiver
operator characteristics, we assessed whether the five aab have a clinical significance as biomarkers
that correspond to the clinical properties. (3) Results: Neither the analyzed aab individually nor
taken together as a network showed statistically significant results that would allow us to draw
conclusions on the clinical five-year course in nAMD patients. (4) Conclusions: The five aab that
we analyzed do not correspond to the clinical five-year course of nAMD patients. However, larger,
prospective studies should reevaluate different and more aab to gain deeper insights.

Keywords: autoantibodies; age-related macular degeneration; biomarkers; AT1-receptor; PAR1;
VEGF-A; VEGF-B; VEGF-receptor 2

1. Introduction

Specific autoantibodies (aab) are known to be associated with autoimmune diseases.
However, several studies showed elevated levels of aab also in healthy donors who never
develop inflammatory disorders [1,2]. Their exact clinical roles are still unclear but are a
fascinating approach for new diagnostic and therapeutic options.

Antibody (ab) levels can be elevated or reduced in patients with inflammatory disease
and healthy donors, which strengthens the idea of physiological levels and a balanced
generation of aab in human physiology and pathophysiology. Riemekasten et al. intro-
duced the term “antibodiom” to understand networks of ab levels and their interactions.
Antibody levels as well as their correlations can serve as biomarkers for diseases [3]. This
study is a first approach to characterize antibodies in patients with neovascular age-related
macular degeneration (nAMD), in which the pathogenesis is at least partially mediated by
immunological factors, including a possible autoimmune response [4].
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Age-related macular degeneration (AMD) is a major cause of central vision loss
worldwide and becomes even more common due to the demographic change of developed
countries. Thus, along with severe individual impairment, it also causes a high economic
burden to society. In nAMD, patients regularly receive intravitreal injections (IVIs) with
anti-vascular endothelial growth factor therapy (anti-VEGF). Even though adverse events
are rare, endophthalmitis and severe vision loss or even blindness can occur. Additionally,
the regular visit rate is a high burden for elderly patients not only financially and socially
but also psychologically. Besides the discomfort during the injection, especially anxiety
before the treatment and fear of losing eyesight as a complication have a high impact on
the patients [5]. A wide variability concerning interindividual disease progression causes
several patients to be visited too frequently or not frequently enough and therefore to be
over- or undertreated.

Consequently, there is a high need for markers that allow us to identify patients
who need to be followed up more regularly or who can gain more individual freedom
by expanding clinical visit intervals. In this study, we investigated whether certain aab
are indicative of the disease current and whether they can help us differentiate between
those patients.

Therefore, for this study, we analyzed aab against Angiotensin II receptor type 1 (AT1-
receptor), Protease-activated receptors (PAR1), VEGF-A, VEGF-B, and VEGF-receptor 2.
These factors are known to have effects on angiogenesis, which is a main pathomechanism
in nAMD. AT1-receptor is a G protein-coupled receptor (GPCR) that is widely expressed in
the human body. It is activated by the binding of Angiotensin II and regulates important
processes, such as blood flow, sodium retention, and aldosterone secretion [6]. AT1-receptor
could also promote tumor angiogenesis by inducing the VEGF expression [7]. Furthermore,
AT1-receptor ab has been shown to have detrimental effects in several diseases and cause
acute or chronic rejection and graft loss [8]. PAR1 is also part of the GPCR superfamily and
participates in vascular development mediating the angiogenetic activity of thrombin and
promoting the VEGF expression [9,10]. Vascular endothelial growth factor in turn plays a
key role in nAMD pathogenesis and is the target of regular intravitreal injections. VEGF-A
shows prominent activity with vascular endothelial cells, primarily through its interactions
with the VEGFR1 and -R2 receptors. The latter appears to mediate almost all of the known
cellular responses to VEGF. VEGF-B seems to play a role only in the maintenance of newly
formed blood vessels during pathological conditions [11].

2. Materials and Methods

Study design and participants: Patients with active nAMD in one or both eyes were
identified, and written informed consent was obtained. We excluded patients with any
chronic systemic inflammatory disease. Patients with diabetic retinopathy, glaucoma,
inflammatory ocular diseases, and other disorders of the vitreoretinal interface were also
not considered. Blood was taken at one of the regular visits at our ophthalmological clinic.
The patients were followed up monthly as part of their routine examinations following the
pro re nata treatment regimen for anti-VEGF-IVIs. This study was conducted in accordance
with the 1964 Declaration of Helsinki, with all participants providing written informed
consent. Approval by the ethics committee of the University of Lübeck, Germany (vote
reference number: 16–199) was given.

Outcome measures: The primary endpoint was the number of intravitreal injections
administered over the course of one and five years. For this purpose, we reviewed the
medical records of patients whose ab levels were analyzed between 2011 and 2014. We
differentiated between good and poor responders; the cut-off was 6 IVIs per year or
30 IVIs over five years. Investigated secondary outcome parameters were changes in best
corrected visual acuity (BCVA) and optical coherence tomography (OCT) morphology.
Correct automated measurements were reviewed by at least two experienced raters and
manually corrected if needed. Central retinal thickness (CRT) was automatically calculated
by the OCT device using the central circle of the Early Treatment Diabetic Retinopathy
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Study (ETDRS) grid (Heidelberg Eye Explorer, Version 1.9.10; Heidelberg Engineering,
Heidelberg, Germany). Two raters reviewed OCT images to evaluate whether intraretinal
or subretinal fluid (IRF; SRF), fibrosis, or macular bleeding was present at baseline and in
the five-year period.

Blood preparation: Blood was drawn into serum tubes and centrifuged at 2000× g for
ten minutes at room temperature. The methods to measure the aab have been previously
described in detail [12]. Briefly, individual serum aab were assessed using commercially
available solid-phase sandwich ELISA Kits according to the manufacturer’s instructions
(all CellTrend GmbH, Luckenwalde, Germany). The aab concentrations were calculated as
arbitrary units (U) by extrapolation from a standard curve of five standards ranging from
2.5 to 40 U/mL. The ELISAs were validated according to the Food and Drug Administra-
tion’s Guidance for Industry: Bioanalytical Method Validation. We analyzed antibodies
against AT1-receptor, Protease-activated PAR1, VEGF-A, VEGF-B, and VEGF-receptor 2.

Statistical analysis: In patients in which both eyes had active nAMD, the study eye was
assigned by chance. Snellen VA was converted to logarithm of the minimum angle of reso-
lution (logMAR) for statistical analysis. Data were analyzed using IBM SPSS (Version 24.0)
and GraphPad Prism (Version 9.0). Testing for normality was done via Shapiro–Wilk test
for correlation analyses and via QQ-Plots for the multiple linear regression models. Cor-
relation analyses were carried out with Pearson’s tests and corrected for multiple testing
by computing adjusted p-values (false-discovery rate). We carried out multiple linear and
multiple logistic regressions as implemented on SPSS. Antibody levels were reflected by
creating a single variable using a principal component analysis. In addition, we performed
a Principal Component Analysis (PCA) to reduce the dimensionality of our independent
variables. We included five independent variables (the ab mentioned above) in a correlation
matrix and subsequent factor analysis (based on eigenvalues larger than one; necessary
assumptions tested by KMO and Bartlett tests; Rotation: Varimax; Kaiser normalization).
Our PCA resulted in two significant factor scores (based on regression analyses). Here,
we used the factor score that reflected the variance observed in our data to the highest
possible degree (43.3%, VEGF_R2 ab excluded). The new variable was termed “ab score”.
ROC plots were plotted via SPSS, and the area under the curve (AUC) was automatically
calculated. For all tests, values of p < 0.05 were considered statistically significant.

3. Results

A total of 164 eyes of 164 patients with nAMD was included. Unilateral nAMD was
present in 90 patients, and the remaining 74 eyes of patients with bilateral disease were
assigned by chance for further analysis. A complete five-year follow-up was achieved in
59 patients. Demographic and clinical data are summarized in Table 1. Mean age of our
cohort was 78.32 years, and more women than men were included. Our patients had a
mean BCVA of 0.34 logMar and CRT was 346.01 µm.

Table 1. Epidemiological and clinical baseline data of included patients. BCVA, best-corrected visual
acuity; CRT, central retinal thickness; f, female; m, male; OD, right eye; OS, left eye; OU, both eyes;
SD, standard deviation.

n = 164

Age (years), mean ± SD 78.32 ± 8.17
gender (m/f) 63 (38.4%)/101 (61.6%)

Laterality (OD/OS/OU) 41 (25.0%), 49 (29.9%), 74(45.1%)
Study eye (OD/OS) 84 (51.2%)/80 (49.8%)

Baseline BCVA (logMar) 0.34 ± 0.31
Baseline CRT (µm) 346.01 ± 114.81
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Antibody levels were analyzed from blood samples at baseline in nAMD patients that
met the inclusion and exclusion criteria and are listed in Table 2. The injection rate, BCVA,
and CRT over the five years are displayed in Figure 1. Mean BCVA decreased after five
years from 0.34 ± 0.31 to 0.69 ± 0.5. The mean annual injection rate remained relatively
steady from year one (5.15 ± 2.91) to year five (4.48 ± 3.14). The CRT decreased from
346 ± 115 to 299 ± 103 µm. After adjusting for multiple testing, Pearson’s correlation
analyses revealed no statistically significant values concerning correlation of aab with any
of the clinical values. A multiple linear regression analysis was carried out to investigate
whether the ab could significantly predict clinical outcome measures after five years. The
results of the regression are summarized in Table 3. A multiple logistic regression analysis
was carried out to analyze whether the ab predict the dichotomous clinical outcomes over
five years (Table 4). Both regression models showed that neither the single aab nor taken
together have a predictive value for the clinical course in the five-year time frame. We
carried out ROC analyses to illustrate the diagnostic ability of the ab and ab score. The
AUC values are listed in Table 5 and show low values concerning sensitivity and specificity
for the evaluated aab and the clinical parameters.

Table 2. Antibody levels in nAMD patients. ab, antibody; AT1, Angiotensin II receptor type 1; PAR1,
Protease-activated receptors; VEGF, vascular endothelial growth factor.

Antibody Level (Units/mL)
n = 164

Standard Deviation

AT1-receptor ab 8.531 10.35
PAR1 ab 3.398 7.79

VEGF-A ab 9.262 13.96
VEGF-B ab 5.998 15.13

VEGF-receptor 2 ab 6.020 9.73
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Figure 1. (A) Best corrected visual acuity (BCVA) in logMar at baseline and after five years. (B) Num-
ber of intravitreal injections per year. (C) Change in central retinal thickness.
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Table 3. Multiple linear regression model. Clinical outcomes were used as dependent variables;
the analyzed antibodies served as independent variables. BCVA, best-corrected visual acuity; CRT,
central retinal thickness; IVI, intravitreal injections; SD, standard deviation.

Mean ± SD F R2 P

Number of IVIs year 1 5.15 ± 2.91 (5; 109) = 0.671 0.30 0.646
Number of IVIs year 2 3.98 ± 2.97 (5; 88) = 0.473 0.26 0.795
Number of IVIs year 3 4.16 ± 3.23 (5; 67) = 0.384 0.28 0.858
Number of IVIs year 4 4.03 ± 3.33 (5; 59) = 0.436 0.77 0.436
Number of IVIs year 5 4.48 ± 3.41 (5; 52) = 0.402 0.04 0.845
Number of IVIs total 22.42 ± 12.21 (5; 53) = 0.611 0.05 0.692

CRT change −39.06 ± 128.686 (5; 44) = 0.686 0.72 0.636
BCVA change 0.345 ± 0.416 (5; 53) = 0.637 0.06 0.672

Table 4. Multiple logistic regression model. Clinical outcomes were used as dependent variables;
the analyzed antibodies served as independent variables. BCVA, best-corrected visual acuity; CRT,
central retinal thickness; IRF, intraretinal fluid; IVI, intravitreal injections; SD, standard deviation;
SRF, subretinal fluid.

Test Statistics Nagelkerke’s R2 P

SRF development χ2 (5) = 1.409 0.043 0.923
IRF development χ2 (5) = 10.268 0.234 0.068

Fibrosis development χ2 (5) = 4.952 0.132 0.422
Macular bleeding χ2 (5) = 6.739 0.116 0.241

IVI response 1 year χ2 (5) = 3.902 0.045 0.564
IVI response 5 years χ2 (5) = 8.320 0.186 0.139

Table 5. Receiver operator characteristic. Values are given as area under the curve analysis. ab, antibody; AT1, Angiotensin
II receptor 1; IRF, intraretinal fluid; IVI, intravitreal injection; PAR1, Protease-activated receptors; SRF, subretinal fluid;
VEGF, vascular endothelial growth factor.

AT1-Receptor ab PAR1 ab VEGF-A ab VEGF-B ab VEGF-Receptor 2 ab
Antibody

Score

IVI response 1 year 0.443 0.522 0.416 0.418 0.435 0.430
IVI response 5 years 0.697 0.625 0.650 0.638 0.539 0.696

SRF development 0.482 0.433 0.460 0.506 0.518 0.550
IRF development 0.303 0.479 0.304 0.493 0.399 0.707

Fibrosis development 0.509 0.418 0.493 0.467 0.463 0.505
Macular bleeding 0.535 0.489 0.580 0.493 0.635 0.465

4. Discussion

The antibodiom can serve as a biomarker for autoimmune and non-autoimmune
disease, and so far, only little is known about aab in patients with nAMD. This is the
first study to examine specific aab concerning their role in disease progression in nAMD
patients over a five-year follow-up period.

At baseline, we included a total of 164 patients with active nAMD. Over the course
of five years, we were able to analyze complete datasets of 59 eyes of 59 patients. With
a mean age of 78.32 years and more women than men affected, the characteristics of our
study group correspond to other epidemiological data on nAMD [13]. Intravitreal injection
frequency remained steady around four IVIs per year. As we included patients with
different previous disease durations, and since nAMD activity varies extremely over the
years, the IVI treatment frequency in our study group is hardly comparable to other studies.

Mean BCVA at baseline was 0.34 logMar and decreased over the five-year period, as
pictured in Figure 1. As patients had active nAMD with macular edema at the beginning
of the study, CRT was thickened to 346.01 µm at baseline and decreased to 299.48 µm over
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five years. A course in BCVA and CRT like this corresponds to other data on the nAMD
disease current in patients with anti-VEGF treatment [13–15].

As previously described, altered aab levels can occur physiologically in healthy hu-
mans who do not develop inflammatory diseases. Nonetheless, elevated or lowered aab
levels can directly impact different kinds of diseases [3]. There is increasing evidence for
the presence of aab in association with nAMD although it is unclear whether these ab
play an active role in the etiology of the disease or if they are generated in a response
to retinal injury from the underlying disease processes [16]. However, more and more
evidence accentuates that autoimmunity plays an important role in the pathogenesis of
AMD [16–19].

Undoubtedly, the relevance to identify specific biomarkers like aab is of high interest
to the research community, as many study groups started different attempt in various
study designs. Morohoshi et al. identified a pathogenic role of specific autoantibody
profiles in dry and wet AMD patients [19]. They observed that ab specific to several
autoantigens were significantly elevated in sera of AMD patients compared to normal
controls and that these antibodies caused alterations in endothelial cell function. However,
the exact clinical role and their diagnostic value towards the patient’s prognosis remains
unclear. Nonetheless, this is one of the most important questions to address, as nAMD
lacks specific and easily available prognostic markers. This would help us in clinical
routine to identify patients who need to be followed up more regularly, as nAMD shows
highly variable interindividual disease courses. The same study group around Morohoshi
later focused on a microarray analysis comparing sera of AMD patients and a healthy
control [20]. They detected an elevated ratio of IgG/IgM to phosphatidylserine in AMD
patients that even corresponded to disease stages and also determined Vitronectin and
Fibronectin as biomarker candidates. Joachim et al. and Adamus et al. also identified
promising candidates in AMD patients like anti-enolase aab that even corresponded to
different disease stages, or GFAP, Carboxyethylpyrrole, Cellular Retinaldehyde Binding
Protein, and Retinol Binding Protein-3 [18,21]. Taking a closer look at clinical parameters
and their relevance concerning the individual disease progress would be an interesting
question to address in larger prospective studies. Umeda et al. conducted extensive
studies on cynomolgus monkeys and identified annexin II and µ-crystallin to be elevated
in early-onset macular degeneration compared to the healthy control [22].

All these studies are important steps towards larger prospective long-term studies.
However, we chose five new promising candidates for aab in sera and especially focused
on their diagnostic value for a long-term clinical course.

Our study examined serum levels of five different aab and reviewed medical records
of the included nAMD cohort over five years. As neovascularization formation is a key
characteristic of nAMD, we chose ab for our study that are known to be associated with
alterations of the vascular system as described in the introduction.

We carried out a PCA to summarize these ab levels and received the ab score as
described above. This model allows dimensionality reduction and enables further analyses,
but it has to be noted that one ab is left out in this model, and not all ab contribute to the
score to the same extent. In our multiple regression models, we were able to show that the
five antibodies against AT1-receptor, PAR1, VEGF-A, VEGF-B, and VEGF-receptor 2 cannot
predict clinical activity parameters for nAMD, like the number of injections, development
of intra- or subretinal fluid, macular bleeding, and development of fibrosis.

We utilized ROC analyses to receive information on the diagnostic ability of the ab.
Neither the single aab themselves nor the ab score were able to receive sufficient values.
However, when looking at our main endpoint, the total IVI response over five years, we
detected a tendency concerning AT1-receptor antibodies (AUC 0.679). Therefore, this
serum marker would be particularly interesting to be investigated further in prospective
studies. Pathophysiologically, the AT1-receptor, as part of the renin-angiotensin system
(RAS), has been shown to play a role in angiogenesis [6]. Additionally, in mice models, ACE
(angiotensin converting enzyme) inhibition with Icatibant led to significant suppression
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of CNV development seen in AT1-receptor knockouts [23,24]. Therefore, the RAS and its
components are interesting targets for future studies, and examining further aab along
with AT1-receptor ab might lead to new insights on nAMD pathophysiology.

It has to be noted that serum levels of the examined ab may be influenced by anti-VEGF
intravitreal injections. Several study groups focused on systemic effects of IVI treatment
and showed reduced systemic VEGF levels following an anti-VEGF injection [25–28]. Mat-
suyama et al. and Carneiro et al. both reported that the effect was mostly present after
one day of a bevacizumab injection, but VEGF levels were still reduced even after one
month [25,26]. However, in the study by Carneiro et al. and Zehetner et al., this effect was
not noticeable after ranibizumab and pegaptanib injections [26,27].

Future studies should take these data into consideration and should also differentiate
between the administered IVIs, as they result in varying systemic effects. In our study
design, we did not differ between the different anti-VEGF agents that the patients had
received in the five-year follow-up period, which may have an impact on the serum
levels that we measured. However, blood was drawn on the day of an IVI before the
therapy was administered. Therefore, the blood withdrawal took place at least four weeks
after the last injection, which limits the systemic effect of previous anti-VEGF treatments.
Additionally, it is not known to what extent the systemic VEGF levels influence the levels
of our analyzed ab.

The limitations of our study include the retrospective nature, the lack of masking,
and a potential selection bias, as only patients who attended monthly follow-ups for five
years were included. Especially regarding the latter factor, it can be argued that patients
with a high disease activity resulting in more injections and worse visual outcome tend to
continue follow-ups more closely. Moreover, patients with controlled disease, good vision,
and no further need for injections become lost to follow-up at our treatment center over
time and continue follow-up visits at their local ophthalmologist. Additionally, as the mean
age of nAMD patients is relatively high, some patients died in the five-year time frame
after the study started.

In addition to these limiting factors, for this study, we only chose five aab against
targets that are of high relevance in angiogenetic processes. Nevertheless, angiogenesis and
neovascularization are multifactorial and complex developments that can be influenced by
various pathways. Therefore, the present study only gives limited insight into the complex
world of aab in nAMD and opened the door to further, more widespread study approaches.

5. Conclusions

We identified a relatively large group of nAMD patients that we were able to fol-
low up over a five-year time frame after five angiogenesis-specific aab were analyzed
(ab against AT1-receptor, PAR1, VEGF-A, VEGF-B, and VEGF-Receptor 2). Neither the
ab by themselves nor taken together had a predictive value for the nAMD current over
five years. Identifying specific ab in nAMD can help us gain a deeper understanding of
the disease, which is the basis for better therapeutic strategies. The antibodiom reflects
important individual processes, which makes it interesting for precision medicine con-
cerning diagnostics as well as therapeutic approaches. Future research should focus on
wider antibody networks and their levels in nAMD to gain deeper insights into this highly
relevant disease entity.
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Abstract: The management of retinal diseases relies heavily on digital imaging data, including optical
coherence tomography (OCT) and fluorescein angiography (FA). Targeted feature extraction and the
objective quantification of features provide important opportunities in biomarker discovery, disease
burden assessment, and predicting treatment response. Additional important advantages include
increased objectivity in interpretation, longitudinal tracking, and ability to incorporate computational
models to create automated diagnostic and clinical decision support systems. Advances in computa-
tional technology, including deep learning and radiomics, open new doors for developing an imaging
phenotype that may provide in-depth personalized disease characterization and enhance opportuni-
ties in precision medicine. In this review, we summarize current quantitative and radiomic imaging
biomarkers described in the literature for age-related macular degeneration and diabetic eye disease
using imaging modalities such as OCT, FA, and OCT angiography (OCTA). Various approaches
used to identify and extract these biomarkers that utilize artificial intelligence and deep learning
are also summarized in this review. These quantifiable biomarkers and automated approaches
have unleashed new frontiers of personalized medicine where treatments are tailored, based on
patient-specific longitudinally trackable biomarkers, and response monitoring can be achieved with
a high degree of accuracy.

Keywords: retinal imaging; quantitative biomarkers; diabetic retinopathy; diabetic macular edema;
age-related macular degeneration; precision medicine; anti-VEGF therapy

1. Introduction

Ophthalmology and the field of retinal diseases relies heavily on information derived
from ophthalmic imaging for diagnosis, treatment and disease activity monitoring. The
development of different imaging modalities, including optical coherence tomography (OCT)
and ultra-widefield fluorescein angiography (UWFA), have provided incredible visualization
of retinal microstructures and abnormalities, which has helped to build new insights for the
management of retinal diseases, including diabetic eye disease (diabetic retinopathy, DR;
diabetic macular edema, DME) and age-related macular degeneration [1,2].

Optical coherence tomography (OCT) is a rapid, non-invasive diagnostic test that
provides outstanding visualization of cross-sectional and 3D morphological characteristics
in addition to high-definition anatomy. OCT has become the backbone for the diagnosis
and management of retinal diseases, with more than 30 million OCT scans being performed
annually [3–5]. Due to its widespread utilization for retinal disease, OCT has become a
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key source for the exploration of imaging biomarkers through computational and deep
learning techniques. The assessment of targeted features, such as retinal compartment
volumes or volumetric pathology characterization, has been shown to be associated with
disease burden and has the potential to enhance personalized treatment decisions [6–8].
OCT angiography (OCTA) uses non-invasive OCT technology to obtain vascular structural
information by assessing decorrelation in the OCT signal due to vascular flow.

There are some important limitations to consider related to current OCT technology. With
a limited field of view in most widely available OCT devices, the primary imaging location is
the macula, and peripheral changes may be missed, especially in early disease [9,10]. Further,
artifacts due to inconsistent montage techniques, motion-blur, and projection shadows may
impact interpretation [9,10].

UWFA is an emerging imaging technique which enables visualization of panretinal
vascular abnormalities including leakage, microaneurysms, and nonperfusion [2]. UWFA
is a critical tool in the panretinal evaluation of retinal vascular and inflammatory disorders.
With up to a 200-degree field of view, this imaging modality is the gold standard for
detecting peripheral disease, especially early on in the disease process [11–14]. However,
the technique does require the intravenous injection of fluorescein dye, which poses
potential systemic risks [11–14]. Additionally, peripheral shadowing, eyelash artifacts, and
image quality control can limit the consistency of interpretations [11–13].

Optical coherence tomography angiography (OCTA) is a major leap forward in this
regard as it is completely non-invasive and provides high-resolution 3D binarized vessel
maps that are objective and easy to interpret. The depth-encoded nature of the OCTA
vascular data provides a unique advantage for evaluating the location of vascular abnor-
malities. However, current technology is primarily limited to macular pathology and can
be subject to significant quality challenges, such as motion artifacts [11,12,14]. Additionally,
OCTA does not provide information on leakage.

Current imaging systems provide outstanding details of disease burdens and the
impact of different retinal diseases. Traditionally, this information has been utilized in a
qualitative manner and relies on an ophthalmologist’s interpretation and expertise. This
inherently introduces bias and subjectivity in the assessment of these images, and therefore
may limit consistency and the opportunities for precision medicine. Additionally, all
of these images encode incredible amounts of data related to the underlying imaging
phenotype of a given disease. These features, such as the location and type of leakage in
UWFA or the reflectivity features of cysts on OCT, may carry critical information regarding
the underlying pathophysiology and driving cellular pathways of a given disease [15–19].

Recently, machine learning (ML) based algorithms has gained traction for use in
several medical image processing operations such as organ segmentation [20], cancer
detection [21] and numerous diseases including diabetic eye diseases [20,22,23]. Deep
learning (DL) is a subfield of ML and uses multi-layered neural-network structures. Most
typical ML models employ pre-defined or engineered features, while DL models can
learn useful representations of data and features directly from the raw data itself [20,23].
Hence DL approaches are also referred to as unsupervised feature generation-based ML
approaches. The opportunities for the application of DL for different ophthalmologic
diseases is quite rich. DL models are not without their challenges. The opacity of DL models
creates unique issues in transparency of understanding the underpinnings of classification
and model performance. DL models consider segmentation or classification problem as a
binary problem and does not evaluate the heterogeneity within the tissue. Optimization
of the deep neural network hyperparameters is a significant challenge. The search space
for the model parameters is generally very high. Also in a data scarce environment, DL
models tend to perform only marginally better than random guessing [24].

Radiomics is an emerging field of medical image processing that refers to the com-
puterized data extraction from medical images and aims to capture the subvisual image
attributes that may not be identified by the human experts. It provides opportunity to
physicians to interpret images better regarding individualized therapy, surveillance, diag-
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nosis, and prognosis [25]. These advanced image analysis techniques have been described
broadly in the domain of brain tumor [26], breast cancer [27], prostate cancer [28] and
several other diseases. The role of radiomics features in predicting therapeutic response
and prognosis in ophthalmic diseases is emerging as an exciting opportunity for enhanced
personalized care [17,18].

The boom in this image analysis space over the past decade has made it possible to
automate the quantification and interpretation of ophthalmic imaging biomarkers. These
computational imaging elements can then be evaluated for their role as biomarkers for
disease diagnosis, prognosis, treatment initiation, and therapeutic response. For this
review, we describe these measured features that are found to have clinical applications
for the management of disease as “quantitative imaging biomarkers”, which may serve as
objective tools for the future in the context of diabetic eye disease and age-related macular
degeneration (Figure 1).

 

Figure 1. Schematic summarizing changes in various quantitative imaging biomarkers in (A) diabetic
eye disease and (B) age-related macular degeneration. CNV: choroidal neovascularization.

Review Methodology. A literature search was performed using the key words “quan-
titative imaging”, “diabetic retinopathy”, “age related macular degeneration”, “OCT”,
“OCTA”, “fluorescein angiography”, and “quantitative biomarkers” on databases, in-
cluding PubMed Central and Google Scholar. Studies reporting quantitative imaging
biomarkers using OCT, OCTA, and FA in diabetic eye disease and age-related macular
degeneration. Studies that included only qualitative findings or that focused on pathologies
other than diabetic eye disease and AMD were not included in this study.
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2. Diabetic Eye Disease: Diabetic Retinopathy and Diabetic Macular Edema

2.1. Structural Biomarkers: Optical Coherence Tomography (OCT)

2.1.1. Characterizing Disease Burden and Functional Significance

In diabetic retinopathy, increased central subfield retinal thickness (CST) and de-
creased retinal nerve fiber layer thickness have been associated with increased severity
of retinopathy (DR) [29–31]. Furthermore, disruption of retinal inner layers (i.e., DRIL)
has been shown to be associated with worse visual acuity in DR patients [32,33]. The
presence of DRIL has been shown to have very high specificity for macular nonperfusion
in DR [34]. DRIL, as well as outer retinal disruption (e.g., ellipsoid zone and external
limiting membrane loss), have been shown to be associated with visual acuity in both
DR and diabetic macular edema (DME) (Figure 2) [33,35]. Morphological signs such as
hyperreflective foci (HRF) have been described in diabetic retinopathy and diabetic macular
edema as a sign of lipid extravasation and inflammatory cellular aggregates [36–38]. They
often initially appear in the inner retina adjacent to the native microglia, only appearing in
the outer retina in more advanced stages of the disease [38]. These HRF have been shown to
be aggregated activated microglial cells with numbers significantly higher in diabetic eyes
when compared to controls [39,40]. HRF count has been explored as a potential biomarker
to assess inflammation in diabetic eye disease. Manual and automated approaches of the
segmentation of these HRF have been tested [40–42]. A recent study monitored the HRF
counts in diabetic retinopathy and diabetic macular edema in eyes that received anti-VEGF
and steroid injections. This study reported a decrease in the number of HRF with either
treatment, but a more marked decrease in the steroid group [42]. This biomarker provides
an interesting avenue to monitor inflammatory activity in diabetic eye disease.

 

Figure 2. Spectral domain OCT scan of a patient with diabetic macular edema. (A) B-scan showing
segmented retinal layers and (B) B-scan showing segmented retinal layers and intra-retinal fluid
(shown in blue). OCT: optical coherence tomography.

Th extraction of quantitative fluid features and the assessment of retinal multi-layer
segmentation has provided insights into disease prognosis and overall longitudinal disease
dynamics. A recent study confirmed quantitative improvement in ellipsoid zone integrity
subsequent to anti-VEGF therapy for DME [1]. This measurable improvement in ellipsoid
zone integrity correlated significantly with visual function recovery. Novel higher-order
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imaging biomarkers, such as the retinal fluid index (RFI), are continuing to be discovered,
which may help in the precise monitoring of treatment response [1,42]. Recent studies
have shown that RFI volatility in the early follow-up period is correlated significantly with
instability in long-term visual response to treatment [43].

2.1.2. Imaging Biomarkers and Disease Pathway Expression

Utilizing these techniques, various imaging biomarkers may be able to be linked to
the underlying pathways involved in disease pathogenesis. In a recent study assessing
quantitative imaging biomarkers and cytokine expression, the levels of multiple cytokines
(e.g., vascular endothelial growth factor (VEGF), monocyte chemotactic protein-1 (MCP-1),
and interleukin-6 (IL-6)) were linked with various imaging biomarkers, such as fluid
parameters and outer retinal integrity [15]. The identification of these critical components
of imaging phenotype and cytokine expression may help to identify eyes that may tolerate
longer intervals in-between treatments or eyes that may benefit from emerging therapeutics
with novel targets.

2.1.3. Predicting Future Treatment Need and Treatment Response Characteristics

Utilizing an attention-based convolutional neural network (CNN) model using pre-
treatment OCT scans that preserved and highlighted the global structures in OCT images
and enhanced local features from fluid/exudate-affected regions, Rasti et al. utilized
retinal thickness information for the prediction of the response to intravitreal anti-VEGF
treatment [44]. An additional DL algorithm developed by Prahs et al. distinguished retinal
OCT B-scans that required an intravitreal injection from those that did not [45].

Beyond evaluating for treatment need, additional studies have assessed specific reti-
nal compartment radiomics features that may predict therapeutic response. In a recent
study [18], the relevance of radiomics features extracted from different spatial compart-
ments of the retina on OCT scans to identify the patients with DME who tolerate an
extension in the intervals between treatment with anti-VEGF treatment were evaluated.
Texture-based radiomic features within the intraretinal fluid subcompartment were found
to be most associated with a response to anti-VEGF therapy and most strongly associated
in discriminating rebounders from the non-rebounders of anti-VEGF treatment following
treatment interval extension.

2.2. Vascular Biomarkers: Ultra-Widefield Fluorescein Angiography (UWFA)

Ultra-widefield fluorescein angiography (UWFA) can capture 200◦ field of view (FOV)
compared to conventional imaging with 30–60◦ FOV, enabling a more comprehensive
disease evaluation. [46,47] Visualization of specific vascular features that enhance assess-
ment of disease burden and optimize diagnostic accuracy make this modality an essential
tool for the evaluation of posterior segment disorders. Areas of nonperfusion, vascular
leakage, microaneurysm count, and neovascularization are among known clinically ap-
parent biomarkers that assist diagnosis, choice of treatment and assessment of treatment
response. Emerging image analysis methods provide the opportunity for manual and
automated quantification of known angiographic features and discovery of novel and more
complex features. The labor-intensive nature of manual feature assessment is a barrier to
more widespread use. Recently, methods and systems have been developed to provide
in-depth evaluation of leakage features, microaneurysm counts, ischemic burden and
vascular characteristics (Figure 3) [48,49]. Machine learning systems have provided the
ability to perform enhanced vascular segmentation, feature extraction, and more efficient
methods for evaluating imaging characteristics [50–52].

81



J. Pers. Med. 2021, 11, 1161

Figure 3. (A) Dewarped late-phase UWFA scan; (B) dewarped late-phase UWFA scan with overlay (yellow) indicating the
area occupied by leakage; (C) dewarped early phase UWFA scan with overlay (green) indicating individual MAs in 3 mm
(macular), 6 mm, and 9 mm zones (yellow circles). UWFA: ultra-widefield fluorescein angiography.

2.2.1. Biomarkers for Disease Severity and Disease Burden

Various biomarkers are investigated for severity grading, progression, and treat-
ment response. Nonperfusion area, ischemic index, leakage, and microaneurysm counts
have been shown to correlate strongly with the clinical severity of DR and treatment
response [53]. Ehlers et al. demonstrated quantitative UWFA parameters, including pan-
retinal MA count, ischemia, and leakage index, that were strongly associated with DR
severity in 339 eyes [54]. Assessment of these disease burden metrics may help in predict-
ing the risk of progression or DR-related complications. The panretinal leakage index has
shown promise as a potential predictor of disease-related complications, such as vitreous
hemorrhage and DME [53,55]. Quantification of these features allows for the longitudinal
tracking of numerical changes that can be used to guide clinical decisions and assess
response to treatment.

The spatial distribution of DR lesions on ultra-widefield photography including
MA, cotton wool spots, intraretinal microvascular abnormalities, neovascularization, and
fibrovascular proliferation was investigated in a large study with 1406 eyes demonstrating a
predominantly central distribution in 63% of eyes [56]. Silva et al.’s study on nonperfusion
distribution reported higher DR severity in eyes with predominantly peripheral lesions [57].

2.2.2. Evaluating and Predicting Treatment Response Characteristics

In addition to the assessment of disease burden, quantitative feature characteriza-
tion can also be used to assess treatment response. In an automated UWFA approach,
intravitreal anti-VEGF therapy demonstrated significant and stark improvements in leak-
age index and total microaneurysm counts in DR [55,58]. Wykoff et al. reported that
the ischemic index increased by 34% in one year with quarterly aflibercept (p = 0.009)
and 10% in monthly aflibercept (p = 0.18) treatment [59]. In a prospective clinical trial,
the authors studied the change in the panretinal leakage index in eyes with DME with
aflibercept therapy to quantify therapeutic response. The authors noted a dramatic reduc-
tion in the leakage index (from 3.5% at baseline to 0.4% at 12 months) with aflibercept
therapy [58]. Utilizing quantitative UWFA in the RECOVERY study, which evaluated eyes
with severe PDR, quantitative UWFA demonstrated a dramatic reduction of 68% to 79% in
leakage index reduction at 1 year, with similar outcomes in both monthly and quarterly
dosing [55]. In a randomized controlled trial comparing leakage-index-guided treatment
and Diabetic Retinopathy Severity Scale (DRSS)-level-guided treatment with intravitreal
aflibercept for DR, the authors found that deteriorations in the leakage index preceded
those in the DRSS level, thereby providing a potentially higher sensitivity marker for the
need for retreatment [60].
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2.2.3. Imaging Biomarkers and Disease Pathway Expression

Another recent study assessed the correlation between UWFA imaging phenotype
and cytokine expression in eyes with DME from the IMAGINE study [16]. The au-
thors noted that an increased panretinal leakage index correlated strongly with VEGF,
angiopoietin-like 4, and interleukin-6 levels, while the panretinal ischemic index was posi-
tively correlated with the tissue inhibitor of metalloproteinases 1 (TIMP-1) and VEGF [16].
Further research is needed to understand the implications of these phenotype–cytokine
expression correlations in assessing response to treatment.

2.2.4. Radiomics Angiographic Biomarkers for DR Severity

In addition to clinically apparent biomarkers, Fan et al. demonstrated the branching
complexity of peripheral vessels and the distribution of nonperfusion areas correlated with
DR severity [61]. Fractal dimension (FD) depicts the complexity of vascular geometry, such
that higher values indicate dense, intricate, space-filling branching patterns [62]. Peripheral
retinal vessels of diabetic eyes have been demonstrated to have lower complexity in their
branching pattern (fractal dimension) compared to healthy controls. FD was shown to be
negatively associated with the nonperfusion area [63]. A significantly lower FD is noted
in the retinal vasculature in DR, especially in the far peripheral fields when compared to
normal eyes. Additionally, a decrease in panretinal FD was shown to be associated with an
increase in the global nonperfusion area [64]. In addition to FD, the skewness of retinal
vasculature density distribution has also been associated with DR severity [65].

2.2.5. Angiographic Biomarkers for DME Presence

Quantitative UWFA has also been explored in DME pathogenesis. The leakage index
and MA count in the posterior pole have been associated with the presence and severity of
DME [53]. The nonperfusion distribution pattern in DR was observed in DME, being more
extensive in mid-periphery ischemia compared to the posterior pole and far periphery.
Fang et al. classified ischemic areas and investigated nonperfusion with and without
leakage in DME eyes [66]. Nonperfusion areas with leakage were found more extensively
in the posterior retina compared to nonperfusion without leakage, which is predominantly
in the mid-periphery [66]. A nonperfusion area with leakage positively correlated whereas
nonperfusion without leakage negatively correlated with DME severity.

2.2.6. Evaluating and Predicting Therapeutic Response: From Quantitative UWFA
to Radiomics

Quantitative UWFA biomarkers have been explored as assessment tools for therapeutic
response in eyes with DME treated with aflibercept in the PERMEATE study [58]. Aflibercept
injections resulted in a 78% decrease in the leakage index of eyes with DME. Similar to the
outcome in eyes with DR, the nonperfusion area is increased despite anti-VEGF therapy [58].

Beyond characterizing the longitudinal quantitative UWFA feature alterations in re-
sponse to therapy, radiomics features have been utilized to predict treatment response
and durability. Prasanna et al. developed novel radiomic CIBs that characterized differ-
ent morphological properties of leakage nodes and vascular tortuosity on UWFA, which
were linked to the durability of anti-VEGF treatment [17]. The distribution of leakage
nodes in eyes that did not tolerate treatment extension was found to be more disordered
than eyes that tolerated an extension in the intervals between treatment. Vessel tortuosity
was increased and more complex in eyes that experienced clinical worsening following
treatment extension. In a supportive assessment of radiomics features for predicting
treatment response characteristics, Moosavi et al. identified that the proximity of leak-
age foci to the vessels has a higher variance in eyes who have more durable treatment
response, whereas increased local vascular tortuosity was linked to reduction in tolerance
of treatment extension [67].
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2.3. Vascular Biomarkers: OCTA

OCTA uses non-invasive OCT technology to obtain vascular structural information
by assessing decorrelation in the OCT signal due to vascular flow. As a result of the
depth resolution of OCTA, different chorioretinal vascular plexuses, such as the nerve
fiber layer plexus (NFLP), ganglion cell layer plexus (GCLP), intermediate capillary plexus
(ICP) and deep capillary plexus (DCP), have been studied using this technology. NFLP
and GCLP form the superficial vascular complex while ICP and DCP form the deep
vascular complex [68].

Biomarkers for Disease Severity and Burden: From Quantitative Features to Radiomics

An increased foveal avascular zone (FAZ) size is noted in patients with DR compared
to normal [69–71]. Recent OCTA studies have provided evidence for a correlation between
FAZ size and visual acuity, such that an increase in FAZ size is associated with decreased
visual acuity [72–74]. In addition to FAZ area, the shape of the FAZ has been shown to
change in various DR grades [75].

Vessel density, as calculated from OCTA, has been shown to be inversely correlated
with DR grade in multiple trials [70,76,77]. In a study characterizing the association
between visual acuity and vessel density in DR, vessel density was reduced in eyes with
decreased visual acuity [78].

Vessel diameter index (VDI) is a representation of vessel diameter obtained by calculat-
ing a ratio of the total area of the scan occupied by blood vessels and the total skeletonized
length of blood vessels in the scan. In a recent study, the VDI obtained using OCTA has
been shown to positively correlate with the severity of DR and blood glucose levels [79–81].

Similar to UWFA, retinal vessel tortuosity in OCTA is another important metric that
holds high potential for the evaluation of DR. Vascular tortuosity on OCTA positively
correlates with the severity of DR in superficial and deep retinal vascular plexuses in
moderate to severe DR [75]. In a recent study, vessel tortuosity demonstrated a positive
correlation with DR severity in NPDR, but decreased significantly in PDR [75]. Recently,
three-dimensional volume-rendering biomarkers such as vessel sphericity and cylindricity
were used to assess blood vessel shape, demonstrating potential differences between
normal eyes and eyes with DR [82]. Geometric features, such as vessel branching angle
and vessel-width-based features have also been noted to be significantly different between
normal eyes and eyes with DR [83].

3. Age-Related Macular Degeneration (AMD): Neovascular and Non-Neovascular AMD

3.1. Structural Biomarkers: Optical Coherence Tomography (OCT)

3.1.1. Features for Predicting Progression in AMD

Non-neovascular (i.e., dry) age-related macular degeneration has been extensively
evaluated for numerous imaging biomarkers such as intraretinal hyper-reflective foci (HRF),
complex drusenoid lesions (DL, i.e., heterogeneous reflectivity), subretinal drusenoid
deposits (SDDs), and drusen burden. SD-OCT has been used to qualitatively describe
these biomarkers and has confirmed that each of these features confers a greater risk
of disease progress [84,85]. In a recent study, quantitative EZ integrity measures, EZ
mapping, and sub-RPE compartment quantification were shown to be important predictors
of progression to geographic atrophy in nonexudative AMD patients [86]. Specifically,
the reduced EZ integrity and increased sub-RPE compartment thickness was identified
in eyes that progressed to subfoveal geographic atrophy. These quantitative biomarkers
were more strongly associated with progression than qualitative features, such as HRF and
SDD. Utilizing a ML classifier, a high-performance system was developed for predicting
progression to subfoveal GA based on multiple quantitative outer retinal features [87,88].

Automated drusen volume quantification has been enabled by multi-layer segmenta-
tion platforms that provide isolation of the sub-RPE compartment. One study demonstrated
that an increase in the drusen volume was associated with a significant increase in the risk
of developing geographic atrophy or conversion to neovascular AMD [89]. ML-enhanced
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systems for advanced segmentation and feature extraction are creating new opportuni-
ties for automated disease characterization and longitudinal monitoring of therapeutic
response in AMD. Multiple studies have demonstrated volumetric fluid characteriza-
tion, compartment-specific OCT feature evaluation (such as ellipsoid zone integrity), and
volumetric quantification of subretinal fibrosis as well as subretinal hyperreflective mate-
rial [6,90,91]. In a recent study utilizing deep learning for the extraction of quantitative
features in AMD patients, the authors noted that an increase in drusen volume, SRF, IRF,
serous pigment epithelium detachment, HRF and subretinal hyperreflective material was
associated with worse visual acuity [7].

3.1.2. Deep Learning and Radiomics Biomarkers in AMD

DL-based analysis systems have been explored to detect the presence of disease.
Multiple other studies have shown the effectiveness of DL models in classifying normal
versus AMD eyes from OCT images [92,93]. Automated SD-OCT image analysis using DL
techniques are currently widely used for predicting disease progression in AMD. Predicting
conversion from early or intermediate non-neovascular AMD to neovascular AMD using
quantitative imaging features (e.g., drusen shape, drusen volume) in SD-OCT images has
been previously explored [94,95]. Banerjee et al. proposed a hybrid sequential model
integrating hand-crafted size-based and shape-based radiomics features (related to the
relationship of image intensity between voxels), demographic and visual acuity data, and
DL with a recursive neural network (RNN) model in the same platform to predict the
probability of future neovascular conversion [22].

3.2. Vascular Biomarkers: OCTA

In neovascular AMD, CNV is a major cause of vision loss due to photoreceptor damage
that results from exudation processes [96,97]. Although FA has traditionally been the gold
standard to characterize and identify CNV lesions, OCT has now become the benchmark
evaluation for the presence of CNV and exudation. OCTA is also emerging as a promising
technology for the high-level visualization of neovascular membranes in neovascular AMD
and for evaluating the choriocapillaris in non-neovascular AMD [98–100].

3.2.1. Quantitative Biomarkers of CNV Features

In one study aimed at characterizing CNV using quantitative biomarkers on OCTA,
the CNV area and flow index using outer retinal choriocapillaris OCTA slabs for assess-
ment of CNV characterization [101]. The study identified a higher flow in larger CNVs
and those that were type II [101]. In a recent study, the quantification of CNV and other
vascular characteristics was evaluated to assess treatment response to anti-VEGF therapy
in neovascular AMD patients [102]. Eyes requiring more frequent dosing of anti-VEGF
agents had lower CNV vessel density compared to groups with longer duration intervals
between doses [102]. Further, the CNV area was noted to be higher in eyes with fovea in-
volvement and core vessel presence. Absence of these findings may therefore be suggestive
of inactive CNV.

3.2.2. Choriocapillaris Biomarkers in Non-Neovascular AMD

In non-neovascular AMD, OCTA has been explored to study many aspects of the dis-
ease process such as drusen, reticular pseudodrusen, and geographic atrophy, in addition
to exploring its utility for the monitoring of disease progression [100]. Choriocapillaris
flow depletion in eyes with drusen has been shown on OCTA [103,104]. Reduced flow may
result in relative hypoxia of outer retinal layers and disease progression. In a recent study,
quantitative assessment of choriocapillaris flow deficits demonstrated reduced flow in eyes
with drusen with hyporeflective cores compared with eyes with drusen without hyporeflec-
tive cores, suggesting that the presence of hyporeflective cores may indeed indicate a more
advanced disease process in intermediate AMD [105]. OCTA has been used to characterize
geographic atrophy (GA) as well, particularly choriocapillaris flow deficits [106]. Focal
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perfusion loss (FPL) on OCTA has been used to evaluate choriocapillaris flow features in
AMD, which has been identified to be higher in AMD eyes compared to controls [107].

4. Conclusions

Quantitative imaging biomarkers derived from multiple imaging modalities may
provide a critical platform for the future in providing objective and trackable metrics that
enable precision medicine in ophthalmic care through the comprehensive characterization
of the “imaging phenotype”, Figure 4.

Figure 4. Developing the “Imaging Phenotype”. A potential multi-factorial approach for inte-
grative imaging biomarker characterization utilizing multiple advanced feature interrogation and
extraction methods.

OCT imaging biomarkers provide valuable structural information of retinal layers,
such as retinal compartment thickness, layer integrity maps, fluid volume, and the fluid
index. UWFA and OCTA imaging biomarkers provide key information regarding the
retinal and choroidal vasculature, such as measures of vessel density, ischemic area, flow
voids, leakage area, leakage index, ischemic index, and the CNV area. Radiomics is an
emerging field in ophthalmology and is having an increasingly high impact on personalized
medicine. As the field matures in the future, a combination of different novel DL networks
and advanced radiomic methods may be of high value for a more complete decision support
system (Figure 4). The implementation of deep learning, advanced feature interrogation
methods, and radiomics characterization provides an exciting opportunity for enhanced
understanding of and new insights into retinal disease. The field of computational imaging
biomarker discovery and exploration in AMD and diabetic eye disease is emerging as a
major opportunity for personalized care and precision medicine.
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Abstract: Eyes with proliferative diabetic retinopathy (PDR) have been shown to improve in the leak-
age index and microaneurysm (MA) count after intravitreal aflibercept (IAI) treatment. The authors
investigated these changes via automatic segmentation on ultra-widefield fluorescein angiography
(UWFA). Forty subjects with PDR were randomized to receive either 2 mg IAI every 4 weeks (Arm 1)
or every 12 weeks (Arm 2) through Year 1. After Year 1, Arm 1 switched to quarterly IAI and
Arm 2 to monthly IAI through Year 2. By Year 2, the Arm 1 leakage index decreased by 43% from
Baseline (p = 0.03) but increased by 59% from Year 1 (p = 0.04). Arm 2 decreased by 61% from Baseline
(p = 0.008) and by 31% from Year 1 (p = 0.12). Both cohorts exhibited a significant decline in MAs
from Baseline to Year 2 (871 to 410; p < 0.001; 776 to 207; p < 0.001, respectively). Subjects with an
improved leakage and MA count showed a more significant improvement in the Diabetic Retinopathy
Severity Scale (DRSS) score. Moreover, central subfield thickness (CST) was positively associated
with changes in the leakage index. In conclusion, the leakage index and MA counts significantly
improved from Baseline following IAI treatment, and monthly injections provided a more rapid and
sustained reduction in these parameters compared with quarterly injections.

Keywords: anti-vascular endothelial growth factor; diabetic macular edema; diabetic retinopathy;
leakage index; microaneurysms; intravitreal aflibercept; neovascularization; optical coherence tomog-
raphy; ultra-widefield fluorescein angiography

1. Introduction

Currently, over 34.2 million people in the United States have Type I or Type II diabetes
mellitus, and 88 million US adults have prediabetes [1]. Diabetic retinopathy (DR), the most
common form of diabetic-related eye disease, is the leading cause of visual impairment and
blindness in working-age Americans, and is expected nearly to double from 2010 to 2050
(7.7 million to 14.6 million) [2]. Approximately one-third of patients with DR are estimated
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to have vision-threatening complications such as proliferative diabetic retinopathy (PDR)
or diabetic macular edema (DME) [3].

Vision-threatening complications in DR arise from prolonged hyperglycemia caus-
ing a cascade of biochemical pathways. These pathways lead to oxidative stress in
the retinal vasculature and subsequently cause microvascular dysfunction. Ultimately,
the development of retinal ischemia in DR triggers the release of the Vascular Endothelial
Growth Factor (VEGF), a signaling protein that potentiates this cycle, leading to progressive
ischemia and resultant neovascularization, the hallmark of proliferative diabetic retinopa-
thy (PDR). The use of fluorescein angiography (FA) can demonstrate microaneurysms
(MAs), vascular leakage, retinal ischemia, and neovascularization (NV) [3]. Retinal vision
threatening complications of PDR can include traction retinal detachment, vitreous hem-
orrhage, macular edema, and ischemic changes [4–6]. If neovascularization occurs in the
anterior chamber, neovascular glaucoma may develop with potential complications such
as hyphema, optic nerve disease, and ensuing vision loss [7].

Classically, treatment for PDR has been panretinal photocoagulation (PRP). Its effi-
cacy in halting disease progression was demonstrated in multiple studies over the last
50 years [8–11]. Therapies specifically targeting the neovascularization process, in partic-
ular the VEGF blockade, recently showed the potential to preserve and possibly reverse
underlying retinal damage and vision loss that can occur in the setting of PDR. The Diabetic
Retinopathy Clinical Research Network (DRCR.net) Protocol S study demonstrated that
intravitreal anti-VEGF therapy was non-inferior to PRP and was potentially associated with
fewer complications [12]. Unlike PRP, which slows disease progression, anti-VEGF treat-
ment can not only slow disease progression but can also improve the Diabetic Retinopathy
Severity Scale (DRSS) score, as defined by the Early Treatment Diabetic Retinopathy Study
(ETDRS). Several longitudinal studies demonstrated at least a 2-step improvement in DRSS
with anti-VEGF therapy compared to sham or PRP treatment over 2, 3, and 5 years [13–16],
with some showing improved visual acuity, slower progression, and decreased macular
edema when compared to PRP [14,15].

The ETDRS research group previously defined DRSS using 7-frame fundus pho-
tographs to characterize and monitor changes in the retina over time [15,17,18].
More recently, ultra-widefield photography and ultra-widefield fluorescein angiography
(UWFA) have allowed for a wider field of view of up to 200◦, making it possible to monitor
panretinal changes with a single image. In order to standardize and more effectively track
these changes, automated programs were employed to measure angiographic parameters
such as microaneurysm count, leakage, and ischemia [19–25]. Although the effects of
anti-VEGF on PDR features are recognized, there is limited information regarding the effect
on quantitative angiographic features on UWFA. The purpose of this study is to assess
longitudinally the MA count and leakage occurring on UWFA images over a 2-year period
in patients with PDR being treated with a fixed-interval intravitreal aflibercept.

2. Materials and Methods

RECOVERY (Intravitreal Aflibercept for Retinal Non-Perfusion in Proliferative Dia-
betic Retinopathy) is a prospective, randomized, multicenter, and open-label clinical trial
(NCT02863354; IND131056; https://clinicaltrials.gov/ct2/show/NCT02863354,
accessed on 8 September 2021) as previously described [26–28]. Institutional Review
Board (IRB)/Ethics Committee approval was obtained (Sterling IRB); the tenets of the
Declaration of Helsinki were followed, and the study is in accord with the Health Insur-
ance Portability and Accountability Act of 1996. All subjects were enrolled at the Retina
Consultants of Texas (Houston, Katy, and Woodlands, TX, USA).

2.1. Inclusion and Exclusion Criteria

Inclusion in the study required PDR, an EDTRS best corrected visual acuity of ≥19,
and substantial nonperfusion (≥20 disk areas). Subjects with previous anti-VEGF treatment,
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a history of PRP or vitreoretinal surgery, a clinically relevant DME, or ≥320 µm central
retinal thickness in the study eye were excluded.

2.2. Study Design

At enrollment, subjects were consented for participation in the trial and then random-
ized 1:1. Arm 1 (n = 20) received 2 mg (0.05 mL) intravitreal aflibercept injection (IAI) every
month (q4weeks; q28 ± 7 days). Arm 2 (n = 20) received 2 mg IAI quarterly (q12weeks;
q3 months). After Year 1, treatment regimens were crossed over, and the Arm 1 began
receiving quarterly injections whereas the Arm 2 began receiving monthly injections until
the study end at Year 2. Each visit consisted of BCVA testing with the ETDRS chart, a slit
lamp examination, an indirect ophthalmoscope examination, and spectral-domain optical
coherence tomography (SD-OCT) scanning.

If a patient undergoing quarterly treatment met prespecified criteria at any visit,
they were to be treated every 4 weeks with IAI. These criteria were (1) increased neovascu-
larization, (2) BCVA decrease by ≥5 letters due to progressive DME or PDR, (3) worsening
of DME causing vision loss, (4) total area of retinal ischemia increasing by 10%. If a patient
was then determined to be either stable or improved by these criteria, they were continued
on their pre-specified treatment. All subjects could also receive rescue treatment with PRP
if PDR progressed despite IAI treatment.

UWFA images were obtained after dilation at Baseline, Year 1, and Year 2 via the
Optos 200Tx (Optos plc, Dunfermline, UK). Images were taken during early (~0–60 s after
fluorescein dye injection), middle (~60–180 s), and late (~300 s) phases of the angiogram.
The images were then transformed to stereographic projection images using proprietary
software available from the manufacturer based on ray tracing each pixel with a combined
optical model of the imaging device, as previously described [15].

2.3. Outcome Measures

Early and late images were analyzed by an automated assessment platform to provide
quantitative image feature extraction, including the MA count and leakage index [21,24,25].
Two masked readers reviewed the program’s automated segmentation and manually
corrected any errors. Three pre-specified macula-centered zones were also created to
enable the calculation of zonal changes. Zone 1 defines a posterior zone with a 3-disc-
diameter boundary including the fovea. Zone 2 defines a midperiphery zone with a
6-disc-diameter boundary centered at the fovea. Zone 3 defines a far periphery zone with a
9-disc-diameter boundary centered at the fovea.

The MA count analysis was performed in the mid-arteriovenous phase of the fluores-
cein angiogram. MAs were defined as small dots which were significantly hyperfluorescent
compared to the surrounding choroidal fluorescence in early-mid-phase fluorescein an-
giography images [21,28]. For leakage analysis, an early and late phase UWFA image was
selected. Leakage was defined as an area of increased hyperfluorescence in the late phase
compared to the early phase. The panretinal leakage index was calculated as the area of
leakage divided by the total analyzable retinal area. Values were multiplied by 100 to
express as a percentage [27,28]. DRSS scores were derived in accordance with the Early
Treatment Diabetic Retinopathy Study (ETDRS).

2.4. Statistical Analysis

Statistical analysis was performed with R software version 3.4.3 (www.r-project.org;
last accessed on 8 September 2021) and the Microsoft Excel statistical function to com-
pare mean differences in each group between Baseline and Year 1, Baseline and Year 2,
and between Year 1 and Year 2. Differences in groups were also determined per the
region of interest, including the total analyzable retina, Zone 1, Zone 2, and Zone 3.
RECOVERY data were also analyzed by visit: Baseline, Year 1, and Year 2.
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3. Results

3.1. Clinical Characteristics

Forty subjects were randomly allocated 1:1 to Arm 1 (n = 20) and Arm 2 (n = 20).
All characteristics were similar between Arm 1 and Arm 2 at Baseline. In Arm 1, the mean
age was 47.7 ± 12.1 years, with 9 (45%) male and 11 (55%) female subjects. Four (20%)
subjects had Type I Diabetes Mellitus (DM) while 16 (80%) were diagnosed with Type II DM,
with an average Baseline glycated hemoglobin A1C (HbA1c) of 9.7 ± 2.2%. Baseline BCVA
was 20/32 (ETDRS 77.8 ± 6.6), and the central subfield thickness (CST) was 279.7 ± 38.8 µm.
In Arm 2, the mean age was 48.3 ± 12.0 years. Furthermore, 12 (60%) were male and 8
(40%) were female; 5 (25%) subjects had Type I DM while 15 (75%) had Type II DM. Mean
Baseline HbA1c was 9.2 ± 2.7%. At Baseline, mean BCVA was 20/25 (ETDRS 79.0 ± 8.2),
and the mean CST was 276.4 ± 22.7 µm.

All subjects received an average of 14.4 ± 3.8 total injections up to Year 2, with no
overall significant difference between the cohorts (p = 0.16). Arm 1 received a mean
10.95 ± 1.8 injections between Baseline and Year 1, and 4.25 ± 1.5 injections between Year 1
and Year 2. Arm 2 received an average of 3.9 ± 0.5 injections by Year 1, and 9.6 ± 4.4
injections between Year 1 and Year 2. All Baseline characteristics are listed in Table 1.

Table 1. Baseline Demographics and Ocular Characteristics.

Arm 1 (n = 20) Arm 2 (n = 20) Total (n = 40) p-Value, Arm 1 vs. Arm 2

Age 47.7 ± 12.1 48.3 ± 12.0 48.0 ± 12.1 p = 0.88 †

Eye (%)
Right 10 (50) 10 (50) 20 (50)

p = 1.00 *
Left 10 (50) 10 (50) 20 (50)

Sex (%)
Male 9 (45) 12 (60) 21 (52.5)

p = 0.53 *
Female 11 (55) 8 (40) 19 (47.5)

Diabetes type (%)
Type 1 4 (20) 5 (25) 9 (23)

p = 1.00 *
Type 2 16 (80) 15 (75) 31 (77)

Years with
Diabetes 16.4 ± 8.9 15.8 ± 9.4 16.1 ± 9.0 p = 0.82 †

BMI, kg/m2 33.1 ± 6.9 31.8 ± 6.4 32.4 ± 6.6 p = 0.54 †

HbA1C, % 9.7 ± 2.2 9.2 ± 2.7 9.4 ± 2.5 p = 0.56 †

Lens status (%)
Phakic 19 (95) 18 (90) 37 (92.5)

p = 1.00 *
Pseudophakic 1 (5) 2 (10) 3 (7.5)

CST, µm 279.7 ± 38.8 276.4 ± 22.7 278 ± 31.8 p = 0.75 †

ETDRS, letters 77.8 ± 6.6 79 ± 8.2 78.4 ± 7.5 p = 0.64 †

Injections, n 15.2 ± 2.8 13.5 ± 4.5 14.4 ± 3.8 p = 0.16 †

* Chi-square test; † Two-sample t-test; BMI = Body Mass Index (kg/m2); HbA1c = Glycated hemoglobin A1c (%);
CST = Central Subfield Thickness (µm); ETDRS = Early Treatment Diabetic Retinopathy Score.

3.2. Panretinal Leakage Index

At Baseline, the mean panretinal leakage index in Arm 1 and Arm 2 was 6.4 ± 5.4%
and 4.4 ± 2.5% (p = 0.15), respectively. At Year 1, the total leakage index of Arm 1 improved
significantly to 1.5 ± 1.45% (p < 0.001). Following crossover to q12week IAI dosing,
the Arm 1 leakage index increased to 3.7 ± 3.5% at Year 2, which is a 43% decrease from
Baseline (p = 0.03), but a 59% increase following the transition to quarterly dosing (p = 0.03).
In Arm 2, panretinal leakage significantly improved to 2.5 ± 2.7% (p = 0.04) at Year 1.
Following treatment crossover to q12week IAI, further improvement was demonstrated as
1.7 ± 3.4% (31% decrease; p = 0.12) through Year 2, but this was not a significant change
from Year 1. However, the improvement from Baseline to Year 2 remained significant,
demonstrating a 61% decrease from Baseline (p = 0.008). A representative case is shown in
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Figure 1, and changes in the mean leakage index in both arms are presented graphically
in Figure 2.

 

Figure 1. UWFA fundus images of a representative case showing changes in leakage over time. Fundus images are shown at
(A) Baseline, (B) Year 1, (C) Year 3. Leakage mask over-lays are shown at (D) Baseline, (E) Year 1, and (F) Year 2. (D–F) also
show the macula-centered concentric rings: Zone 1 defines a posterior zone with a 3-disc-diameter boundary including the
fovea. Zone 2 defines a mid-periphery zone with a 6-disc-diameter boundary centered at the fovea. Zone 3 defines a far
periphery zone with a 9-disc-diameter boundary centered at the fovea.
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Figure 2. Change in leakage index over time for (A) Arm 1 and (B) Arm 2 in each region.
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Overall, 26 subjects, 46% (12/26) from Arm 1 and 54% (14/26) from Arm 2, showed
an improvement in the panretinal leakage index from Baseline to Year 2, while 6 sub-
jects, 83% (5/6) from Arm 1 and 17% (1/6) from Arm 2, worsened in the leakage index.
Those with the most improved leakage index had a significantly higher leakage index at
Baseline (6.08 ± 4.93% vs. 3.60 ± 1.92%; p = 0.02) and also demonstrated a greater decrease
in CST from Baseline to Year 1 (−29.17 ± 28.2 vs. −24.3 ± 16.0; p = 0.009) and to Year 2
(−31.83 ± 32.6 vs. −28.3 ± 16.1; p = 0.03). Notably, all subjects in Arm 1 (19/19) showed an
improvement in the panretinal leakage index from Baseline to Year 1. However, in Arm 2,
only 13/18 (72%) subjects showed an improvement in the leakage index before treatment
crossover, but these subjects showed an overall improvement in the panretinal leakage
index from Baseline to Year 2 (−4.10 ± 1.64%). The other five subjects in Arm 2 who had a
worsening panretinal leakage index before crossover (5/18; 28%) demonstrated an overall
increase in the panretinal leakage index from Baseline to Year 2 (1.42 ± 3.50%; p = 0.046).

3.3. Zonal Leakage Index

At Baseline, mean leakage index values in Zone 1, Zone 2, and Zone 3 were similar
between Arm 1 and Arm 2. By Year 1, both cohorts exhibited a significant leakage index
improvement in Zone 1, as Arm 1 decreased from 10.5 ± 6.3% at Baseline to 2.5 ± 2.3%
(p < 0.01) at Year 1, while Arm 2 decreased from 9.2 ± 4.2% at Baseline to 5.1 ± 5.9%
(p = 0.02) at Year 1. Moreover, in Arm 1, there was significant leakage index improvement
in Zone 2 (6.9% to 1.5%; p = 0.03) and Zone 3 (1.3% to 0.4%; p = 0.05). Arm 2 had a significant
improvement in Zone 2 (4.5% to 2.6%; p = 0.045) from Baseline to Year 1, and Zone 3 had
a nonsignificant decrease in the leakage index (0.9% to 0.5%; p = 0.17). Differences in the
leakage index per Zone are illustrated in Figure 3.
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Figure 3. Differences in leakage index per region between Arm 1 and Arm 2 at (A) Baseline, (B) Year 1, and (C) Year 2.

98



J. Pers. Med. 2021, 11, 1126

Following treatment crossover, the Zone 1 leakage index increased significantly in
Arm 1, but continued to decrease in Arm 2. At Year 1, the leakage index of Arm 1 in Zone 1
was 2.5% and increased to 4.9% (p = 0.01) by Year 2, representing a 53% decrease from
Baseline (p = 0.006). In Arm 2, the leakage index of Zone 1 decreased from 5.1% to 2.9%
(p = 0.05) by Year 2, which represents a 68% decrease from Baseline (p = 0.001). This pattern
was also observed in Zone 2 and Zone 3 in both cohorts from Year 1 to Year 2, although the
only significant change was seen in Zone 2 of Arm 2, which decreased to 1.2% at Year 2,
a 54% decrease from Year 1 (p = 0.01), and a 73% decrease from Baseline (p < 0.001).

3.4. Microaneurysms

From Baseline to Year 1, the panretinal MA count decreased significantly and within
each zone. A representative case is shown in Figure 4. In Arm 1, the mean panretinal MA
count decreased by 48% (870.7 to 455.4; p < 0.001), 63% in Zone 1 (57.5 to 21.2; p < 0.001),
62% in Zone 2 (148.8 to 60.6; p < 0.001), and 52% in Zone 3 (380 to 181; p < 0.001). In Arm
2, the panretinal MA count decreased by 50% (775.7 to 388.6; p < 0.001), 38% in Zone 1
(39.6 to 25.1; p = 0.009), 47% in Zone 2 (105.8 to 56.4; p < 0.001), and 54% in Zone 3 (326.3 to
151.8; p < 0.001). However, it is important to note that there was a significant difference
in the mean MA count between Arm 1 and Arm 2 at Baseline in Zone 1 (57.5 vs. 39.6
respectively; p = 0.03) and in Zone 2 (148.8 vs. 105.8 respectively; p = 0.04). The changes in
the mean MA count over time can be seen in Figure 5.
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Figure 4. UWFA fundus images of a representative case showing changes in microaneurysm count over time.
Fundus images are shown at (A) Baseline, (B) Year 1, (C) Year 3. Microaneurysm mask overlays are shown at (D) Baseline,
(E) Year 1, and (F) Year 2.
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Figure 5. Change in microaneurysm count over time for (A) Arm 1 and (B) Arm 2 in each region.

The mean MA count continued to decrease after treatment crossover in both cohorts.
When compared to Baseline, the MA count showed significant panretinal improvement
and in all zones by Year 2. However, from Year 1 to Year 2, only Arm 2 had significant
decreases in the mean MA count in all regions (panretinal, p < 0.001; Zone 1, p = 0.002;
Zone 2, p < 0.001; Zone 3, p = 0.002). When compared to Baseline, Arm 1 showed a sig-
nificant panretinal decrease of 53% (870.7 to 409.9; p < 0.001), 70% in Zone 1 (57.5 to 17.5;
p < 0.001), 68% in Zone 2 (148.8 to 46.6; p < 0.001), and 57% in Zone 3 (379.6 to 162.9;
p < 0.001) by Year 2. In Arm 2, the mean panretinal MA burden significantly decreased by
73% (775.7 to 388.6; p < 0.001), by 75% in Zone 1 (39.6 to 9.7; p < 0.001), by 75% in Zone 2
(105.8 to 26.6; p < 0.001), and by 75% in Zone 3 (326.3 to 80.5; p < 0.001) from Baseline to
Year 2. These region differences are illustrated in Figure 6.

Between Year 1 and 2, eight subjects had both an increase in the MA count and
panretinal leakage index, 7/8 (87.5%) of which were from Arm 1 while 1/8 (12.5%) were
from Arm 2. The subjects who exhibited a concurrent increased MA count and panretinal
leakage index after treatment crossover showed a worsening in DRSS by 1.63 ± 1.68 steps
in that time period, whereas those that did not had an improvement of 0.48 ± 1.21 steps
(p = 0.009). Moreover, between Baseline and Year 2, those with a concurrent worsening MA
and panretinal leakage index after crossover had a less significant improvement in DRSS
than those that did not (+1.25 ± 1.67 vs. +3.35 ± 1.83; p = 0.01).

100



J. Pers. Med. 2021, 11, 1126

  

(A) (B) 

 

(C) 

p = 0.42

p = 0.03
p = 0.044

p = 0.32

0

200

400

600

800

1000

Total Inner Middle Outer

Baseline

Arm 1 Arm 2

p = 0.55

p = 0.58
p = 0.79

p = 0.55

0

200

400

600

800

1000

Total Inner Middle Outer

Year 1

Arm 1 Arm 2

p = 0.083

p = 0.058
p = 0.055

p = 0.010

0

200

400

600

800

1000

Total Inner Middle Outer

Year 2

Arm 1 Arm 2

Figure 6. Differences in microaneurysm count per region between Arm 1 and Arm 2 at (A) Baseline, (B) Year 1,
(C) and Year 2.

3.5. Functional and Anatomic Outcomes

At Baseline, the mean BCVA of Arm 1 was 20/32 (ETDRS 77.8 ± 6.6). Visual acuity
significantly improved in Arm 1 from 20/32 to 20/25 (ETDRS 82.8 ± 7.8; p = 0.01) by Year 1,
and remained at 20/25 (ETDRS 83.2 ± 9.7) by Year 2. Arm 2 remained at 20/25 between
Baseline (ETDRS 79.0 ± 8.2) and Year 1 (ETDRS 80.3 ± 15.6; p = 0.69), but improved to
20/20 (ETDRS 87.6 ± 5.8) by Year 2, which is a significant improvement from Baseline
(p < 0.001). Overall, both cohorts exhibited a significant improvement in visual acuity from
Baseline to Year 2 (p < 0.001).

The mean central subfield thickness (CST) was similar between Arm 1 and Arm 2
at Baseline—279.7 ± 38.8 µm and 276.4 ± 22.7 µm (p = 0.75), respectively. Both groups
improved significantly from Baseline to Year 1, decreasing by 11.5% (279.7 to 247.5 µm;
p < 0.001) in Arm 1 and by 7.6% (276.4 to 255.3 µm; p = 0.006) in Arm 2. Arm 1 and
Arm 2 also improved significantly from Baseline by Year 2 (246.3 ± 30.9 µm; p < 0.001,
249.6 ± 29.2 µm; p = 0.01, respectively). The mean change in CST was moderately positively
correlated to the change in the leakage index in Arm 1 in all time periods, but was only
moderately positively correlated in Arm 2 after switching to monthly dosing at Year 1
(see Figure 7).
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Figure 7. Correlation heat map (red = negative correlation; green = positive correlation).
Change in CST correlated to change in leakage index and MA count in the respective time period.
Numbers correspond to the Pearson correlation coefficient (r).

DRSS improvement (i.e., decrease in DRSS value) was also apparent in both cohorts.
From Baseline to Year 1, 100% (17/17) of subjects in Arm 1 had at least a 1-step improvement,
and 70.6% (12/17) had at least a 2-step improvement. In Arm 2, 83.3% (14/16) had at least a
1-step improvement, with 75% (12/16) having improved by at least 2 steps. Between Year 1
and Year 2, 23.5% (4/17) of Arm 1 and 62.5% (10/16) of Arm 2 had at least a 1-step
improvement. However, 47.1% (8/17) of subjects in Arm 1 exhibited a worsening of DRSS
(i.e., increase in score value) by at least one step during that period compared to 6.25%
(1/16) of subjects in Arm 2. Overall, between Baseline and Year 2, Arm 1 had 23.5%
(4/17) of subjects maintain the same DRSS, 76.5% (13/17) improved by at least one step,
and 58.8% (10/17) improved by at least 2 steps. In that period, 6.3% (1/16) of Arm 2 had
stable DRSS, 92.7% (15/16) had at least a 1-step improvement, and 81.3% (13/16) had at
least a 2-step improvement.

Subjects with at least a 1-step improvement in DRSS showed a greater reduction in
the leakage index over time, as subjects that had an improved DRSS between Baseline
and Year 1 showed a reduction of 2.70 ± 4.98% in the leakage index, while those without
improvement had a mean increase of 1.38 ± 2.34% (p = 0.035) in that period. Similarly,
between Year 1 and Year 2, subjects with at least a 1-step DRSS improvement had a
mean reduction of the panretinal leakage index of 0.68 ± 1.62%, whereas subjects without
improvement in DRSS had a mean increase of 1.86 ± 3.51% (p = 0.013) during that period.
Although a greater reduction in the MA count over time was also observed in patients
with improved DRSS, the change was not significantly different from the group with
stable/worsening DRSS from Baseline to Year 1 (−395 vs. −316, respectively; p = 0.55),
Year 1 to Year 2 (−206 vs. −100; p = 0.21), and Baseline to Year 2 (−568 vs. −429; p = 0.52).

Nine subjects had worsening DRSS between Year 1 and 2, 8/9 (88.9%) of whom were
from Arm 1. When compared to those that did not have worsening DRSS during that
period (n = 24), there was a significant difference in the mean change in the panretinal
leakage index ( +3.87 ± 3.75%, −0.46 ± 1.66%, respectively; p = 0.008) and MA count
(+4 ± 246, −205 ± 217, respectively; p = 0.04) between Year 1 and 2. When comparing the
8 subjects from Arm 1 with worsening DRSS to the other subjects that had stable/improved
DRSS (n = 9) after treatment crossover, there was a significant difference in the Baseline
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MA count, as those in Arm 1 with worsening DRSS had a Baseline mean MA count of
695 ± 411 whereas those that did not worsen had 1098 ± 382 (p = 0.05).

In Arm 1, among the 9 subjects that had DRSS improvement from Baseline to Year 1,
five (55.6%) had stable DRSS from Year 1 to Year 2 whereas 4 (44.4%) continued to improve.
The panretinal leakage index at Baseline in the stable group was 4.32 ± 3.12% and was
9.25 ± 1.97% (p = 0.02) in the group that showed improvement, and CST measurements
were 265.8 ± 36.57 µm and 310.25 ± 18.25 µm (p = 0.05), respectively. The change in the
panretinal leakage index after crossover was also significantly different in these groups,
as the stable group’s leakage index decreased by 1.64 ± 3.97% whereas the improved
group’s leakage index decreased by 8.17 ± 1.63% (p = 0.02). The change in CST was also
greater in the improved group, decreasing by a mean of 65.0 ± 22.73 µm by Year 1 and
71.0 ± 25.14 µm by Year 2, while the stable group decreased by 21.8 ± 16.67 µm (p = 0.02)
from Baseline to Year 1, and by 25.8 ± 11.39 µm (p = 0.03) by Year 2 in the stable group.

3.6. Optimal Responders

Optimal responders were defined as subjects who show an improvement in the
panretinal leakage index and MA count between Baseline and Year 2. In that group,
13/25 (52%) were male, 12/25 (48%) were current/previous smokers, and 14/25 (56%)
had hypertension at Baseline. Overall, both Arm 1 and Arm 2 had a similar number of
optimal responders (12/25, 48% vs. 13/25, 52%, respectively), with the majority having
a DRSS of a moderate PDR (DRSS = 65). The distributions of DRSS at Baseline were as
follows: 6 high-risk PDR (three subjects in Arm 1, three subjects in Arm 2), 16 moderate
PDR (eight subjects in Arm 1, eight subjects in Arm 2), and 3 mild PDR (one subject in
Arm 1, two subjects in Arm 2).

Optimal responders demonstrated a number of significant differences when compared
to other subjects. Optimal responders had a significantly higher leakage index at Baseline
compared to those with a worsening leakage index and/or MA count (6.32 ± 4.88%
vs. 3.60 ± 1.92%; p = 0.05). Between Baseline and Year 1, the decrease in the leakage
index was also greater in the optimal responders (−4.63 ± 5.3% vs. −0.12 ± 3.28%;
p = 0.03). From Year 1 to Year 2, the optimal responders had a slight increase in the average
panretinal leakage, but it was significantly smaller than the other subjects (0.14% vs. 3.62%,
respectively, p = 0.018).

With regards to DRSS, optimal responders improved significantly from Year 1 to
Year 2 by a mean 0.42 ± 1.2 steps, while other subjects demonstrated a worsening of
2.17 ± 1.6 steps (p = 0.01). Between Baseline and Year 2, optimal responders also had
overall a significantly greater improvement in DRSS, improving by a mean 3.17 ± 2.0 steps
compared to other subjects, which only improved by 1.0 ± 0.82 (p < 0.01). All non-optimal
responders either demonstrated a worsened DRSS after treatment crossover (4/6; 66.7%)
or remained with a stable DRSS (2/6; 33.3%).

3.7. Complications

An analysis of vision-threatening complications in both cohorts revealed that no sub-
jects developed center-involving DME at any point during the study. In addition, no subject
required Panretinal Photocoagulation (PRP) over the 2-year time period; however, vitreous
hemorrhage (VH) did occur. When excluding the 3 subjects with VH at Baseline (one from
Arm 1, two from Arm 2), VH occurred in 7 out of 37 subjects (18.9%), with 5/7 (71.4%)
occurring in Arm 1. Subjects who developed VH after Baseline contained the top 20% of the
highest values for the Baseline leakage index, with one subject having a Baseline leakage
index of 26.08%, the highest of all subjects. These subjects also had a smaller step im-
provement in DRSS between Baseline and Year 2 compared to those without VH (1 ± 0.89,
3.21 ± 1.93, respectively; p < 0.01), as well as a smaller decrease in CST (−20.3 ± 8.69 µm
vs. −48.7 ± 58.4 µm; p = 0.03). The occurrence of VH did not show a significant difference
in the Baseline leakage index or microaneurysm count. No significant difference in age,
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BMI, Baseline HbA1C, or duration of diabetes was noted between subjects with VH and
those without VH.

In the optimal responders, two (2/25, 8%) had VH at Baseline while three developed
VH after Baseline (3/25, 12%). All three optimal responders that developed VH after
Baseline were from Arm 1, while the two subjects with Baseline VH were from Arm 2.
Notably, the optimal responders that developed VH after Baseline were reported to have
VH on examination in an average of 10 out of 18.7 (53.5%) visits: 7.3 mean visits between
Baseline and Year 1 and 2.7 mean visits between Year 1 and Year 2. Two subjects developed
VH after Baseline that were not optimal responders (both in Arm 1), and they had VH
reported in a mean 3.5 out of 20 (17.5%) visits; all of these were reported between Year 1
and Year 2.

4. Discussion

The semi-automated analysis of ultra-widefield angiography images has enabled an in-
depth assessment of angiographic features. Changes in retinal leakage and microaneurysm
burden were recently quantitatively analyzed to allow a more detailed understanding
of the effects of anti-VEGF treatment on the retina [5,29–31]. Recent studies on patients
with DR treated by anti-VEGF showed a significant decrease in retinal leakage and mi-
croaneurysm count on UWFA [32–36]. The 1-year RECOVERY results also highlighted the
effects of dosing frequency on the leakage index and microaneurysm count dynamics over
52 weeks [27,28].

In this 2-year trial, subjects undergoing IAI therapy for DME exhibited a signifi-
cant decrease in the leakage index and microaneurysm count from Baseline up to Year 2.
However, each cohort had significant differences in the rate of improvement, which is
further highlighted after treatment crossover at Year 1. Between Baseline and Year 1,
Arm 1 (monthly IAI from Baseline to Year 1) showed significant improvement in panretinal
and zonal leakage, while the Arm 2 (q12 week IAI from Baseline to Year 1) cohort had
significant improvement in all regions except in Zone 3 (9-disc-diameter). More impor-
tantly, after treatment crossover, Arm 1, which switched to q12 week IAI injections, saw a
worsening in the panretinal leakage index, increasing significantly from Year 1 to Year 2.
In contrast, Arm 2, which switched to q4 week IAI, continued to show improvements in
the leakage index in all zones, although those changes were not statistically significant.
Microaneurysm burden differences were also apparent between cohorts when comparing
changes before and after treatment crossover. From Baseline to Year 1, both cohorts showed
significant decreases in the MA count in all zones. However, after crossover, only Arm 2
showed a significant improvement in the mean panretinal MA count and in all zones.

In addition to leakage and MA burden, changes in DRSS scores have been a pa-
rameter of significant interest in subjects undergoing anti-VEGF treatment. Specifically,
the clinical importance of DRSS changes have been examined in relation to visual acuity
outcomes [13,15,37]. A study in 2017 by Ip and colleagues showed that subjects with stable
or improved DRSS levels had a greater improvement in BCVA letter scores, whereas those
with worsening DRSS had a smaller improvement. Moreover, significant changes in the
BCVA letter score (>/=15 letters) were more common in patients with at least a 2-step
improvement in DRSS [37]. Another study in 2018 by Dhoot and colleagues demonstrated
only Baseline DRSS having a strong association with a 2-step DRSS improvement by Year 2,
while age, duration of diabetes, HbA1C, BMI, and BCVA had no correlation [38].

In RECOVERY, most subjects (85%) exhibited an improvement of at least 1 step in
DRSS between Baseline and the end of the study at Year 2. Similar to the leakage index
and MA count, differences were noted when comparing cohorts before and after treatment
crossover. Between Baseline and Year 1, all subjects (100%) in Arm 1 and the majority
of Arm 2 (83%) had improved DRSS (decrease in score value). However, after crossover,
a substantially higher proportion of Arm 2 subjects continued to improve in DRSS by at
least 1 step compared to Arm 1. Moreover, from Baseline to Year 2, a higher ratio of subjects
in Arm 2 exhibited a 2-step improvement than subjects in Arm 1. Overall, by the end of
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the study, a larger proportion of subjects in Arm 2 had an improved DRSS than in Arm 1.
Notably, the worsening of DRSS (increase in score value) was only seen after crossover,
and the majority of cases were from Arm 1. Overall, the subjects with worsening DRSS
after crossover showed a significant worsening in the MA count in that period compared
to the significant improvement in the MA count seen in those with stable/improved DRSS.
Subjects with worsening DRSS after crossover also showed a significantly larger worsening
of the panretinal leakage index during that period. Moreover, there was no significant
difference in the age, BMI, Baseline HbA1C, and duration of diabetes noted between
subjects in those that improved by 1 step or by 2 steps compared to those who did not
improve by Year 2.

Changes in DRSS in relation to the leakage index, MA count, and CST were also
investigated. The subjects with an improvement in the DRSS score by at least 1 step
showed a greater reduction in the leakage index compared to those without improvement.
In Arm 1, subjects with an increased DRSS before treatment crossover and who continued
to improve after crossover had a significantly larger leakage index and CST at Baseline
compared to those with a stable DRSS after crossover. Moreover, those who continued to
improve also had a significantly larger decrease in the leakage index and CST between
Baseline and Year 1, and a greater decrease in mean CST was shown from Baseline to Year 2.
The change in BCVA was also different between those two groups in Arm 1, as those who
continued to improve in DRSS showed a significantly greater increase in ETDRS letters
by Year 1. In contrast, subjects in Arm 2 who improved in DRSS before crossover and
continued to improve had no significant differences in any parameter compared to subjects
who improved before crossover and did not improve after crossover.

The results of this study highlight the potential worsening in the leakage index,
MA counts, and DRSS associated with a decreasing IAI frequency from monthly to
q12 week dosing. Both the PRIME [39] and PANORAMA [40,41] trials suggested that
once an improvement in DRSS is achieved, it can be sustained with q12–16 week intrav-
itreal anti-VEGF, but this was not the case in our study. In contrast, our study showed
that a gradual induction of q12 week dosing followed by a more frequent q4 week dosing
resulted in better functional and anatomic outcomes overall, especially in terms of leakage
and DRSS. An important distinction from both the PRIME study and PANORAMA study
is the greater severity of PDR in the current study. This difference in findings supports
the need for the frequent monitoring of DR and the potential value of concurrent UWFA
imaging. It also suggests that applying a treatment regimen across all patients with PDR
may be less efficacious than image-guided personalized therapeutic decision-making.

Additionally, this study and recent publications demonstrate a clear link between the
leakage index and DRSS [27,39]. Specifically, the progression of DR and hence the worsen-
ing of DRSS may be preceded by increases in the leakage index on UWFA, as evidenced by
the PRIME Trial (a prospective, randomized, phase 2 trial that enrolled 40 eyes to assess
the safety and efficacy of the real-time leakage index vs. DRSS scoring at monthly visits to
guide PRN retreatment in both PDR and NPDR patients) [39]. However, repeated regular
UWFAs to assess the leakage index in DR is not without drawbacks, and there is a clear ap-
peal to using DRSS for regular DR monitoring because of its non-invasive nature, efficiency,
and ease of image capture.

Traditionally, DRSS has been determined by using a central reading center (CRC).
The PANORAMA study demonstrated the necessity for trained readers or CRC for the
determination of DRSS, when the disparity between the investigator and CRC reader
proved the investigator wrong in 50% of cases [40]. Further, the need for precise DRSS and
the ability to monitor changes in DRSS is becoming of greater importance, not just in terms
of DR progression, but for morbidity and mortality in DM. A recent study in Diabetes Care
by Fahrmann demonstrated for the first time the strong correlation between DCCT-ETDRS
levels ≥3 (Level 35; mild NPDR) and cardiovascular complications in young type 1 diabet-
ics [42]. ACCORDION, a 9-year observation follow-up study to ACCORD, emphasizes the
benefits of the personalization of DR treatment and the potential harm in treating all pa-
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tients with a one-size-fits-all approach [43]. The authors concluded that patients should be
stratified according to their microvascular complications, as their results revealed that DR
patients who have undergone vitrectomy or retinal laser photocoagulation derived benefits
from intensive glucose control, while those who had not were at an increased cardiovas-
cular risk. While this study used a binary approach to DR, the opportunity for further
research in the relationship between DRSS, cardiovascular disease, and glucose control is
an unmet need. Multiple other studies demonstrated the relationship between DR and
all-cause mortality, further highlighting the increasing importance of DRSS determination
in clinical practice [44–47].

Specific limitations of this study include the relatively small number of subjects,
presence of artifacts such as eyelashes and lenticular opacities, and errors that may occur
analyzing different or low-quality images. Strengths of the study include its prospec-
tive nature and the standardization of image assessment for each parameter through the
use of an image reading center and previously validated techniques in image analysis
and quantification.

5. Conclusions

The quantitative assessments of UWF imaging in this study and others demonstrate
the utility and importance of these algorithms in identifying DRSS and DR progression,
but also for the prognostication of glucose control and overall morbidity and mortality in
patients with DM [27–29,37].
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Abstract: Previous studies based on clinical trial data have demonstrated that greater fluctuations in
retinal thickness during the course of intravitreal anti-vascular endothelial growth factor (anti-VEGF)
therapy for neovascular age-related macular degeneration (nAMD) is associated with poorer visual
acuity outcomes. However, it was unclear whether similar findings would be observed in real-world
clinical settings. This study aimed to evaluate the association between retinal thickness variability
and visual outcomes in eyes receiving anti-VEGF therapy for nAMD using pro re nata treatment
regimen. A total of 64 eyes which received intravitreal anti-VEGF therapy (bevacizumab, ranibizumab
or aflibercept) for the treatment of nAMD were evaluated. Variability in spectral-domain optical
coherence tomography (OCT) central subfield thickness (CST) was calculated from the standard
deviation (SD) values of all follow-up visits after three loading doses from month 3 to month 24. Eyes
were divided into quartiles based on the OCT CST variability values and the mean best-corrected
visual acuity values at 2 years were compared. At baseline, the mean ± SD logMAR visual acuity and
CST were 0.59 ± 0.39 and 364 ± 113 µm, respectively. A significant correlation was found between
CST variability and visual acuity at 2 years (Spearman’s ρ = 0.54, p < 0.0001), indicating that eyes
with lower CST variability had better visual acuity at 2 years. Eyes with the least CST variability
were associated with the highest mean visual acuity improvement at 2 years (quartile 1: +9.7 letters,
quartile 2: +1.1 letters, quartile 3: −2.5 letters, quartile 4: −9.5 letters; p = 0.018). No significant
difference in the number of anti-VEGF injections was found between the four CST variability quartile
groups (p = 0.21). These findings showed that eyes undergoing anti-VEGF therapy for nAMD with
more stable OCT CST variability during the follow-up period were associated with better visual
outcomes. Clinicians should consider adopting treatment strategies to reduce CST variability during
the treatment course for nAMD.

Keywords: neovascular age-related macular degeneration; anti-VEGF therapy; optical coherence
tomography; retinal thickness; visual acuity; variability

1. Introduction

Neovascular age-related macular degeneration (nAMD) is one of the most common
causes of visual impairment in adults aged 50 years or older, especially in high-income
regions [1]. Intravitreal anti-vascular endothelial growth factor (anti-VEGF) therapy is
currently the standard-of-care treatment for patients with nAMD, and anti-VEGF therapy
has been shown to be highly effective in reducing blindness due to nAMD [2–5]. Various
treatment regimens using anti-VEGF therapy for nAMD have been adopted; these include
proactive strategies such as fixed dosing and treat-and-extend, as well as more reactive
approaches such as pro re nata (PRN) dosing and observe-and-plan [6–10]. Several studies
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and treatment guidelines have suggested that proactive treatment strategies such as fixed
dosing and treat-and-extend dosing strategies might result in better visual acuity outcomes
than PRN dosing when treating patients with nAMD [8–12]. However, a recent systematic
review has demonstrated that after adjusting for the number of intravitreal anti-VEGF
injections, neither the treatment dosing regimen adopted, nor the anti-VEGF agent used,
were significant predictors for visual acuity changes [13]. Nonetheless, other factors such as
age, anatomical status of the retina, including the presence or absence of subretinal and/or
intraretinal fluids, optical coherence tomography (OCT) central macular thickness, and
macular morphology have been implicated as important prognostic factors in determining
visual outcomes [14–16].

Post hoc analyses of data from several clinical trials have evaluated the potential
influence of OCT retinal thickness variation during the course of anti-VEGF therapy on
the visual acuity outcomes of patients with nAMD [17,18]. The findings demonstrated
that eyes which had greater fluctuation in the OCT retinal thickness during the course of
anti-VEGF therapy had poorer visual acuity outcomes than eyes which had less fluctuation.
However, most of these results were based on phase 3 clinical trial data with protocol-driven
treatment, and it is unclear whether similar findings will be observed in the real-world
clinical settings. The aim of our study was to evaluate the association between OCT retinal
thickness fluctuation and visual acuity outcomes in patients receiving intravitreal anti-
VEGF therapy in the real-world clinic setting using a personalized PRN dosing regimen.

2. Materials and Methods

2.1. Study Design

This was a retrospective study of consecutive eyes which received intravitreal anti-
VEGF therapy from October 2012 to March 2018 for nAMD in the 2010 Retina and Macula
Centre, Hong Kong. The inclusion criteria included the following: eyes which received
three initial loading doses of intravitreal anti-VEGF agents at monthly intervals followed
by additional PRN treatment; treatment-naïve eye with no prior treatment for nAMD;
follow-up duration of at least 24 months after the first dose of intravitreal anti-VEGF
injection; and availability of 3 or more OCT central subfield thickness (CST) values during
the follow-up period. A treatment-agnostic approach was adapted for the study to include
patients treated with any of the three available anti-VEGF agents (bevacizumab [Roche,
Basel, Switzerland]; ranibizumab [Novartis, Basel, Switzerland]; and aflibercept [Bayer,
Leverkusen, Germany]) because all three intravitreal anti-VEGF agents result in significant
visual gain after treatment, as demonstrated in previous studies [17]. The study was
conducted in accordance with the Declaration of Helsinki.

2.2. Optical Coherence Tomography Imaging and Measurements

Spectral-domain OCT scans were obtained using with the Cirrus HD-OCT 4000 (Carl
Zeiss Meditec, Dublin, CA, USA). The “Macular Cube 512 × 128” scan protocol was used
to obtain the OCT images of the macula, covering a retinal area of 6.0 × 6.0 mm. The OCT
CST value of the individual OCT B-scan was obtained using the automated software and
is defined as the distance between the middle of the retinal pigment epithelium and the
internal limiting membrane at the central 1 mm subfield.

2.3. Statistical Analysis

Data were entered into computer spreadsheet software (Microsoft Excel for Mac
version 16.52, Microsoft Corp, Redmond, WA, USA) and statistical analyses were car-
ried out using a statistical module (StatPlus:mac Pro version 5.9.80, AnalystSoft Inc.,
Walnut, CA, USA) running within the spreadsheet software. OCT CST variability values
were calculated from the standard deviation (SD) of all the available OCT CST values of the
eye at each follow-up visit after the 3 loading doses of intravitreal anti-VEGF injection from
month 3 to month 24. Eyes were then categorized into four quartiles of OCT CST variability,
ranging from the group with the lowest variability values to the group with the highest
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variability values. Correlation analysis between the OCT CST variability values and the
best-corrected visual acuity (BCVA) at 2 years was performed using the non-parametric
Spearman’s rank test. The mean change in BCVA and the mean number of intravitreal
anti-VEGF injections were compared between the 4 OCT CST variability quartile groups
using one-way ANOVA tests. A p-value of ≤0.05 was considered as statistically significant.

3. Results

3.1. Baseline Patient Demographics

A total of 64 eyes of 62 patients were included in the study. The mean ± SD age of
the patients at baseline was 75.3 ± 9.4 years (range, 50 to 91 years). All patients were of
Chinese ethnicity and there were 38 (61.3%) males and 24 (38.7%) females. At baseline, the
mean ± SD logMAR BCVA was 0.59 ± 0.39 (range, 0.0 to 1.3) and the mean ± SD OCT
CST was 364 ± 113 µm (range, 210 to 665 µm).

3.2. Correlation of OCT CST Variability Values and BCVA at 2 Years

The correlation between OCT CST variability values and the logMAR BCVA at 2 years
is shown in Figure 1. There was a significant correlation between OCT CST variability
values and the logMAR BCVA at 2 years (Spearman’s ρ = 0.54, p < 0.0001). This indicates
that eyes which had less variability in OCT CST values during the 2-year treatment period
had better visual acuity at 2 years.

Figure 1. Correlation analysis between OCT CST variability and logMAR BCVA at 2 years.

3.3. Correlation of OCT CST Variability Quartiles and Change in BCVA at 2 Years

The OCT CST variability values for the four quartile groups are listed in Table 1. The
lowest quartile (quartile 1) group had OCT CST variability values of <14.4 µm, whereas
the highest quartile group (quartile 4) had OCT CST variability values of ≥78.7 µm.

The mean BCVA changes at 2 years for the four OCT CST variability quartile groups
are displayed in Figure 2. There was a significant difference in the mean BCVA change
between the four OCT CST variability groups (p = 0.018). The lowest two quartiles of CST
variability had BCVA gains of 9.7 letters (quartile 1) and 1.1 letters (quartile 2), whereas
the highest two quartile groups of OCT CST variability had BCVA losses of 2.5 letters
(quartile 3) and 9.5 letters (quartile 4).
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Table 1. OCT CST variability values of the 4 quartile groups during the study period.

Quartile 1
(Least Variability)

Quartile 2 Quartile 3
Quartile 4

(Greatest Variability)

<14.4 µm 14.4–39.4 µm 39.4–78.7 µm ≥78.7 µm

Figure 2. Mean BCVA change at 2 years for the CST variability quartile groups (error bars represent
the 95% confidence intervals).

3.4. Anti-VEGF Injections and OCT CST Variability Quartiles

Various intravitreal anti-VEGF agents were used in the study, including aflibercept
alone in 22 (34.3%) eyes, bevacizumab alone in 17 (26.6%) eyes, ranibizumab alone in 8
(12.5%) eyes, and a combination of the two agents in 17 (26.6%) eyes. The median number
of intravitreal anti-VEGF injections during the 24 months was 7 (interquartile range [IQR],
4 to 10). The median number of injections in each OCT CST variability quartile group was
3 (IQR, 3 to 6.5) for quartile 1, 7.5 (IQR, 5.5 to 11.5) for quartile 2, 7.5 (IQR, 5.5 to 9.5) for
quartile 3 and 7 (IQR, 3 to 10) for quartile 4. No significant difference in the number of
injections was found between the four quartile groups (one-way ANOVA, p = 0.23).

4. Discussion

In this study, we utilized a personalized treatment approach of a PRN anti-VEGF
therapy dosing regimen for treating nAMD patients in order to minimize the treatment
burden in terms of the number of injections and drug costs associated with anti-VEGF
therapy. In many Asian countries, anti-VEGF therapy is frequently self-financed or is only
partially subsided, with a cap to the maximum number of anti-VEGF injections that can
be reimbursed [19,20]. Therefore, patients often choose to receive a reactive PRN dosing
regimen rather than more proactive treatment approaches, such as fixed dosing or treat-
and-extend regimens. It is well known that the visual acuity of a substantial proportion
of patients with nAMD could still deteriorate to before-treatment levels despite receiving
regular anti-VEGF therapy, especially in the long term [21]. Our study demonstrated
that eyes with greater variation in OCT retinal thickness during intravitreal anti-VEGF
treatment for nAMD had worse visual outcomes in terms of both final visual acuity and
mean change in BCVA at 2 years compared with eyes which had smaller variation in retinal
thickness. Our findings based on a real-world clinical setting using a personalized PRN
treatment regimen are similar to those observed in the CATT and IVAN studies, which
used protocol-driven treatment regimens in clinical trial settings [17]. With the use of an
artificial intelligence algorithm to analyze the volumes of macular fluid compartments,
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Chakravarthy et al. also demonstrated that greater variations in the volume of retinal fluids
were associated with worse visual acuity outcomes at 2 years [18].

Several reasons have been postulated to account for the worse visual outcomes in
eyes which had greater variation in retinal thickness during anti-VEGF therapy for nAMD.
A possible cause might be related to the increased development of fibrosis and macular
atrophy [17]. Evans et al. found that the risks of developing fibrosis and macular atrophy
increased with greater variation in OCT retinal thickness in eyes receiving anti-VEGF ther-
apy for nAMD, with the highest quartile of retinal thickness variability having odds ratios
of 1.95 and 2.10 in developing fibrosis and geographic atrophy, respectively [17]. Similar
associations were observed regardless of whether the eye was allocated to the continuous
or to the discontinuous PRN treatment groups. Another possible reason for the association
between greater OCT variability and worse visual outcome might be due to possible under-
treatment, because real-world studies have shown that better visual acuity outcomes might
be associated with a higher number of anti-VEGF injections [22,23]. However, as observed
in our study, the number of injections was similar between the four OCT CST variability
quartile groups. Patients in the lowest two OCT CST variability quartiles had visual acuity
gains which could be achieved with around three to four intravitreal anti-VEGF injections
per year, and were similar to the highest two quartile groups. In the CATT and IVAN
studies, a higher number of anti-VEGF injections was found to be associated with an
increased likelihood of having greater OCT retinal thickness variability [17]. Therefore, the
association between greater retinal thickness variability and worse visual acuity outcome
is likely to be independent of the degree of anti-VEGF treatment.

The findings in our study suggest that when treating patients with nAMD, clinicians
should aim to adopt treatment strategies which can minimize variation in OCT retinal
thickness. This may be achieved by adopting a more objective individualized treat-and-
extend treatment approach using OCT and visual acuity findings to increase the chance
of maintaining a dry macula. A form of automated modified treat-and-extend protocol is
being evaluated in the faricimab personalized treatment interval arm in the LUCERNE and
TENAYA studies for nAMD [24,25]. Another potential option for minimizing the variation
in retinal thickness is to utilize newer therapeutic agents which have stronger ability
to resolve macular fluids or have increased treatment durability [24–26]. For example,
brolucizumab has been shown to result in a significantly greater proportion of eyes with
fluid resolution compared with aflibercept; thus, it might be useful in achieving less fluid
fluctuation over the course of anti-VEGF therapy [27].

The main limitations of our current study include the retrospective nature of the
study and the small number of eyes included. Due to the retrospective nature of the
study, sample size and power calculations were not performed. We also only performed a
qualitative assessment of the OCT findings based only on CST values; other measures such
as volumes of various macular fluid compartments, fibrosis and macular atrophy were
not evaluated. Nonetheless, our findings in the real-world clinical setting showed that
greater variation in OCT retinal thickness following loading doses of anti-VEGF therapy
for nAMD is associated with worse visual acuity outcomes at 2 years. Further studies to
determine the optimal treatment regimen which can reduce or minimize retinal thickness
variation to improve the treatment outcomes are warranted.
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Abstract: The prospective PRIME trial applied real-time, objective imaging biomarkers to determine
individualized retreatment needs with intravitreal aflibercept injections (IAI) among eyes with
diabetic retinopathy (DR). 40 eyes with nonproliferative or proliferative DR without diabetic macular
edema received monthly IAI until a DR severity scale (DRSS) level improvement of ≥2 steps was
achieved. Eyes were randomized 1:1 to DRSS- or PLI- guided management. At the final 2-year visit,
DRSS level was stable or improved compared to baseline in all eyes, and mean PLI decreased by 11%
(p = 0.73) and 23.6% (p = 0.25) in the DRSS- and PLI-guided arms. In both arms, the percent of pro re

nata (PRN) visits requiring IAI was significantly higher in year 2 versus 1 (p < 0.0001). The percent of
PRN visits receiving IAI during year 1 was significantly correlated with the percent of PRN visits
with IAI during year 2 (p < 0.0001). Through week 104, 77.4% of instances of DRSS level worsening in
the DRSS-guided arm were preceded by or occurred alongside an increase of PLI. Overall, consistent
IAI re-treatment interval requirements were observed longitudinally among individual patients.
Additionally, PLI increases appeared to precede DRSS level worsening, highlighting PLI as a valuable
biomarker in the management of DR.

Keywords: diabetic retinopathy; anti-vascular endothelial growth factor; diabetic retinopathy sever-
ity scale; panretinal leakage index

1. Introduction

Diabetic retinopathy (DR) is a leading cause of preventable vision loss [1]. In the setting
of diabetic macular edema (DME) with visual loss, multiple studies have demonstrated the
remarkable visual and anatomic value of consistent anti-vascular endothelial growth factor
(VEGF) pharmacotherapy initiated early in the disease process [2–5]. Similarly, prospective
studies involving eyes with DR without DME, both proliferative DR (PDR) [6–9] and
nonproliferative DR (NPDR) [10,11], have repeatedly demonstrated clinically meaningful
anatomic benefits with repeated anti-VEGF treatment compared to laser or observation.
While fixed interval anti-VEGF dosing among a population has frequently been employed
in clinical trials [2,3,10], this is rarely applied to routine clinical practice. Rather, specific
examination and/or imaging-based biomarkers of disease activity are typically applied to
guide dosing frequency using an individualized, patient-centric approach.
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In the context of DME, the objective endpoint of anti-VEGF therapy is typically fluid
resolution on optical coherence tomography (OCT), despite the imperfect correlation
between visual acuity and OCT-based fluid status [12,13]. In comparison, OCT-based
imaging is typically of limited utility in the management of eyes with DR without DME,
because by definition they have no, or limited, central intraretinal or subretinal fluid. There
is a need for objective, quantifiable and validated biomarkers of DR disease activity that
can be utilized in clinical practice to guide dosing intervals among patients with DR being
managed with anti-VEGF pharmacotherapy.

The Intravitreal Aflibercept as Indicated by Real-Time Objective Imaging to Achieve
Diabetic Retinopathy Improvement (PRIME) trial was designed to evaluate the utilization
of real-time assessments of DR severity levels on fundus photography and panretinal leak-
age index (PLI) on wide-field fluorescein angiography in guiding anti-VEGF retreatment
decisions in the management of DR.

In the first year of the study, while no meaningful differences in visual or anatomic
outcomes were observed between the two re-treatment strategies [14], results suggested
that PLI worsening may precede DR severity worsening. In year 2 of the PRIME trial,
re-treatment strategies remained consistent, but assessments were performed every other
month instead of monthly. The purpose of the current work is to describe outcomes from
the 2nd and final year of the PRIME trial.

2. Methods

The PRIME trial was a randomized, phase 2 clinical trial (ClinicalTrials.gov,
NCT03531294). Institutional review board (IRB; Advarra IRB, Columbia, MA, USA) and
ethics committee approval was obtained for this Health Insurance Portability and Account-
ability Act-compliant trial adhering to the tenets of the Declaration of Helsinki. Data were
collected at the Retina Consultants of Texas (Houston and The Woodlands, TX, USA). All
participants provided written informed consent prior to enrollment. Study methods were
previously reported [14]. Briefly, 40 subjects with treatment-naïve diabetic retinopathy (DR)
with a DR severity scale (DRSS) level of 47A to 71A as determined by the central reading
center (CRC; Cole Eye Institute, Cleveland Clinic, Cleveland, OH, USA) were randomized
1:1 to a DRSS-guided or PLI-guided arm. Enrollment of eyes with PDR was limited to 50%
of the total population. Subjects were excluded if they had spectral domain-OCT central
subfield thickness (CST) of more than 320 µm in the study eye or had central DME causing
loss of visual acuity (VA).

Subjects were assessed monthly (28 ± 7 days) through week 52; real-time CRC grad-
ing of DRSS and PLI was performed using Early Treatment Diabetic Retinopathy Study
(ETDRS) 7-standard-field fundus photography imaging (FF4 fundus camera; Zeiss Meditec,
Dublin, CA, USA) and ultra-widefield fluorescein angiography (UWFA; 200Tx device;
Optos, Dunfermline, United Kingdom). The ETDRS scale [15] was used to grade DRSS
(35 = mild NPDR; 43 = moderate NPDR; 47 = moderately severe NPDR; 53 = severe NPDR;
61 = mild PDR; 65 = moderate PDR; 71 and 75 = high-risk PDR; 81 and 85 = advanced
PDR). All study eyes received monthly 2.0 mg intravitreal aflibercept injection (IAI) until a
DRSS level improvement of ≥2 steps relative to baseline was achieved. PLI at the visit at
which a DRSS level improvement of ≥2 steps was achieved was defined as the threshold
leakage. For subjects randomized to the DRSS-guided arm, monthly re-treatment with
IAI was initiated if a 1-step worsening of DRSS occurred compared to the best DRSS level
achieved; treatment was stopped when the best or better DRSS level was again achieved.
For subjects randomized to the PLI-guided arm, monthly re-treatment with IAI was ini-
tiated if PLI increased to 50% or higher of the difference between the baseline PLI and
threshold PLI. Treatment was stopped when PLI decreased to the threshold value, or less.
The PLI-guided protocol was optimized with multiple iterations during the early stage of
the study, and the majority of assessments were performed using the protocol described
above. Beginning at week 52, the interval between visits was lengthened to every other
month (56 ± 14 days) and continued through the final visit at week 104, during which
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need for IAI re-treatment continued to be assessed using the pre-specified DRSS and PLI
guidelines for each randomized arm.

Pro re nata (PRN, as needed) visits were defined as visits occurring after the initial ≥2 step
DRSS improvement was made. PRN IAI were defined as IAI occurring at PRN visits.

The primary outcome measure of the PRIME trial was the incidence of DR-related
adverse events among DR subjects receiving IAI. Secondary outcome measures included
changes in DRSS level and PLI, number of IAI received, and changes in visual and anatomic
measures. Observed data are reported; for subjects who did not complete the week
104 endpoint, corresponding data are included until withdrawal. Statistical analysis
was performed using R version 3.5.2 (R Foundation, Vienna, Austria). One-sample and
2-sample paired and unpaired Student’s t-tests were used to compare continuous variables,
and Fisher’s exact test was used to compare proportions. Pearson’s correlation was used to
assess linear relationships between variables.

3. Results

40 eyes from 40 subjects were enrolled and randomized in PRIME with a DRSS level
of 47 to 71. As reported, baseline demographics appeared well-balanced between the DRSS-
and PLI-guided arms [14]. 29 eyes (DRSS-guided = 13; PLI-guided = 16) entered into year
2 of the trial, and 25 eyes (DRSS-guided = 12; PLI-guided = 13), representing 62.5% of
enrolled subjects, completed the week 104 visit. During year 2 of PRIME, 2 (6.9%) subjects
died, 1 (3.4%) withdrew due to concerns regarding coronavirus disease 2019 (COVID-19),
and 1 (3.4%) was loss to follow up (LTFU). The following data focuses on eyes that entered
into year 2 of the PRIME trial. Among the 203 possible visits in year 2 for the 29 subjects
who entered year 2, 163 (80.3%) were completed.

3.1. Re-Treatment Requirements in Year 2

Cumulatively through week 104, the DRSS-guided arm received a mean total
9.7 IAI (range, 6 to 17) and the PLI-guided arm received 9.8 IAI (range, 6 to 16; p = 0.95;
Figure 1A). From week 52 through week 104, eyes received a mean 3.3 (range, 1 to 6) and
2.9 (range, 0 to 7) IAI (p = 0.62) in the DRSS-guided and PLI-guided arms respectively. In
the DRSS-guided arm, 32.2% and 63.2% of PRN visits resulted in IAI re-treatment in year
1 and year 2, respectively (p < 0.0001); in the PLI-guided arm, 26.1% and 56.8% of PRN
visits resulted in IAI re-treatment in year 1 and year 2 (p < 0.0001; Figure 1B). No significant
differences were observed between the two arms related to the proportion of PRN visits
resulting in IAI re-treatment in year 1 (p = 0.45) or year 2 (p = 0.5). Overall, after achieving
the pre-defined threshold of ≥2-step DRSS level improvement with initial monthly dosing,
a mean 5.9 (range, 3 to 11) and 5.4 (range, 3 to 11) PRN IAI were administered to the DRSS-
and PLI-guided arms, respectively (p = 0.65), over a mean 13.8 ± 2.9 and 13.8 ± 2.7 PRN
visits; yielding an average IAI re-treatment interval of every 3.5 months (range, 1.1 to 14).
Consistent with this, eyes in the DRSS- and PLI-guided arms had a mean 4.5 (range, 2 to
8) and 4.4 (range, 2 to 12) months between their last monthly IAI and their first PRN IAI
(p = 0.93); eyes with baseline NPDR and PDR had a mean 4.9 (range, 2 to 12) and 4.1 (range,
2 to 8) months between their last monthly IAI and their first PRN IAI (p = 0.41).

A relationship was identified among patient-level re-treatment requirements in the
first and second years. Specifically, the percent of PRN IAI given during year 1 was signifi-
cantly correlated with the percent of PRN IAI given during year 2 (R = 0.73,
p < 0.0001; Figure 2A). In comparison, the absolute number of IAI needed to achieve
the initial ≥2-step DRSS level improvement was not found to be correlated with the
percent of PRN IAI given (R = −0.07, p = 0.73; Figure 2B).
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Figure 1. Intravitreal aflibercept injections (IAI) administered through week 104. (A) Percent of
eyes treated at each visit in the diabetic retinopathy severity scale (DRSS)-guided and the panretinal
leakage index (PLI)-guided arms. (B) Percent of pro re nata (PRN) visits with IAI administration
in year 1 and year 2. In the DRSS-guided arm, 32.2% and 63.2% of PRN visits resulted in IAI
administration in year 1 and year 2, respectively. In the PRN-guided arm, 26.1% and 56.8% of PRN
visits resulted in IAI administration in year 1 and year 2, respectively. Asterisks indicate statistically
significant differences between groups.

Figure 2. Linear correlations between intravitreal aflibercept injection (IAI) administrations. (A) The percent of pro re nata

(PRN) visits resulting in IAI during year 1 versus the percent of PRN visits resulting in IAI during year 2. A significantly
positive linear correlation was observed (R = 0.73, p < 0.0001; black dotted line). (B) The percent of IAI required to achieve a
≥2-step DRSS improvement versus the total percent of PRN visits requiring IAI through year 2. No significant correlation
was observed (R = −0.07, p = 0.73; black dotted line).
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3.2. DRSS and PLI Outcomes through Year 2

Through week 104, DRSS level stabilized or improved among 16% and 84% of all
subjects who completed the week 104 visit (Figure 3) respectively; no subject experienced a
worsening of DRSS level at week 104 compared to baseline. 6 (50%) and 10 (76.9%) eyes
in the DRSS- and PLI-guided arms experienced a ≥2-step DRSS improvement at week
104 compared to baseline, respectively (p = 0.23). Through week 104, one (3.4%) subject
never achieved ≥2-step DRSS improvement; this subject missed 12 of 21 visits (57.1%). In
the DRSS-guided arm, 8 (61.5%) eyes had PDR at baseline; at week 104, 3 (25%) had PDR,
4 (50%) had NPDR, and 1 (12.5%) was LTFU (NPDR at last observed visit). In the PLI-
guided arm, 7 (43.8%) eyes had PDR at baseline; at week 104, 0 had PDR, 4 (57.1%) had
NPDR, and 3 (42.9%) were LTFU (2 were NPDR and 1 was PDR at last observed visit).

≥
−

≥

≥

 
Figure 3. Diabetic retinopathy severity scale (DRSS) levels through week 104. (A) Absolute DRSS
levels at baseline, week 52, and week 104 in the DRSS-guided and panretinal leakage index (PLI)-
guided arms. (B) Change in DRSS level compared to baseline at week 52 and week 104 in the DRSS-
and PLI-guided arms.

Through the end of the study, no significant differences were observed in change in
PLI in either arm from baseline to week 104. Mean PLI decreased by 11% (p = 0.73) and
23.6% (p = 0.25) in the DRSS- and PLI-guided arms, respectively to an absolute PLI of 1.98%
and 1.81% (Figure 4).
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Figure 4. Panretinal leakage index (PLI) in through week 104. Mean PLI decreased by 11% (p = 0.73) and 23.6% (p = 0.25)
compared to baseline in the diabetic retinopathy severity scale (DRSS)- and PLI-guided arms, respectively.

3.3. Indications for PLI as a Precursor to DRSS Worsening

Through week 52 of PRIME, increased PLI appeared to precede DRSS level worsening, a
trend that continued through week 104. Overall, among subjects in the DRSS-guided arm
who entered year 2 and achieved the initial ≥2-step DRSS improvement, 62 instances of
≥1-step DRSS worsening compared to their best DRSS were observed. 48 of these instances
(77.4%) occurred simultaneously with, or were preceded by, a PLI indication for re-treatment
in the visit immediately preceding the visit at which DRSS level worsening was observed.
Inversely, among the same population, 57 instances of an increase in PLI above the PLI-
retreatment threshold were observed; 48 of these cases (84.2%) occurred simultaneously with
or were followed by a ≥1-step DRSS worsening compared to baseline in the visit immediately
following the indication. Additionally, a total of 36 IAI re-treatment initiations according to
DRSS were identified among this population, which occurred simultaneously with or were
preceded by a PLI indication for re-treatment in 28 (77.8%) instances.

Two specific cases in the DRSS-guided arm highlight these increases in PLI at visits
preceding DRSS level worsening. The first subject (subject 23) presented at baseline with
a DRSS level of 53 and PLI of 4.87% (Figure 5A). The subject had a threshold leakage of
0.16% at week 24 and if the subject had been in the PLI-guided arm, they would have
been re-treated at a PLI of 2.52%. Through week 104, the subject experienced 3 visits at
which a ≥1-step DRSS worsening from the best-achieved DRSS was observed, weeks 40,
68, and 100; at the visit immediately preceding the visit or at the visit at which DRSS level
worsened, a meaningful PLI increase was observed. At two of these visits, those prior to
weeks 68 and 100, PLI increased above their PLI-retreatment threshold.

The second subject (subject 37) presented at baseline with a DRSS level of 53 and
PLI of 0.85% (Figure 5B). The subject had a threshold leakage of 0.11% at week 16 and
if the subject had been in the PLI-guided arm, they would have been re-treated at a PLI
of 0.48%. Through week 104, the subject experienced 4 visits at which a ≥1-step DRSS
worsening from the best-achieved DRSS was observed, weeks 36, 60, 68, and 92. At the
visit immediately preceding each of these visits, an increase above their PLI-retreatment
level was observed.

124



J. Pers. Med. 2021, 11, 885

 

≥

≥

≥
≥

≥
≥

≥

Figure 5. Subject cases from the diabetic retinopathy severity scale (DRSS)-guided arm through week 104. (A) Subject 23
and (B) subject 37 both demonstrated instances of ≥1-step DRSS worsening from the best-achieved DRSS, each of which
was either preceded by or occurred alongside a meaningful panretinal leakage index (PLI) worsening. Purple indicates
DRSS level; white-filled markers indicate a visit before the initial ≥2-step DRSS level improvement with initial monthly
dosing or a visit with a DRSS worsening compared to best-achieved DRSS level; green indicates PLI level; red-filled markers
indicate a worsening in PLI above the re-treatment level according to the PLI-guided protocol; black dotted lines indicate
the re-treatment level as indicated by the PLI-guided protocol; black X markers indicate a missed visit.

8 of 17 PLI-guided eyes that completed the week 52 visit never experienced a ≥1-step
worsening in DRSS level following the pre-defined initial ≥2-step improvement; 7 of
these 8 eyes entered into year 2. Among these 7 eyes, one never experienced a ≥1-step
DRSS level worsening through week 104; this eye received 6 IAI before initially achieving
a ≥2-step DRSS level improvement and then received 3 PRN IAI during 13 PRN visits
(20 months) through week 104. Of the remaining 6 eyes, one never regressed through W92
before becoming LTFU, after 4 IAI to ≥2-step DRSS level improvement and 5 PRN IAI
during 14 PRN visits (19 months). One eye experienced DRSS worsening at week 60 after
6 months without PRN IAI, and another experienced DRSS worsening at week 68 after
14 months without PRN IAI; both of these eyes experienced an upward trend in PLI in
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the months preceding the DRSS worsening. The final three eyes experienced a ≥1-step
worsening in DRSS level after missing at least one visit and following 7, 7, and 14 months
without PRN IAI, respectively; all three eyes experienced an increase in PLI alongside
DRSS level worsening.

3.4. Visual and OCT-Based Anatomic Outcomes through Year 2

Through week 104, changes in visual and OCT-based anatomic outcomes were minor
and similar between arms, as expected given the inclusion criteria. Among eyes that
entered year 2, ETDRS BCVA increased in the DRSS- and PLI-guided arms, respectively, by
0.17 (95% CI, −2.7 to 3.4) and 0.38 (95% CI, −5.2 to 5.6) letters from baseline to week 104
to an absolute BCVA of 81.6 (approximate Snellen equivalent, 20/25; 95% CI, 82.1 to 91.0)
and 86.5 (approximate Snellen equivalent, 20/20; 95% CI, 76.9 to 86.3) letters (Figure 6A);
CST decreased in the DRSS- and PLI-guided arms, respectively, by −13.2 (95% CI, −39.4 to
+13.0) and −5.5 (95% CI, 19.0 to +8.08) µm to an absolute CST of 254.4 (95% CI, 237.0 to
271.8) and 270.6 (95% CI, 255.9 to 285.3) µm (Figure 6B).

≥

− −

− −
−

 
Figure 6. Visual and anatomic changes through week 104. (A) Mean absolute Early Treatment
Diabetic Retinopathy Study (ETDRS) best-corrected visual acuity (BCVA) letters through week 104.
(B) Mean absolute central subfield thickness (CST) through week 104. All error bars represent
standard errors.

3.5. Adverse Events through Year 2

Ocular and systemic adverse events for year 2 are reported in Table 1. The incidence
of DR-related adverse events was 3.4% among eyes entering year 2. No new safety sig-
nals or serious ocular adverse events occurred. There were no cases of center-involved
DME development or new-onset neovascularization, and no subject received panretinal
photocoagulation or vitrectomy.
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Table 1. Ocular and Systemic Adverse Events in Year 2.

Ocular Adverse Events
DRSS-Guided PLI-Guided Total

Worsening of Cataracts 1 1 2
Worsening of PDR 1 0 1

Floaters 1 0 1
Flashes 1 0 1

Ocular Pain 1 0 1
Glaucoma 0 1 1

Cotton Wool Spots 0 1 1
Total # of AEs 5 3 8

Total # of Patients 4 3 7

Serious Systemic Adverse Events
DRSS-Guided PLI-Guided Total

Cerebrovascular Accident 0 1 1
Arthritic Hip Pain 0 1 1

Infection of Left Foot on
Hallux 0 1 1

Bone Destruction of Right
Foot 1 0 1

Pneumonia 1 1 2
COVID-19 0 1 1

Acute Chronic Renal
Failure 0 1 1

Asthma 1 0 1
Worsening Anemia 1 0 1

Transient Ischemic Attack 1 0 1
Stage 2 Kidney Failure 1 0 1
Fatal Cardiovascular

Disease/Diabetes 0 1 1

Fatal Cardiac Arrest 0 1 1
Total # of SAEs 6 8 14

Total # of Patients 4 6 10
DRSS = diabetic retinopathy severity scale; PLI = panretinal leakage index; PDR = proliferative diabetic retinopa-
thy; AE = adverse event; COVID-19 = coronavirus disease 2019; SAE = serious adverse event; # = number.

Two deaths occurred in year 2 of PRIME attributed to cardiac arrest and cardiovascular
disease/diabetes mellitus, respectively. Neither death was attributed to study drug or
study procedure.

4. Discussion

The randomized PRIME trial explored the use of real-time DRSS and PLI assessments
to determine re-treatment decisions for patients with DR without center-involved DME.
Through week 104, all subjects in both the DRSS- and PLI-guided arms demonstrated either
stable or improved DRSS compared to baseline, with all subjects requiring at least one PRN
IAI during the trial, with a global mean of approximately one IAI injection required every
3.5 months.

Overall through week 104, the results of the PRIME trial were consistent with previous
prospective trials reporting the need for consistent clinical follow-up and repeated anti-
VEGF injections among DR patients due to the chronic, recurrent nature of the disease.
While PRN trials have indicated that, once stabilized, some eyes may remain stable for
long periods of time [7], cumulatively data indicate that the large majority of patients
with DR will require re-treatment with anti-VEGF therapy [7,16,17], even in those with
mild or apparent quiescent disease. In the current study, all patients required ongoing
anti-VEGF therapy due to worsening of disease severity when treatment was discontinued.
Nevertheless, in PRIME, the rate of progression of DR and the necessary re-treatment
intervals were highly individualized between patients.
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While overall outcomes were similar between the randomized arms in the current
study, there were 3 important observations across the 2-year study.

First, in year 2, the percent of PRN visits that resulted in IAI re-treatment increased
approximately two-fold in both arms. While this increase was related to the study design
of reduced clinical visits in year 2, it is a clinically relevant observation. In clinical settings,
patients are often transitioned to PRN regimens after a period of regular, fixed frequency
dosing, and in doing so are often evaluated with less frequent visits. As demonstrated in
the current dataset, among this population, when seeing patients less frequently with PRN
dosing, a greater proportion of visits needing re-treatments is to be expected.

Second, a significant positive correlation was observed between the percent of PRN
IAI required during year 1 and year 2. This observation is consistent with an understanding
that while re-treatment intervals can vary widely among different patients receiving anti-
VEGF pharmacotherapy for exudative retinal diseases, they appear to be remarkably
consistent at the individual patient level. This has been elegantly demonstrated in a series
of manuscripts by Fauser and colleagues in neovascular age-related macular degeneration;
among this population, intravitreal VEGF suppression time after anti-VEGF treatment
was intra-individually stable [18,19]. In the current series, the re-treatment intervals
among patients were notably consistent longitudinally using either DRSS or PLI-guided
re-treatment.

Third, PLI worsening often preceded or occurred alongside worsening in DRSS level,
a phenomenon most obvious among the subjects randomized to PLI-guided re-treatment.
Through week 104, 77% of instances of DRSS worsening were preceded or occurred simulta-
neously with a PLI indication for re-treatment, and 84% of instances of a PLI indication for
re-treatment occurred alongside or before DRSS worsening, consistent with separate anal-
yses correlating DRSS and PLI changes within patients [20]. Intuitively, this progression
of disease severity aligns with current understanding of DR pathogenesis. As intraocular
levels of anti-VEGF pharmacotherapy decrease in the vitreous following a bolus therapeu-
tic injection, levels of pathologic VEGF concurrently rise, re-triggering breakdown of the
blood-retina barrier leading to increased retinal vasculature permeability visualized by flu-
orescein leakage [21]. Subsequently, visible lesions of DR increase, including hemorrhages,
leading to worsening of DR severity as observed by fundus photography [22]. Current
observations suggest that PLI may prove to be a valuable biomarker for clinicians making
retreatment decisions in DR patients—rising PLI levels may be indicative of a need for
re-treatment with anti-VEGF therapy.

These results suggest that, at least in the context of bolus anti-VEGF monotherapy
among eyes with DR without DME, regular clinical assessments and re-treatments are
needed indefinitely in order to optimize outcomes. Sustained anti-VEGF therapies with
next-generation approaches such as implantable devices [23], more durable pharmaceu-
tical agents [24], and gene therapies [25,26] may be valuable to this patient population.
Furthermore, treatments targeting additional mechanisms of action may also bring value
to this space in the near future. For example, investigations into manipulating the Tie-2
and kallikrein systems for additive benefit among patients with DR and DME are ongo-
ing [27,28].

Strengths of the PRIME trial include its randomized study design and its use of
real-time, objective measurements of DRSS and PLI to guide re-treatment protocols. The
key limitation of PRIME is the small sample size. However, given its pilot design, the
results of the PRIME trial may be able to guide future, larger prospective studies evaluating
biomarkers for re-treatment decisions. Another limitation is the modified version of pure
DRSS grading used in the current study [14]. Additionally, there was a notably high
rate of LTFU in the current study, with only 29 of 40 enrolled subjects entering year 2,
and 25 subjects completing the week 104 endpoint. LTFU is a well-known challenge
among patients with DR, as noted in year 1 of the PRIME trial [14] and in multiple other
studies [29,30], despite the need for close clinical follow-up among this population. In the
current trial, some cases of LTFU may have been due to the length of trial visits and the need
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for UWFA, FP, and multiple other images at each study visit. This challenge of LTFU was
also exacerbated by the impact of COVID-19 during this study period. Finally, the current
prospective study only considered the use of anti-VEGF management with aflibercept and
did not include laser treatment options. Laser, especially pan-retinal photocoagulation
(PRP), can be an excellent clinical tool either as monotherapy or in combination with
anti-VEGF pharmacotherapy for the management of more advanced stages of DR.

While the 2-year results of PRIME suggest a meaningful and clinically relevant rela-
tionship between PLI and DRSS levels, with PLI increases typically preceding DRSS level
worsening, the application of this to clinical practice is challenging. First, while UWFA
provides remarkable insight into disease burden and severity not appreciable with fundus
photography or ophthalmic examination, it is time-consuming and invasive, and therefore
often not practical for all routine clinical visits; while OCT angiography (OCTA), can
elegantly visualize the retinal vasculature with fast, non-invasive scan acquisition, it is not
currently capable of measuring leakage index. Furthermore, PLI is not readily assessable
using current commercially available technologies, and specific software systems would be
required to measure and apply this biomarker in clinical practice. Lastly, the DRSS scale
is not currently directly clinically applicable due to the strict methodology required to
accurately grade imaging; it is our belief that advances in imaging and machine learning
technology may allow for this scale to eventually be used clinically.

In conclusion, subjects enrolled in the PRIME trial were able to maintain or improve
their DRSS levels through 2 years of PRN re-treatment according to real-time DRSS or
PLI measurements. The lengthening of time between assessments in year 2 resulted in
an increase in the proportion of visits requiring PRN IAI with subjects being treated an
average of once every 3.5 months to maintain DR severity level improvements. Consistent
with observations in year 1, worsening of PLI often preceded DRSS level worsening, indi-
cating that PLI may be a valuable biomarker to guide management strategies in trials and
clinical practice.
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Abstract: Diabetic retinopathy (DR) is a frequent complication of diabetes and, through its vision-
threatening complications, i.e., macular edema and proliferative retinopathy, may lead to blindness. It
is, therefore, of major relevance to identify the presence of retinopathy in diabetic patients and, when
present, to identify the eyes that have the greatest risk of progression and greatest potential to benefit
from treatment. In the present paper, we suggest the development of a simple to use alternative
to the Early Treatment Diabetic Retinopathy Study (ETDRS) grading system, establishing disease
severity as a necessary step to further evaluate and categorize the different risk factors involved in
the progression of diabetic retinopathy. It needs to be validated against the ETDRS classification
and, ideally, should be able to be performed automatically using data directly from the examination
equipment without the influence of subjective individual interpretation. We performed the character-
ization of 105 eyes from 105 patients previously classified by ETDRS level by a Reading Centre using
a set of rules generated by a decision tree having as possible inputs a set of metrics automatically
extracted from Swept-source Optical Coherence Tomography (SS-OCTA) and Spectral Domain- OCT
(SD-OCT) measured at different localizations of the retina. When the most relevant metrics were used
to derive the rules to perform the organization of the full pathological dataset, taking into account the
different ETDRS grades, a global accuracy equal to 0.8 was obtained. In summary, it is now possible
to envision an automated classification of DR progression using noninvasive methods of examination,
OCT, and SS-OCTA. Using this classification to establish the severity grade of DR, at the time of the
ophthalmological examination, it is then possible to identify the risk of progression in severity and
the development of vision-threatening complications based on the predominant phenotype.

Keywords: diabetic retinopathy; ETDRS classification; biomarkers; visual prognosis; phenotypes;
personalized medicine

1. Introduction

Diabetic retinopathy (DR) is a frequent complication of diabetes and, through its
vision-threatening complications, i.e., macular edema and proliferative retinopathy, may
lead to blindness. Diabetes is now regarded as a global epidemic. It is estimated that by 2045
there will be 629 million people worldwide affected by diabetes. Considering that a third
of people with diabetes have signs of diabetic retinopathy, with 10% developing vision-
threatening retinopathy, it is clearly one of the leading causes of blindness in working-age
people [1].

The presence of nonproliferative retinopathy is identified by microvascular changes
that are typically asymptomatic. Nonproliferative retinopathy progresses silently, without
vision loss from mild to moderate to severe stages. However, the progression of nonpro-
liferative retinopathy to vision-threatening stages, proliferative retinopathy, and macular
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edema with vision loss vary from individual to individual. The cumulative occurrence of
rates of progression from mild nonproliferative to vision-threatening complications has
been determined to be in the order of 14–16% [2,3]. However, when there is moderate to
severe retinopathy then progression to complications is in the order of 58% [2]. In any case,
predicting which people with nonproliferative retinopathy are at a high risk for progression
to vision loss remains a challenge.

It is, therefore, of major relevance to identify the presence of retinopathy in diabetic
patients and, when present, to identify the eyes that have the greatest risk of progression
and greatest potential to benefit from treatment.

2. Phenotypes of Diabetic Retinopathy Progression

When looking at the initial stages of DR, it is said that it is present when microa-
neurysms and small hemorrhages appear on ophthalmoscopic examination. On histopatho-
logical examination, the first vascular changes occur in the small vessels in the form of
vasoregression with endothelial proliferation, pericyte damage, and the development of
microaneurysms. Characteristically these initial lesions are focal and located at the poste-
rior pole of the retina. With the progression of the disease, the capillaries of the arterial
side of the retinal circulation show increased vasoregression. With cell loss and closure, the
number of microaneurysms increases, and the areas of capillary closure enlarge. As the
areas of capillary closure enlarge, they are seen to be crossed by the remaining enlarged
capillaries, which appear to act as arteriovenous shunts, receiving the blood directly from
the surrounding closed capillary net [4,5]. Recent clinical studies using optical coherence
tomography angiography (OCTA) show that capillary closure occurs very early in diabetic
retinal disease and is initiated in the macula [6,7]. Later on, as the disease progresses with
remodeling of the retinal circulation and an altered retinal blood flow distribution, probably
through preferential arteriovenous preferential channels, capillary closure develops also in
more peripheral regions of the retina [8,9].

Using the examination methods now available, it may be stated that the earliest al-
terations that may be detected clinically in the retina in diabetes are alterations in the
neurosensory retinal function, breakdown of the blood–retinal barrier, and capillary clo-
sure. These alterations can be detected before ophthalmoscopic signs of DR are visible in
preclinical retinopathy [6,10].

Hyperglycemia appears to be sufficient to initiate the development of DR, as re-
vealed by the development of retinopathy in animals experimentally made hyperglycemic.
However, the observation that not all individuals with poor metabolic control develop
advanced stages of DR suggests that other factors, such as environmental factors and
genetic predispositions, are likely to determine individual susceptibility to the disease.

Diabetic retinopathy has been generally considered to be a microvascular complication
of diabetes, limiting the diagnostic and therapeutic focus to the vascular system. However,
recent evidence has been accumulating, suggesting that DR involves the neuronal as well
as the vascular compartments.

The neurosensory retina has recently been shown to be altered very early in diabetes
and may function as the trigger for microcirculatory changes [11]. Together with reduced
corneal nerve sensation and impaired autonomic innervation of the pupil, altered function
of the retinal indicates that diabetes causes denervation of multiple sensory inputs to the
eye. There are, therefore, strong arguments for diabetic retina neuropathy. However, it is
now clear that the micro-vascular changes occur to a different degree in different patients [6].
In fact, the direct link between neurodegeneration and microvascular disease may occur
predominantly in the initial stages of the retinal disease, when different individuals respond
differently to the neurodegenerative changes [12].

Regarding systemic factors, it is recognized that the duration of diabetes and the level
of metabolic control determine the development of DR. However, these risk factors do
not explain the great variability that characterizes the evolution and rate of progression
of retinopathy in different diabetic individuals. There are many diabetic patients who,
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after many years with diabetes, never develop sight-threatening retinal changes, whereas
other patients progress rapidly. This is a message of major relevance when dealing with
type 2 diabetes.

It is now accepted that only a subset of individuals with diabetes who develop retinal
changes is expected to progress to advanced retinopathy stages and is at risk of losing
functional vision during their lifetime.

We have identified three major phenotypes of DR progression: One, the neurogenera-
tive phenotype characterized by slow progression, where neurodegeneration is the only
identified alteration and the retinal changes may be only a manifestation of the systemic
neuropathy; a second one, the leaky phenotype characterized by the added occurrence of
edema resulting from the breakdown of the blood–retinal barrier which may occur at any
time in the disease progression, even in the absence of relevant microvascular pathology
and, finally, a third one, the ischemic phenotype, identified by increased microaneurysm
turnover and the presence of active microvascular lesions. In a series of follow-up studies
of 2 and 5 years, in eyes with minimal retinopathy, the first phenotype was identified in
40% of the eyes with any evidence of retinopathy and only rarely progressed to sight-
threatening complications, whereas the second phenotype representing approximately 30%
of the eyes with minimal retinopathy showed a relatively high risk for development of
mild and manageable macular edema, and the third representing the remaining 30% of the
eyes showed the higher risk for development of both clinically significant macular edema
and proliferative retinopathy [3].

A fundamental characteristic of DR is that its progression varies in different indi-
viduals, and the development of vision-threatening complications occurs only in a few
individuals. The activity of the disease and its progression varies from patient to patient,
making identification of biomarkers of progression of DR to vision-threatening complica-
tions a major need.

Treatment options presently available are limited. In those receiving treatment, ther-
apy is largely limited to pan-retinal photocoagulation and anti-Vascular Endothelial Growth
Factor (VEGF) intravitreal injections [13]. Pan-retinal photocoagulation is, however, usually
deferred until nonproliferative retinopathy becomes severe and is associated with some
degree of decline in visual function. Although there is no effective treatment that prevents
nonproliferative diabetic retinopathy progression, the changes occurring in the retina may
regress, indicating that there is a real opportunity for drugs or other treatments to stop
retinopathy progression [6]. Treatments directed at the initial stages of nonproliferative
diabetic retinopathy, particularly treatments that can be administered outside of a clinical
setting, such as oral or topical formulations, are particularly desirable [14].

In the present paper, we review the ETDRS current nonproliferative retinopathy
classification to grade retinopathy severity of the ischemic phenotype and suggest the
development of a simple to use alternative to the ETDRS grading system, which establishes
disease severity as a necessary step to further evaluate and categorize the different risk
factors involved in the progression of diabetic retinopathy.

The final objective is to identify in an individual patient its risk profile in order to
establish a personalized program of care with timely intervention, and it is realized that an
automated and simple to use a severity grading system of DR is a necessary step that will
facilitate the identification of risk: markers of DR progression.

3. The Early Treatment Diabetic Retinopathy Study and Classification of Diabetic
Retinopathy Severity

The Early Treatment for Diabetic Retinopathy Study (ETDRS) disease severity scale
is based on a modified version of the Airlie House classification system. The ETDRS
classification is made using stereoscopic color fundus photography obtained from seven
standard fields (30 degrees) and is the reference standard for grading diabetic retinopathy
severity (ETDRS Report 10). More recently, digital evaluations were demonstrated to be
comparable, and these have replaced stereoscopic color photographs [15].

135



J. Pers. Med. 2021, 11, 826

An alternative simplified scale, the International Clinical Diabetic Retinopathy Dis-
ease severity scale, was developed with the main objective of facilitating communication
between all levels of healthcare provider, but did not replace the ETDRS classification,
because the severity grades needed the classic ETDRS grading process to be substantiated
and verified. It is relevant that this classification chose to separate the grading of two
phenotypes, the ischemic phenotype based in the ETDRS classification and the edema of
the leaky phenotype [16].

The ETDRS classification is definitely the validated gold standard for diabetic retinopa-
thy severity classification but has major limitations; it is time-consuming and not practical
for daily clinical use. There is, therefore, a clear and established need for an alternative
method that can perform at least as well as the ETDRS classification and can be used in
clinical practice.

An alternative ETDRS classification should be able to discriminate reliably the different
severity stages of diabetic retinopathy, as well as the present ETDRS classification. It needs
to be validated against the ETDRS classification and, ideally, should be able to be performed
automatically using data directly from the examination equipment without the influence
of subjective individual interpretation.

The final goal, again, would be to use this framework on which risk factors and specific
rates of progression could be identified to be associated with increased risk of progression.

4. Automated Alternative ETDRS Classification

The ETDRS classification is based on the identification of a series of lesions, mostly
resulting from microvascular disease, and based on their distribution in the seven fundus
image fields collected (Table 1). Different grades of severity are identified by the number of
quadrants of the retina showing specific lesions, such as microaneurysms and hemorrhages,
intraretinal vascular abnormalities, venous loops, hard exudates, and cotton wool spots, all
of them resulting from microvascular pathology (Table 2).

Table 1. ETDRS Final Scale. Adapted from ETDRS Report No. 12 [17].

ETDRS Final Scale

Level Definition

10 Microaneurysms (MAs) and other characteristics absent
20 Define presence of Mas and other characteristics absent
35 A Definite presence of venous loops in 1 field

35 B Questionable soft exudates, Intraretinal Microvascular Abnormality (IrMA), or
venous beading

35 C Presence of Hemorrhage
35 D Definite presence of hemorrhage in 1–5 field
35 E Moderately severe hemorrhages in 1 field
35 F Definite presence soft exudates in 1 field
43 A Moderately severe hemorrhages in 4–5 fields or severe hemorrhages in 1 field
43 B Definite presence of IrMA in 1–3 fields
47 A Both 43 A and 43 B definitions
47 B Definite presence of IrMA in 4–5 fields
47 C Severe hemorrhages in 2–3 fields
47 D Definite venous beading in 1 field
53 A ≥2 level 47 definition
53 B Severe hemorrhages in 4–5 fields
53 C Moderately severe presence of IrMA in 1 field
53 D Definite presence of venous beading in 2–3 fields
53 D Two or more level 53 definitions
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Table 2. Basis for an alternative Diabetic Retinopathy classification.

Lesion Type
(Fundus Photos)

Description Alternative Metric Examination

Microaneurysms and dot
hemorrhages

Capillary wall outpouching
(adjacent to capillary closure)

Capillary closure metrics:
1. Vessel density
2. Intercapillary spaces
3. Foveal avascular zone
(FAZ) metrics Optical Coherence

Tomography (Angiography
(OCT-A)

Venous beading
Venous loops

Shunt vessels (?), tortuosity
of venula
(Adjacent to capillary closure)

Intraretinal
Microvascular
Abnormalities (IrMA)

Remodeling new
capillary “buds”
(Adjacent to capillary closure)

Measurements performed at:
1. Perifovea
2. Mid-periphery
3. Number of quadrants
involved

Cotton wool spots Site of ischemia, poor
perfusion

Capillary closure metrics:
1. Vessel density
2. Intercapillary spaces
Number of Quadrants

OCTA

Hard Exudates Lipid and lipoproteins
deposits Central retinal thickness

Optical coherence
tomography (OCT)Neurodegenerative changes Ganglion cell + Inner

Plexiform layers thinning

However, at least three main disease pathways occur in diabetic retinal disease:
neurodegeneration, edema, and ischemia [6,18]. A forward-looking approach should be to
develop a quantitative assessment of these three different disease pathways. Our group
used a non-invasive, multimodal approach to evaluate and quantify the relative relevance
of these disease pathways in eyes with nonproliferative diabetic retinopathy using OCT
and OCTA. Neurodegeneration was identified by the thinning of the retinal tissue (ganglion
cell layers plus inner plexiform layer—GCL + IPL), this metric comparing favorably with
thinning of the retinal nerve fiber layer (RNFL) because of robustness of measurements.
Retinal edema was characterized by increases in retinal thickness. Finally, ischemia was
identified by microvascular metrics using OCTA.

This and a series of other studies have confirmed the relevance of vessel density
metrics obtained with SD-OCTA and SS-OCTA, independently of the observer, to identify
microvascular pathology occurring in the diabetic retina and their value in discriminating
different ETDRS grades [6,7,10,19].

We propose that lesion distribution, which is taken into consideration in the ETDRS
classification and has also been confirmed with OCTA, should be taken into account when
using automated evaluation with OCTA [20,21].

Involvement of retinal mid-peripheral and peripheral regions, well demonstrated in
studies with widefield fluorescein angiography, have confirmed that mid-peripheral and
peripheral retinal changes need to be considered and may be essential for determining
retinopathy progression, at least in the more advanced stages of DR [9,14,22]. Widefield
OCTA using swept source OCTA enables the determination of the microvascular metrics
over large fields of the retina [21]. Our group has been able to show that retinal capillary
closure, quantified by vessel density metrics using SS-OCTA, can identify the more severe
stages of nonproliferative diabetic retinopathy and discriminate them from the initial stages
of NPDR. A combination of acquisition protocols, using SS-OCTA, allows discrimination
between eyes with mild NPDR (ETDRS 20–35) and eyes with moderate-to-severe NPDR
(ETDRS grades 43–53).

This study also showed that taking into account the lesions in different quadrants
contributes to discriminating levels of retinopathy severity.
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We have now tested a composite of features that can be identified and obtained
directly from imaging equipment available commercially, such as OCT and OCTA, which
discriminate the different ETDRS severity grades. Initial results are promising and indicate
that it is possible to replace the laborious and complicated ETDRS grading based on the
interpretation of fundus images by a series of metrics obtained directly from OCT and
OCTA equipment (Table 3).

Table 3. Alternative Diabetic Retinopathy grading. Automated collection of parameters.

Alternative DR Grading Perifovea Mid-Periphery

1. Skeletonized vessel density
SCP, DCP, FR Capillary closure X* X*

2. FAZ area and circularity Capillary closure X

3. Thinning of GCL Neurodegeneration X* X*
DCP: Deep Capillary Plexus; SCP: Superficial Capillary Plexus; FR: Full Retina; FAZ: Foveal Avascular Zone;
GCL: Ganglion Cell Layer; *: number of quadrants with lesions.

We performed the characterization of 105 eyes from 105 patients, previously classified
by ETDRS level by the Coimbra Ophthalmology Reading Centre (CORC) and the object of
a previous report [8] using a set of rules generated by a decision tree, having as possible
inputs a set of metrics automatically extracted from SS-OCTA and SS-OCT measured at
different localization of the retina (Figure 1). Data quality was checked as described in
the previous work [8]. The values of the metrics were computed on the ARI network
(https://arinetworkhub.com/, accessed on 1 August 2021) using the algorithms provided
by the manufacture: ETDRS Retina Thickness version 0.1 (metrics related to the thickness of
GCL) and the Density Quantification version 0.3.5 (metrics related with VD, PD, and FAZ).
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Figure 1. Localization of the 25 subregions that were used to decompose the 15 mm × 9 mm region
acquired for each eye using the Zeiss PLEXT Elite 9000 (Carl Zeiss Meditec, Dublin, CA, USA). For
each subregion, the mean value of the VD and GCL was measured. Aggregate measures were also
used. The values of the inner ring (2,3,4,5), outer ring (6,7,8,9), inner circle (1,2,3,4,5), outer circle
(1,2,3,4,5,6,7,8,9), and rings of the extended circles C1 (10,11,12,13,14,15,16), C2 (18,19,20,21), C3 (22,
23,24,25) were also used.

We started by organizing the data on rules derived from a CART (Classification
and Regression Trees) decision tree between consecutive ETDRS levels. The rules were
generated using the CART algorithm implemented on the python package Scikit-learn
(https://scikit-learn.org/ accessed on 21 July 2021) version 0.23.2. The most important
metrics included in the rules derived from the data extracted from healthy eyes (28 eyes)
and eyes belonging to the ETDRS 10–20 group (34 eyes) were associated with changes in
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the FAZ, VD in perifovea, and thinning of the GCL + IPL localized in the mid-periphery.
When the task was to organize data belonging to ETDRS 10–20 group (34 eyes) and ETDRS
35 (39 eyes), the most relevant discriminating features were associated with the VD in the
central retina, extending to more quadrants and GCL thinning in the retinal mid-periphery.
Between the ETDRS 35 (39 eyes) and ETDRS 43–47 (24 eyes), analysis of the most important
features suggested that the VD changes were extended to the retinal mid-periphery and
involved the deep capillary plexus predominately. Figures 2 and 3 show the rules derived
when the task was to organize the data comparing ETDRS 10–20 with ETDRS 35 and
ETDRS 35 with ETDRS 43–47, respectively. When the most relevant metrics were used to
derive the rules to perform the organization of the full pathological dataset, taking into
account the different ETDRS grades, a global accuracy equal to 0.8 was obtained.

J. Pers. Med. 2021, 11, 826 7 of 11 
 

 

FAZ, VD in perifovea, and thinning of the GCL + IPL localized in the mid-periphery. 
When the task was to organize data belonging to ETDRS 10–20 group (34 eyes) and ETDRS 
35 (39 eyes), the most relevant discriminating features were associated with the VD in the 
central retina, extending to more quadrants and GCL thinning in the retinal mid-periph-
ery. Between the ETDRS 35 (39 eyes) and ETDRS 43–47 (24 eyes), analysis of the most 
important features suggested that the VD changes were extended to the retinal mid-pe-
riphery and involved the deep capillary plexus predominately. Figures 2 and 3 show the 
rules derived when the task was to organize the data comparing ETDRS 10–20 with ET-
DRS 35 and ETDRS 35 with ETDRS 43–47, respectively. When the most relevant metrics 
were used to derive the rules to perform the organization of the full pathological dataset, 
taking into account the different ETDRS grades, a global accuracy equal to 0.8 was ob-
tained.  

 
Figure 2. Rules derived using a CART decision tree when the task was to organize the values of the 
OCT and OCTA metrics extracted from the dataset comparing eyes with ETDRS 10–20 and ETDRS 
35 levels. At each leaf, the number (#) of eyes selected by that rule and the most popular class (the 
assigned class) are presented. 

 

Figure 2. Rules derived using a CART decision tree when the task was to organize the values of the OCT and OCTA metrics
extracted from the dataset comparing eyes with ETDRS 10–20 and ETDRS 35 levels. At each leaf, the number (#) of eyes
selected by that rule and the most popular class (the assigned class) are presented.

An automated ETDRS classification using the data derived from OCTA and OCT
equipment is, therefore, within reach. The limitations are mainly associated with the
need for good quality images, which can originate from data sets with smaller sample
sizes [8]. It is now necessary to collect more data using the same approach in order to
apply machine learning techniques to create and validate a model to perform the ETDRS
classification automatically.

The identification of IrMAs by OCTA is also considered another important step to
further characterize the severity of disease before the development of PDR. It is relevant
that other authors have recently attempted similar approaches [23,24].
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In order to establish the progression and risk of progression, it is crucial to be able
to compare examinations performed at regular intervals, and this is possible with OCT
and OCTA using standardized equipment and using information given directly from
the equipment.

There is now evidence supporting the concept that DR initiates in the macular area
by a deficient vascular response to abnormal neuronal toxicity caused by hyperglycemia,
progressing later to the entire retina. There is initial swelling of the central retina, de-
manding a vascular response that is not adequate in some patients [12]. The eyes that are
not able to respond adequately develop progressive capillary closure, initially around the
FAZ and perifovea. This capillary closure increases as the disease progresses, with the
development of collateral vascular channels and capillary closure extending to the entire
retina, including mid-periphery and periphery. This capillary closure is accompanied by
progressive thinning of the retina and a neovascular response that finally dominates the
picture and leads to full-blown proliferative retinopathy.

5. Risk Profiles of DR Progression

In two recent follow-up studies performed by our group in different patient cohorts,
one performed during a 5-year period, using OCT, and another for a period of 3-years,
using both OCT and OCTA, we verified that the risk of retinopathy progression, identified
by ETDRS gradings, is different between different individuals with type 2 diabetes and that
ocular imaging risk markers are stronger predictors of progression to vision-threatening
complications, macular edema, and proliferative retinopathy than systemic markers of
metabolic control (Table 4) [23]. Furthermore, the progression of DR severity in the ini-
tial stages of DR, determined by 2-or-more-step worsening of ETDRS severity score, is
associated with microvascular disease progression identified by increased microaneurysm
turnover obtained from fundus photography and decreased vessel density obtained from
OCTA examination [24,25].
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Table 4. The five most relevant features obtained when a set of rules generated by a decision tree
having as possible inputs a set of metrics automatically extracted from SS-OCTA-OCT was used to
organize the data. Three different sets of rules were obtained after applying the CART method to
eyes with consecutive ETDRS levels.

Control vs. ETDRS 10–20 ETDRS 10–20 vs. ETDRS 35 ETDRS 35 vs. ETDRS 43–47

Faz_Circularity GCL_ExtC3 VD_OuterNasal_SCP
VD_CSF_Retina VD_InnerRing_SCP VD_OuterTemp_SCP
VD_ExtC3_DCP GCL_ExtC3TempInf VD_ExtC2NasInf_Deep

GCL_ExtC2NasSup VD_OutCircle_DCP VD_InnerNas_SCP
VD_ExtC2NasalInf_DCP VD_EXTC1InfTemp_SCP VD_ExtC1NasalInf_SCP

Identifying people with the greatest risk of progression and greatest potential to
benefit from treatment is clearly an important goal that appears to be now within reach
using these new available methods of examination, OCT and OCTA.

Diabetic patients followed annually with OCTA and OCT show that metrics to evalu-
ate vessel density (fovea and mid-periphery using SS-OCTA), FAZ metrics (using OCTA)
to identify the ischemic phenotype, together with OCT evaluation of neurodegenerative
changes (GCL + IPL thinning) can be used to identify different risk profiles of DR pro-
gression. The identification of the ischemic phenotype and leaky phenotype allows the
identification of the eyes that are at risk of developing vision-threatening complications,
macular edema, or proliferative retinopathy.

The results of a three-year longitudinal study using OCT and OCTA metrics show
that this goal is even more relevant when it is realized that the alterations occurring in
the diabetic retina are reversible until relatively late in the disease progress and vary
widely between different individuals [3]. In this three-year follow-up study, we observed
that there is, indeed, marked variability in the progression of the retinal microvascular
and neurogenerative changes occurring in T2 diabetes. Some patients show steady and
progressive worsening, whereas others show a variable course and evidence of reversibility
of their changes. These observations offer two important messages. First, the reversibility
of capillary closure opens the door for early intervention with the possibility of stopping
and delaying disease progression. Second, each patient should be followed closely, and
risk factors should be considered to determine a specific risk profile for that patient [25].

In summary, it is now possible to envision an automated classification of DR pro-
gression using noninvasive methods of examination, OCT, and SS-OCTA. Using this
classification to establish the severity grade of DR, at the time of the ophthalmological
examination, it is then possible to identify the risk of progression in severity and the
development of vision-threatening complications based on the predominant phenotype:
ischemic, leaky, or neurodegenerative.

6. Directions for Future Studies

Current nonproliferative retinopathy classifications, such as ETDRS grading, are
limited by their complexity and difficulty to use in daily clinical practice. However,
multimodal imaging using OCT and OCTA is offering automated alternatives based on
information that can be obtained directly from the equipment and is expected to replace
the laborious and complicated ETDRS classification in the near future.

Different individuals with T2 diabetes and with the same severity degree of retinopa-
thy show different rates of progression, both in disease severity and development of
vision-threatening complications. An immediate and attainable goal will be the identifica-
tion of the risk profile of each individual in order to achieve personalized monitoring of
diabetic retinopathy progression and identify new tools for early intervention.
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Abstract: (1) Background: Recent studies have reported that the glucose variability (GV), irrespective
of glycosylated hemoglobin (HbA1c), could be an additional risk factor for the development of
diabetic retinopathy (DR). However, measurements for GV, such as continuous glucose monitoring
(CGM) and fasting plasma glucose (FPG) variability, are expensive and time consuming. (2) Methods:
This present study aims to explore the correlation between the glycemic gap as a measurement
of GV, and DR. In total, 2565 patients were included in this study. We evaluated the effect of the
different types of glycemic gaps on DR progression. (3) Results: We found that the area under the
curve (AUC) values of both the glycemic gap and negative glycemic gap showed an association with
DR progression. (4) Conclusions: On eliminating the possible influences of chronic blood glucose
controls, the results show that GV has deleterious effects that are associated with the progression
of DR. The glycemic gap is a simple measurement of GV, and the predictive value of the negative
glycemic gap in DR progression shows that GV and treatment-related hypoglycemia may cause
the development of DR. Individual treatment goals with a reasonable HbA1c and minimal glucose
fluctuations may help in preventing DR.

Keywords: diabetic retinopathy; type 2 diabetes; progression; glycemic gap; glucose variability

1. Introduction

Diabetic retinopathy (DR) has been identified as one of the major microvascular
complications of diabetes mellitus (DM). The common risk factors for DR include poor
glycemic control, disease duration, and systolic hypertension. Glycosylated hemoglobin
(HbA1c), which indicates an average glucose level over the previous 2–3 months, is the
strongest marker of glycemic control [1,2]. However, studies have found a U-shaped
association between the HbA1c and mortality in patients, and tight glucose control did
not improve healthcare outcomes [3,4]. These findings have suggested that aside from
HbA1c, other factors of glycemic control may be related to development of diabetes-related
complications.

Recently, studies reported that glucose variability (GV), irrespective of HbA1c, could
be an additional risk factor for the development of DR. These measurements for short-
and long-term GV, including HbA1c variability, continuous glucose monitoring (CGM),
and fasting plasma glucose (FPG) variability were associated with the risk of DR in patients
with type 2 DM [5–8].
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High HbA1c standard deviations were reported as a predictor for DR development in
two longitudinal studies with a large sample size among Asians with type 2 DM and long
follow-up period [9,10]. In addition, the HbA1c standard deviation may play a greater role
in DR development than the mean HbA1c when the HbA1c variation magnitude is wide.
However, a wide standard deviation only indicates that the values are spread out over
a wider range without directionality. We could not explain that the effect was caused by
hyperglycemia due to poor control or iatrogenic hypoglycemia due to an intensive HbA1c
treatment goal.

In a previous study, the glycemic gap, which is calculated from the glucose level minus
the HbA1c-derived average glucose, was used to evaluate stress-induced hyperglycemia
(SIH). The results suggested that the glycemic gap was associated with disease severity
and adverse clinical outcomes in diabetic patients with liver abscesses, pneumonia, acute
myocardial infarction, acute ischemic stroke, chronic obstructive lung disease, necrotizing
fasciitis, and in-hospital cardiac arrest [11–13].

We hypothesized that GV is associated with an increased risk of developing DR in
type 2 DM patients, and that the glycemic gap could be a simple measurement for GV.
The aims of the present study were to explore the correlation between the glycemic gap as a
measurement for GV, and DR, and to evaluate the effect of a negative/positive magnitude
of GV in the development of DR. In addition, we sought to justify the use of the glycemic
gap as a tool to reflect individual patterns of glycemic control beyond the HbA1c level.

2. Materials and Methods

2.1. Population

A tertiary referral medical center in northern Taiwan provided the research data
from 12 October 2012 to 11 September 2018. This study was approved by the Ethics
Committee of Tri-Service General Hospital (IRB NO 2-105-05-073). Diabetic patients with
more than 2 fundus color photography tests were included in this study. We defined time
0 (the beginning of the follow-up period) as the first eye examination. Initially, there were
5974 potential cases. However, those without type 2 DM were excluded. In this study, type
2 DM is defined as having a prescription for insulin or an oral antidiabetic and 1 of the
following conditions: (1) at least two International Classification of Diseases (ICD) codes of
type 2 DM (ICD9: 250 and ICD10: E11) at least 6 months from the start of the study; (2) at
least 2 records of ≥126 mg/dL of blood glucose before meals (ante cibum, AC) at least 6
months from the start of the study; and (3) at least 2 records of ≥6.5% HbA1c at least 6
months from the start of the study. Moreover, patients without HbA1c and glucose AC
results within 14 days before the start of the study were also excluded. Ultimately, 2642
patients with 14,409 test results were included for analysis (Figure 1).

2.2. Measurements and Variables

DR was graded based on the International Clinical Diabetic Retinopathy Disease
Severity Scale [14] as follows: (0) no apparent retinopathy; (1) mild non-proliferative DR
(NPDR): microaneurysms only; (2) moderate NPDR: any finding of microaneurysms, dot
and blot hemorrhages, hard exudates, or cotton wool spots but less than severe NPDR; (3)
severe NPDR: intraretinal hemorrhages (≥20 in each of the 4 quadrants), definite venous
beading in 2 quadrants, or intraretinal microvascular abnormalities in 1 quadrant but
no signs of proliferative retinopathy; and (4) proliferative DR (PDR): 1 or more findings
of neovascularization and vitreous or preretinal hemorrhages. The end of the follow-up
period was determined by the following: (1) the change in the grade of DR or (2) the end of
the last fundus color photography if there was no progression of DR. The patients with
PDR at the start of the study were excluded, leaving 2565 patients to be further analyzed.
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Figure 1. Flowchart of the enrolled patients.

The expected glucose AC was calculated by the following equation: (28.7 × HbA1c)
− 46.7 [15]. The difference between the observed and expected glucose AC was referred
to as the glycemic gap in this study. If there were several glucose AC tests within 14 days
before the start of the study, the latest result was selected. To further explore the effect
of the amplitude of glycemic excursion poor control and excessive control, we defined 2
additional variables as the following: (1) positive glycemic gap—the maximum of a series of
glycemic gap within 14 days, and the negative number was defined as 0 in this calculation;
(2) negative glycemic gap—the minimum of a series of glycemic gap within 14 days, and
the positive number was defined as 0 in this calculation. We also collected other laboratory
data from our electronic health records within 30 days before the start of the study: total
cholesterol, low-density lipoprotein (LDL), high-density lipoprotein (HDL), triglyceride,
creatinine, uric acid, hemoglobin, white blood cell (WBC), platelet count, neutrophils,
lymphocytes, albumin, and total bilirubin. The complete blood count was obtained using
the automated XN-9000 hematology analyzer (Sysmex Co., Kobe, Japan). HbA1c was
tested by the automated Glycated Hemoglobin Analyzer, HLC-723 G11 (Tosoh Bioscience
Inc., Tokyo, Japan). An AU5800 Series Clinical Chemistry Analyzer (Beckman Coulter Inc.,
Brea, CA, USA) analysis system was used to detect chemistry assays. The missing rate of
mentioned laboratory data was less than 30%. We used multiple imputation to impute the
missing values.

The other demographic characteristics and comorbidities were collected from our
electronic health records. The collected patients’ characteristics included their gender, age,
systolic blood pressure (SBP), and diastolic blood pressure (DBP). Comorbidities, including
hypertension, lipidemia, ischemic heart disease, heart failure, chronic obstructive pul-
monary disease (COPD), stroke, and diabetic neuropathy, were recorded after a subsequent
chart review according to the ICD 9 and ICD 10 codes.

2.3. Deep Learning Model for Grading DR

Due to the numerous fundus color photography results, it was not possible to record
them one by one. Therefore, we used a software we have developed previously to grade
DR [16]. The deep learning model was based on the convolutional neural network. Kaggle,
a coding website [17] with 35,126 images with corresponding DR grade, provided fundus
color photography for the deep learning model. The model architecture was based on a 50-
layer SE-ResNeXt [18]. The public score was 0.837 in a test with 53,576 images, which was
seventh on the leaderboard, while the private score was 0.841, which was third. This model
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was applied to our images. Each test was conducted in both eyes, and the severity was
determined by the result of the eye with more severe DR.

2.4. Statistical Methods

We presented the characteristics as means and standard deviations, numbers of pa-
tients, or percentages, where appropriate. They were then compared using either analysis of
variance or the chi-squared test, as appropriate. A p-value < 0.05 was considered significant.
Statistical analyses were conducted using R software version 3.4.3.

The primary analysis evaluated the effect of the different types of glycemic gaps in DR
progression. Kaplan–Meier curves were obtained to evaluate the progression between the
participants with higher glycemic gaps and those with lower glycemic gaps. The log-rank
test was used to test the statistical significance, and the cutoff value of the glycemic gap
was decided by the median. All variables were evaluated on their effect on DR progression
using the univariate Cox proportional hazards model. We used the multivariable Cox
proportional hazards model to adjust the potential confounding factors. The selection of
the adjusted variables was based on the significance of the univariate analysis. Because the
proportional hazards assumption of the Cox proportional hazards model might have been
violated in our data, we also used the time-dependent receiver operating characteristic
curve to present the effect of the different types of glycemic gaps with respect to time.

We performed secondary analyses with stratified analysis. Because the initial condi-
tions of the different patients varied in real-world clinical practice, the initial grade of DR
and the baseline HbA1c were used as the stratified variables. We only presented the analy-
sis of the most significant type of glycemic gap in DR progression. The Cox proportional
hazards model was used for the interaction analysis, and the adjusted variables were the
same with the primary analysis.

3. Results

Table 1 shows the baseline characteristics of 2565 patients according to DR. In total,
1046 patients were classified as no DR, 480 patients as mild NPDR, 757 patients as moderate
NPDR, and 282 patients as severe NPDR. The DR severity at the beginning of our study
was significantly associated with younger age, higher creatinine level, higher HbA1c,
lower albumin levels, higher uric acid levels, and more hypertensive events.

The conditional inference tree is defined as a method to minimize the information
entropy from the classification of the characteristics used. Thus, it also can be used to find
the most significant cutoff value of interesting predictors. We used a conditional inference
tree to predict the DR progression using the glycemic gaps. Finally, an optimal cutoff value
of 45 mg/dL was determined to minimize the information entropy.

Considering the baseline glycemic control, we divided the patients into three groups
equally based on HbA1c level for the subgroup analysis based on the HbA1c level. Table 2
presents the basic characteristics of the patients with different glycemic controls (by HbA1c).
The subjects were divided into Q1 (HbA1c < 6.8%), Q2 (HbA1c = 6.8–8.3%), and Q3 (HbA1c >
8.4%). Poorer glycemic control (higher HbA1c) was related to the DR severity, younger age,
lower albumin level, and higher uric acid level.

Table 3 presents the risk of DR progression through the end of the study. The initial
DR grade, glycemic control, glycemic gap, and negative glycemic gap were found to have
statistical significance in HR (p < 0.05), both in the crude and adjusted model. The cut
points of glycemic gap (45 mg/dL) and negative glycemic gap (45 mg/dL) were associated
with significantly higher HR for DR progression when compared with a gap of <45 mg/dL,
both in the crude and adjusted model.

148



J. Pers. Med. 2021, 11, 799

Table 1. The baseline characteristics of patients according to diabetic retinopathy.

Initial Grade of DR
p-Value

No DR
n = 1046

Mild NPDR
n = 480

Moderate NPDR
n = 757

Severe NPDR
n = 282

Basic characteristics
Gender 0.201
Female 506(48.4%) 215(44.8%) 329(43.5%) 129(45.7%)
Male 540(51.6%) 265(55.2%) 428(56.5%) 153(54.3%)
Age (years) 63.76 ± 12.99 63.07 ± 12.26 59.59 ± 11.11 57.15 ± 11.71 <0.001
SBP (mmHg) 139.06 ± 20.30 140.37 ± 23.46 141.14 ± 21.70 141.83 ± 23.19 0.116
DBP (mmHg) 78.84 ± 11.98 78.66 ± 11.73 79.87 ± 12.21 80.62 ± 12.25 0.046
Comorbidity
Hypertension 389(37.2%) 211(44.0%) 319(42.1%) 128(45.4%) 0.014
Lipidemia 318(30.4%) 140(29.2%) 225(29.7%) 87(30.9%) 0.948
Ischemic heart disease 222(21.2%) 125(26.0%) 169(22.3%) 69(24.5%) 0.180
Heart failure 54(5.2%) 34(7.1%) 67(8.9%) 30(10.6%) 0.002
COPD 38(3.6%) 21(4.4%) 12(1.6%) 2(0.7%) 0.001
Stroke 145(13.9%) 66(13.8%) 90(11.9%) 36(12.8%) 0.635
Diabetic neuropathy 67(6.4%) 29(6.0%) 75(9.9%) 19(6.7%) 0.019
Laboratory test
HbA1c (%) 7.63 ± 1.91 7.91 ± 1.91 8.20 ± 2.03 8.40 ± 2.16 <0.001
Triglyceride (mg/dL) 152.89 ± 104.63 154.97 ± 118.99 158.71 ± 118.46 151.34 ± 88.38 0.671
Total cholesterol (mg/dL) 170.82 ± 40.39 167.83 ± 38.99 173.07 ± 43.54 172.47 ± 44.15 0.169
LDL cholesterol (mg/dL) 99.07 ± 33.42 98.40 ± 31.41 100.16 ± 35.22 100.33 ± 34.48 0.771
HDL cholesterol (mg/dL) 46.83 ± 13.34 46.13 ± 12.95 45.99 ± 12.90 46.65 ± 13.08 0.537
Creatinine (mg/dL) 1.37 ± 1.75 1.70 ± 2.17 1.65 ± 2.00 1.63 ± 2.01 0.002
ALT 24.94 ± 27.24 24.39 ± 31.69 22.94 ± 37.79 25.10 ± 61.13 0.677
Total bilirubin 0.64 ± 0.41 0.66 ± 0.61 0.63 ± 0.53 0.59 ± 0.35 0.200
WBC 7.40 ± 5.58 7.39 ± 2.58 7.28 ± 4.72 7.86 ± 7.21 0.444
PLT 213.06 ± 76.15 216.90 ± 74.50 221.20 ± 81.48 227.85 ± 84.12 0.019
Neutrophil 63.63 ± 11.29 64.49 ± 11.30 63.81 ± 10.73 64.29 ± 11.07 0.497
Lymphocyte 27.43 ± 10.33 26.56 ± 10.38 27.03 ± 9.85 26.72 ± 9.72 0.409
Uric acid (mg/dL) 5.88 ± 1.78 6.08 ± 1.85 6.10 ± 1.89 6.32 ± 1.81 0.001
Hb (g/dL) 12.95 ± 1.95 12.70 ± 2.01 12.59 ± 2.19 12.58 ± 2.07 0.001
Albumin (g/dL) 3.91 ± 0.53 3.88 ± 0.56 3.83 ± 0.59 3.76 ± 0.61 <0.001
Result
Glycemic gap 49.54 ± 59.55 52.82 ± 68.25 59.75 ± 74.43 65.29 ± 94.93 0.001
Positive glycemic gap 46.43 ± 52.36 47.63 ± 40.13 52.90 ± 44.44 54.184 ± 44.18 0.008
Negative glycemic gap 45.72 ± 52.23 50.06 ± 67.47 56.70 ± 73.08 62.184 ± 93.49 <0.001

Testing by Fisher’s exact test, Wilcoxon test, or Kruskal–Wallis test, respectively; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HbA1c: glycated hemoglobin; LDL: low-density lipoprotein; HDL: high-density lipoprotein; Hb: hemoglobin; ALT: alanine
aminotransferase.

Table 2. The baseline characteristics of patients based on glycemic control. (divided into 3 groups equally based on HbA1c
level at the time of enrollment).

Into 3 Groups Equally Based on HbA1c Level
p-Value

HbA1c Q1
(<6.8)

n = 836

HbA1c Q2
(6.8−8.3)
n = 854

HbA1c Q3
(>8.3)

n = 875

Basic characteristics
DR severity <0.001
No DR 394(47.1%) 377(44.1%) 275(31.4%)
Mild NPDR 150(17.9%) 161(18.9%) 169(19.3%)
Moderate NPDR 217(26.0%) 232(27.2%) 308(35.2%)
Severe NPDR 75(9.0%) 84(9.8%) 123(14.1%)
Gender 0.377
Female 368(44.0%) 398(46.6%) 413(47.2%)
Male 468(56.0%) 456(53.4%) 462(52.8%)
Age (years) 62.12 ± 12.45 63.62 ± 11.87 59.34 ± 12.52 <0.001
SBP (mmHg) 139.00 ± 20.39 140.85 ± 21.13 140.78 ± 23.30 0.140
DBP (mmHg) 78.44 ± 11.53 78.72 ± 11.41 80.72 ± 12.98 <0.001
Comorbidity
Hypertension 345(41.3%) 369(43.2%) 333(38.1%) 0.088
Lipidemia 237(28.3%) 255(29.9%) 278(31.8%) 0.301
Ischemic heart disease 189(22.6%) 204(23.9%) 192(21.9%) 0.62
Heart failure 52(6.2%) 57(6.7%) 76(8.7%) 0.109
COPD 18(2.2%) 29(3.4%) 26(3.0%) 0.296
Stroke 126(15.1%) 106(12.4%) 105(12.0%) 0.127
Diabetic neuropathy 42(5.0%) 49(5.7%) 99(11.3%) <0.001
Laboratory test
Triglyceride (mg/dL) 132.54 ± 73.00 142.32 ± 91.21 188.31 ± 143.38 <0.001
Total cholesterol (mg/dL) 164.75 ± 39.84 166.52 ± 37.60 181.65 ± 44.64 <0.001
LDL cholesterol (mg/dL) 95.05 ± 33.14 96.30 ± 31.20 106.59 ± 35.41 <0.001
HDL cholesterol (mg/dL) 47.39 ± 13.04 47.05 ± 13.36 44.92 ± 12.81 <0.001
Creatinine (mg/dL) 1.69 ± 2.21 1.51 ± 1.84 1.43 ± 1.75 0.015
Uric acid (mg/dL) 6.07 ± 1.86 5.97 ± 1.78 6.06 ± 1.86 0.469
Hb (g/dL) 12.54 ± 2.17 12.70 ± 1.96 13.02 ± 2.00 <0.001
Albumin (g/dL) 3.87 ± 0.57 3.91 ± 0.56 3.82 ± 0.56 0.004
Result
Glycemic gap 31.92 ± 51.45 47.39 ± 52.99 84.18 ± 88.80 <0.001
Positive glycemic gap 28.87 ± 26.18 44.48 ± 32.84 73.87 ± 61.59 <0.001
Negative glycemic gap 29.62 ± 50.92 45.44 ± 52.43 78.58 ± 83.07 <0.001

Testing by Fisher´s exact test, Wilcoxon test, or Kruskal–Wallis test, respectively; SBP: systolic blood pressure; DBP: diastolic blood pressure;
HbA1c: glycated hemoglobin; LDL: low-density lipoprotein; HDL: high-density lipoprotein; Hb: hemoglobin.
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Table 3. The risk of diabetic retinopathy progression at the end of the study.

Crude-HR (95% CI) p-Value Adjusted-HR (95% CI) p-Value

Initial DR grade <0.001 <0.001
No DR 1.00 1.00
Mild NPDR 2.00 (1.72–2.32) <0.001 1.98 (1.70–2.31) <0.001
Moderate NPDR 1.82 (1.58–2.09) <0.001 1.78 (1.54–2.04) <0.001
Servere NPDR 0.87 (0.69–1.09) 0.223 0.86 (0.69–1.08) 0.191

Glycemic control 0.003 0.060
HbA1c Q1 (<6.8) 1.00 1.00
HbA1c Q2 (6.8−8.3) 1.00 (0.86–1.15) 0.976 0.97 (0.84–1.12) 0.668
HbA1c Q3 (>8.3) 1.23 (1.07–1.41) 0.004 1.13 (0.98–1.31) 0.083
Glycemic gap <0.001 0.001
<45 mg/dL 1.00 1.00
>45 mg/dL 1.26 (1.13–1.42) <0.001 1.22 (1.09–1.37) 0.001
Positive glycemic gap 0.065 0.076
<45 mg/dL 1.00 1.00
>45 mg/dL 1.21 (0.99–1.49) 0.065 1.21 (0.98–1.48) 0.076
Negative glycemic gap 0.001 0.005
<45 mg/dL 1.00 1.00
>45 mg/dL 1.22 (1.08–1.37) 0.001 1.18 (1.05–1.33) 0.005

Gender 0.019 0.033
Female 1.00 1.00
Male 1.15 (1.02–1.29) 0.019 1.13 (1.01–1.27) 0.033
Age 1.00 (1.00–1.00) 0.962 1.00 (1.00–1.01) 0.945
Height 1.18 (0.92–1.51) 0.184 0.96 (0.71–1.30) 0.804
Weight 0.95 (0.74–1.21) 0.669 0.88 (0.50–1.57) 0.676
Systolic blood pressure 1.00 (1.00–1.00) 0.269 1.00 (1.00–1.00) 0.639
Diastolic blood pressure 1.00 (1.00–1.01) 0.214 1.00 (1.00–1.01) 0.300

Comorbidity
Hypertension 1.14 (1.02–1.28) 0.027 1.07 (0.95–1.21) 0.253
Lipidemia 0.97 (0.85–1.10) 0.609 0.94 (0.82–1.07) 0.335
Ischemic heart disease 1.09 (0.96–1.25) 0.184 1.03 (0.89–1.19) 0.682
Stroke 1.10 (0.93–1.30) 0.249 1.07 (0.91–1.27) 0.415
Diabetic neuropathy 1.30 (1.07–1.59) 0.009 1.21 (0.99–1.49) 0.066
Heart failure 1.16 (0.95–1.43) 0.152 1.08 (0.87–1.34) 0.472

Laboratory test
Triglyceride 1.00 (1.00–1.00) 0.488 1.00 (1.00–1.00) 0.602
Total cholesterol 1.00 (1.00–1.00) 0.483 1.00 (1.00–1.00) 0.420
Low-density lipoprotein 1.00 (1.00–1.00) 0.488 1.00 (1.00–1.00) 0.602
High-density

lipoprotein 1.00 (1.00–1.00) 0.983 1.00 (1.00–1.01) 0.630

Hemoglobin 0.99 (0.97–1.02) 0.699 1.00 (0.97–1.03) 0.835

All result of adjusted-HR were adjusted by grade of diabetic retinopathy, gender, hypertension, and diabetic neuropathy. Crude-HR: crude
hazard ratio; HR: hazard ratio; CI: confidence interval; HbA1c: glycated hemoglobin.

Figure 2 presents the time-dependent area under the curve (AUC). Compared with
the positive glycemic gap, both the glycemic gap and negative glycemic gap showed large
AUC values for predicting DR progression (Figure 2). This relationship (similar AUC
association: glycemic gap > negative glycemic gap > positive glycemic gap) was found at
almost every time point in all groups and in every HbA1c subgroup.

As shown in Figure 3, the Kaplan–Meier survival curve showed that the poor glycemic
control group was more positively associated with DR progression as compared with the
good and intermediate glycemic control groups. In addition, the survival curve did not
reveal a difference between the good glycemic control and intermediate control groups.
The Kaplan–Meier survival curve showed that a glycemic gap > 45 mg/dL was associated
with a significantly higher risk for DR progression when compared with a gap of <45
mg/dL for both the glycemic gap and negative glycemic gap (log-rank test p < 0.05).
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Figure 2. Time-dependent area under the curve (AUC): a similar association, in that the glycemic gap and negative glycemic
gap both showed higher AUC for predicting diabetic retinopathy progression as compared to the positive glycemic gap,
was found in all populations and each glycemic control group.
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Figure 3. Kaplan–Meier survival curves. (A): Stepwise diabetic retinopathy progression with different initial grades
of diabetic retinopathy. (B): A stepwise fashion of diabetic retinopathy progression with differing glycemic control.
(C): A stepwise fashion of diabetic retinopathy progression with a glycemic gap > 45 mg/dL as a cutoff value. (D): A
stepwise fashion of diabetic retinopathy progression with a negative glycemic gap > 45 mg/dL as a cutoff value.

As shown in Tables 4 and 5, subgroup analyses were performed to determine the
potential moderating effect of glycemic control and initial DR grade on the relationships
between the glycemic gap and DR progression. No significant values (p-value for interac-
tion < 0.05) were noted in any of the subgroups. The relationships were determined to be
stronger in the no DR, severe NPDR, and HbA1c Q2 groups.

152



J. Pers. Med. 2021, 11, 799

Table 4. The risk of diabetic retinopathy progression in each subgroup at the end of the study; a negative glycemic gap >45
mg/dL was the cutoff value.

Crude-HR (95% CI) p-Value
Adjusted-HR (95%

CI)
p-Value

Initial DR grade 0.164
(interaction)

0.129
(interaction)

No DR <45 mg/dL 1.00 1.00
>45 mg/dL 1.30 (1.06–1.59) 0.012 1.30 (1.06–1.59) 0.013

Mild NPDR <45 mg/dL 1.00 1.00
>45 mg/dL 1.03 (0.81–1.32) 0.790 1.01 (0.79–1.29) 0.952

Moderate NPDR <45 mg/dL 1.00 1.00
>45 mg/dL 1.14 (0.93–1.40) 0.200 1.14 (0.93–1.39) 0.221

Servere NPDR <45 mg/dL 1.00 1.00
>45 mg/dL 1.71 (1.13–2.57) 0.010 1.76 (1.16–2.66) 0.007

Glycemic control 0.709
(interaction)

0.686
(interaction)

HbA1c Q1 (<6.8) <45 mg/dL 1.00 1.00
>45 mg/dL 1.25 (0.88–1.78) 0.217 1.23 (0.87–1.76) 0.244

HbA1c Q2(6.8−8.3) <45 mg/dL 1.00 1.00
>45 mg/dL 1.22 (1.00–1.50) 0.053 1.21 (0.98–1.48) 0.073

HbA1c Q3 (>8.3) <45 mg/dL 1.00 1.00
>45 mg/dL 1.11 (0.92–1.34) 0.296 1.10 (0.91–1.33) 0.339

All results of the adjusted-HRs were adjusted by grade of diabetic retinopathy, gender, hypertension, and diabetic neuropathy. Crude-HR:
crude hazard ratio; HR: hazard ratio; CI: confidence interval.

Table 5. The risk of diabetic retinopathy progression in each subgroup at the end of the study; a glycemic gap > 45 mg/dL
was the cutoff value.

Crude-HR (95% CI) p-Value
Adjuseted-HR(95%

CI)
p-Value

Initial DR grade 0.374
(interaction)

0.336
(interaction)

No DR <45 mg/dL 1.00 1.00
>45 mg/dL 1.28 (1.05–1.56) 0.014 1.26 (1.03–1.53) 0.023

Mild NPDR <45 mg/dL 1.00 1.00
>45 mg/dL 1.07 (0.85–1.35) 0.565 1.06 (0.84–1.33) 0.647

Moderate NPDR <45 mg/dL 1.00 1.00
>45 mg/dL 1.25 (1.03–1.53) 0.025 1.25 (1.03–1.53) 0.026

Servere NPDR <45 mg/dL 1.00 1.00
>45 mg/dL 1.56 (1.03–2.36) 0.036 1.56 (1.02–2.36) 0.038

Glycemic control 0.787
(interaction)

0.806
(interaction)

HbA1c Q1 (<6.8) <45 mg/dL 1.00 1.00
>45 mg/dL 1.15 (0.89–1.49) 0.277 1.15 (0.89–1.48) 0.300

HbA1c Q2(6.8−8.3) <45 mg/dL 1.00 1.00
>45 mg/dL 1.28 (1.05–1.57) 0.016 1.26 (1.03–1.54) 0.025

HbA1c Q3 (>8.3) <45 mg/dL 1.00 1.00
>45 mg/dL 1.20 (0.98–1.48) 0.079 1.19 (0.97–1.47) 0.099

All results of adjusted-HRs were adjusted by grade of diabetic retinopathy, gender, hypertension, and diabetic neuropathy. Crude-HR:
crude hazard ratio; HR: hazard ratio; CI: confidence interval.

4. Discussion

The two major findings of the present study are as follows:
(1) The glycemic gap, by eliminating the possible influences of chronic blood glu-

cose controls, supports the possible deteriorating effects of glucose fluctuation on the
progression of DR.

(2) Both the positive and negative glucose gaps were associated with the progression of
DR. Furthermore, a negative glucose gap revealed stronger AUC values in the progression
of DR. The negative glycemic gap correlated with the progression of DR and indicated the
negative effects of hypoglycemia episodes on the progression of DR.
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To the best of our knowledge, this is the first study to examine the link between the
glycemic gap and DR in type 2 DM patients. In addition, the glycemic gap may be a useful
and simple tool for the assessment of GV. We suggest that the glycemic gap could be further
studied as an assessment method for GV.

HbA1c has been well accepted as the gold standard for the evaluation of glycemic
control, and an improvement in the HbA1c greatly reduces the risks of complications in
patients with type 2 DM [19]. HbA1c-centered studies with aggressive treatment goals, such
as ACCORD and VADT, have been performed. However, very low and high mean HbA1c
values were associated with increased mortality in patients, revealing that tight glucose
control did not improve healthcare outcomes [3,4]. Therefore, a reasonable A1C goal for
adults is <7%; meanwhile, a lower glycemic goal of <7.5% for older adults was suggested
in the practical guidelines [20]. This result was also true in our study. The survival curve
showed that the poor glycemic control group had a significantly more rapid progression
of DR, while the curve of the good glycemic control group was similar to that of the
intermediate glycemic control group. Because the HbA1c only provides an average glucose
level in the previous 3 months and does not reflect individual patterns of glycemic control,
the development of diabetic complications is influenced not only by HbA1c but also by
other factors.

In recent years, glucose fluctuation, which is also called as GV, was reported as a
contributor to the development of diabetes-related complications irrespective of the HbA1c
level [21,22]. DR is one of the major microvascular complications of DM. To date, numerous
studies have reported that GV may also contribute to the development and progression of
DR. These measurements of GV include HbA1c variability, CGM, and FPG variability.

Studies have provided evidence that long-term HbA1c variability predicted the risk of
microvascular disease and DR in patients with type 2 DM [23–25]. In addition, the HbA1c
variability was associated with macrovascular but not with microvascular diseases in
type 2 DM patients, whereas short-term GV was associated with both macrovascular and
microvascular events in the ADVANCE trial [26]. The HbA1c variability was associated
with nephropathy but not with retinopathy in the RIACE Italian Multicenter Study [27].
One meta-analysis reported that DR was associated with the long-term HbA1c variability
in type 1 DM but not in type 2 DM [28]. However, recent study with a long follow-up
period reported that HbA1c variability played an important role in the development of
DR when the HbA1c variability was high (>0.75% [10]; the cutoff value of HbA1c SD was
1.24 [9]). One longitudinal study in Taiwan that included 3152 type 2 DM patients who
were followed-up for at least 2 years showed that HbA1c variability is an independent risk
factor for DR. HbA1c variability may play a role in DR development when the mean value
of HbA1c variability index is >0.75% [10]. The HbA1c standard deviation was associated
with a risk of ≥3 steps of progression on the Early Treatment DR Study person scale as
well as progression to PDR in a Korean retrospective study that had a follow-up period of
more than 5 years [9]. The optimal cutoff value of the HbA1c SD was 1.24 for PDR and ≥3
steps of progression. GV may play a greater role in DR development when the magnitude
of variation over a long period is large.

A Chinese cross-sectional study that assessed the 72 h CGM of 3262 type 2 DM patients found
that the time in range (the percentage of time that the glucose range was within 70–180 mg/dL)
and GV were associated with the prevalence of all stages of DR after adjusting for clinical risk
factors [5,6]. Another Italian study that assessed the 72 h CGM reported that some parameters
of GV were associated with DR, but its significance was lost in the multivariate analysis [29].
However, 33 type 1 diabetes mellitus and 35 type 2 diabetes mellitus cases were combined in
the analysis to increase statistical power, thereby resulting in the heterogeneity of participants in
the study. On the other hand, a meta-analysis revealed that the FPG variability is significantly
associated with an increased risk of DR and all-cause mortality in patients with type 2 DM [8].

These studies have demonstrated that the deleterious effects of GV on DR have
been underestimated. The parameters of GV have been identified to be important for
the selection of the optimal treatment strategy and for the evaluation of the risk of DR.
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However, the studies on GV mostly measured the value of dispersion without positive
and negative directionality. We could not determine whether the association resulted from
hyperglycemia with poor control or iatrogenic hypoglycemia due to an intensive HbA1c
treatment goal. Further research should be performed to validate whether an HbA1c with
a steady GV is a better treatment goal.

The glycemic gap was found to be a good parameter for SIH. In addition, it was
revealed as a good predictor for disease severity and adverse clinical outcomes in diabetic
patients with liver abscesses, pneumonia, acute myocardial infarction, acute ischemic stroke,
chronic obstructive lung disease, necrotizing fasciitis, and in-hospital cardiac arrest [11–13].
The glycemic gap cutoff values of 45.26 [30], 42 [12], and 40 [31] were reported to predict
adverse outcomes simultaneously. We then used the glycemic gap as a measurement for
GV, and we also calculated the positive magnitude (positive glycemic gap) and negative
magnitude (negative glycemic gap).

Compared with HbA1c variation, self-monitoring of blood glucose, or CGM, the
glycemic gap is a simple and reliable measurement for GV in our study, and it can be
performed by drawing blood only once. We found that both the glycemic gap and negative
glycemic gap have AUC values that can significantly predict the progression of DR after
adjustments; this was not true with the positive glycemic gap (Figure 2). In addition,
greater AUC values were found in almost any time period despite dividing the patients
into three subgroups based on the HbA1c level. This suggests that GV was independently
related to DR regardless of the group. We have also found that a glycemic gap greater than
the cutoff level of 45 mg/dL was associated with DR progression.

High GV increases the episodes of hypoglycemia. Hypoglycemia stimulates oxidative
stress, endothelial dysfunction, and inflammatory reactions associated with microvascular
changes [32–34]. Retinal Müller cells, which are identified as the major glial component of
the retina, are closely associated with astrocytes, endothelial cells, and neurons, and play a
part in the regulation of the blood–retinal barrier. In DM, it has been well established that
Müller cells become activated [35–37]. An in vitro study of rats showed that the response
of retinal Müller cells to glucose excursions was different under basal and high glucose
concentrations. When the glucose concentration was normal, significant glial activation was
detected not only in response to a constantly high glucose level but also to alternating low
and high glucose levels. When the glucose concentration was high, a response was observed
only upon exposure to a lower glucose concentration. This showed that the activation of
retinal Müller cells occurs in response to glucose excursions [38]. This might explain the
AUC values for predicting DR progression, as shown in Figure 3. This association was also
supported by previous studies showing iatrogenic hypoglycemia due to low but oscillating
HbA1c levels as contributing to the risk of DR progression [39].

Our study finding suggests that beyond the average glucose level, GV has different
roles in the development of DR in type 2 DM. The worsening of DR might be affected by the
episodes of hypoglycemia and sudden glycemic compensation caused by treatment [40].
A negative glycemic gap correlated with the progression of DR, which supported the pos-
sible deteriorating effects of hypoglycemic episodes on the progression of DR. In clinical
practice, individualized treatments with an optimal balance between the mean HbA1c
and GV are important to minimize the development of diabetes complications. An in-
dividualized treatment with an achievable goal of glycemic control and maintained GV
may be similar to, or even better than, intensive goals leading to glycemic fluctuations.
Future longitudinal trials and analysis with similar HbA1c levels and different GV will
help validate and elucidate this effect.

The strengths of our study include the use of a longitudinal design, rather than a
cross-sectional design, and a well-validated grading of DR. We also collected detailed
glucose records while each patient’s fundus color photography was being performed.

A few limitations of our study should be recognized. First, all patients were from a
single center; thus, sampling bias and selection bias are deemed inevitable. Second, due to
the longitudinal design, the results could not be used to establish a cause–effect relationship.
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Third, the duration of DM in each patient, which was common risk factor for DR prevalence,
was not mentioned in our study. Finally, the study population were from Taiwan; we cannot
assure the generalizability of the results to other populations.

5. Conclusions

In conclusion, the glycemic gap, as a measurement for GV, is associated with DR
progression in type 2 DM patients. The association between a negative glycemic gap and
progression of DR indicated the negative effects of iatrogenic hypoglycemia. Our study
results suggested that individual treatment goals with a reasonable HbA1c and stable GV
may help to prevent DR. An achievable goal of glycemic control with a maintained GV may
be better than intensive goals with wide glycemic fluctuations. Additional randomized
prospective follow-up trials could help find an optimal balance between the mean HbA1c
and GV.
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Abstract: There is little data on ethnic differences in incidence of DR and sight threatening DR
(STDR) in the United Kingdom. We aimed to determine ethnic differences in the development of
DR and STDR and to identify risk factors of DR and STDR in people with incident or prevalent
type II diabetes (T2DM). We used electronic primary care medical records of people registered with
134 general practices in East London during the period from January 2007–January 2017. There
were 58,216 people with T2DM eligible to be included in the study. Among people with newly
diagnosed T2DM, Indian, Pakistani and African ethnic groups showed an increased risk of DR with
Africans having highest risk of STDR compared to White ethnic groups (HR: 1.36 95% CI 1.02–1.83).
Among those with prevalent T2DM, Indian, Pakistani, Bangladeshi and Caribbean ethnic groups
showed increased risk of DR and STDR with Indian having the highest risk of any DR (HR: 1.24 95%
CI 1.16–1.32) and STDR (HR: 1.38 95% CI 1.17–1.63) compared with Whites after adjusting for all
covariates considered. It is important to optimise prevention, screening and treatment options in
these ethnic minority groups to avoid health inequalities in diabetes eye care.

Keywords: type 2 diabetes; retinopathy; ethnicity; general practice; risk factors

1. Introduction

Diabetic retinopathy (DR) is a major microvascular complication of diabetes [1,2].
DR can progress from no DR to sight threatening diabetic retinopathy (STDR) without
any symptoms [3]. In the United Kingdom (UK), the prevalence of DR and STDR among
people with type 2 diabetes (T2DM) is approximately 30% and 1.5%, respectively [4,5].
In absolute numbers, this equates to around 1.5 million people with DR and 140,000 with
STDR. In the UK, the two largest minority ethnic groups are South Asian (7.5%) and
Afro-Caribbean (3.3%) compared to the White ethnic groups who make up 86% of the
population [6]. These ethnic minority groups are likely to develop diabetes from a younger
age and have a higher prevalence of diabetes compared to the White counterparts [7–9].
Similarly, the prevalence of DR is higher in South Asian and Black ethnic groups in the UK
and these findings are consistent with global literature [4,10–16]. These ethnic differences
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in prevalence of DR are often explained by earlier age of onset of diabetes, and suboptimal
control of risk factors. However, there is little data on differences in the incidence of DR
and STDR in these ethnic groups when compared to their White counterparts. Studies on
incidence of DR and STDR are mainly reported from Clinical Practice Research Datalink
(CPRD) where ethnicity records are missing in about a third of the people with diabetes
or from regions that do not have sufficient ethnic minorities to study the incidence at a
population level [4]. It is also unclear if any ethnic differences in incident DR and STDR are
due to variations in control of modifiable systemic risk factors.

Duration of diabetes is one of the strongest risk factors of DR [17,18]. In the UK,
all people with newly diagnosed diabetes are referred for annual DR screening within
3 months of the screening programme being notified of the diagnosis [19]. People with
diabetes registered in the same practice have equal access to the same group of general
practitioners and access to care is free in the National Health Service (NHS). The population
in East London consists of a high proportion of people from ethnic minority groups. There-
fore, it is a suitable population in which to evaluate whether ethnicity is an independent
risk factor for incidence of DR and STDR.

The aim of this study was to determine ethnic differences in the development of
DR and STDR, and to identify risk factors for DR/STDR development in people with
newly diagnosed and prevalent T2DM at baseline. We focussed on the two main ethnic
minority groups, South Asian and Black and then further analysed the sub-groups of
Indian, Bangladeshi, Pakistani and Caribbean and African ethnic groups to identify the
role of ethnicity as an independent risk factor for DR/STDR.

2. Materials and Methods

The Moorfields Research Management Committee approved the use of this fully
anonymised UK dataset for model development and validation (SIVS1047) and further
ethics approval was not required. Approval was also obtained from the Caldicott guardian
of this anonymised dataset in Queen Mary University London (QMUL). Individual level pa-
tient consent was not obtained, as this was an observational study using de-identified data.

This cohort study was conducted using de-identified data from general practice
electronic health records collected in three Clinical Commissioning Groups (CCGs) in
East London, which include Newham, Tower Hamlets and City and Hackney. These data
covered more than 98% of the GP-registered population in these CCGs. The data included
demographic information, diagnoses, prescriptions, referrals, laboratory test results and
clinical values. Diagnoses, symptoms and clinical values in this dataset were recorded
using the Read code classification.

We included all adults with a diagnostic Read code for T2DM during the period
2007–2017 and aged 18+ at study entry. Study baseline was defined as the date of the initial
T2DM diagnostic read code for each person within the study start and end dates. Start date
was defined as the latest of study start date (January 2007), 12 months after the patient’s
current registration date, or the date the patient turned 18. Follow-up time end date is
defined as the earliest date of transferring out of the practice, or latest data collection date
or date of death or January 2017. People who were lost to follow up were censored at the
date they left the study. People with Type 1 diabetes, gestational diabetes, other forms of
diabetes were excluded.

People were classified as having newly diagnosed (incident) T2DM if their T2DM onset
date was the same as their initial T2DM diagnosis date within the study start and end dates.
If they had an earlier T2DM onset date than the initial T2DM diagnosis date within the
study period, they were classified as people with prevalent T2DM. Self-reported ethnicity
was identified using the relevant Office for National Statistic ethnic group classification in
the electronic health record of each patient. Ethnicity was considered in two ways. First
in three categories as White, South Asian and Black and then we further considered the
subgroups of Indian, Pakistani, Bangladeshi, African and Caribbean. Chinese, other Asian,
other Black and any other ethnic group were grouped as ‘Other’. A small proportion
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of people with missing or unknown ethnicity (1.8%) were not included in the analysis.
Socio-economic deprivation was categorised into quintiles of the Townsend score, which
is made up of unemployment, overcrowding and car ownership variables with the most
affluent in quintile 1 and most deprived in quintile 5.

The first record of any DR and any STDR were considered as the outcomes. Read
codes for classification levels of DR severity levels included both the American Academy
of Ophthalmology International Classification and UK National Screening Committee
classification [3]. Those who had severe Non-Proliferative DR, Proliferative DR, grading
classification for proliferative DR-R3 or grading classification for maculopathy-M1, were
identified as people with STDR. A person’s DR grade was defined as the DR severity level
in the worst eye.

Covariates that are commonly found to be associated with DR and STDR accord-
ing to existing literature were considered in this study [17,18], and these included age,
gender, hyperglycaemia, systolic blood pressure (SBP), duration of diabetes, body mass
index (BMI), total cholesterol, high density lipoprotein (HDL), eGFR, antidiabetic med-
ication, history of cardiovascular disease (ischaemic heart disease, heart failure, stroke,
peripheral vascular disease, cardiovascular death, Acute Myocardial Infarction, Bypass
graft/Angioplasty, Angina Pectoris, Cardiac Arrhythmia, Major ECG abnormality, Silent
Myocardial Infarction, Congestive Heart Failure, Transient Ischaemic Attack, Arterial Event
requiring surgery), statin prescription and antihypertensive medication prescription. These
covariates were measured at baseline for each individual and the closest record to the index
date (±6 months) was selected for clinical variables.

Sperate analysis were undertaken for the two groups of study population, people
with newly diagnosed and prevalent diabetes, and then for the two outcomes DR and
STDR. Univariable statistics were used to describe the baseline characteristics of the study
population overall and by ethnic group. Kaplan-Meier Survival estimates with log-rank test
were used to observe any differences in DR and STDR development over time by different
ethnic groups. Multivariable Cox regression was then used to identify any association
between the ethnic groups and development of any DR or STDR. Cox regression models
were developed separately among people with newly diagnosed and prevalent diabetes for
the two outcomes of DR and STDR resulting four models. All four models were adjusted
for all covariates considered in the study, and the effects of each covariate was reported
with hazard ratios (HR) with 95% confidence intervals (CI). Risk factors for development of
DR were identified using the statistical significance of each covariate in each fully adjusted
model (p < 0.05). We further analysed the ethnic differences in developing DR/STDR
by stratifying the exposure variable into the more detailed ethnic categories of Indian,
Pakistani, Bangladeshi and African and Caribbean. All statistical analyses were performed
using Stata V.16.

3. Results

3.1. Overall Study Population

There were 71,406 people with a T2DM record within the study period who were
registered with a GP practice for at least one year period. Of these, we excluded those who
had background retinopathy (n = 6926) and sight threatening retinopathy (n = 409) before
the baseline. People who had history of anti-diabetic treatment before their T2DM onset
date (n = 3318) and people who were prescribed two antidiabetic drugs or insulin on the
T2DM diagnosis date (n = 1466) were excluded and these were defined as coding errors.
Of the remaining 59,287 people, ethnicity was recorded on 98% people and there were only
1071 (2%) who did not have their ethnicity recorded (unknown or missing) and these were
also excluded, leaving 58,216 people eligible to be included in the study of whom 32,652
were people with newly diagnosed T2DM and 25,564 people with prevalent T2DM at the
study baseline with mean duration of diabetes 7.4 (SD 6.1) years.
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3.2. Baseline Characteristics of the Study Population

The following results are presented separately for groups of study population with
newly diagnosed type 2 diabetes (Table 1) and prevalent T2DM at baseline (Table 2). Among
people with newly diagnosed T2DM, we observed incidence rates of 82.8 and 4.2 events
per 1000 person years for DR and STDR, respectively. Among people with known T2DM,
the incidence rates for DR and STDR were 135.4 and 16.0 events per 1000 person years,
respectively (Table 3).

Table 1. Baseline characteristics of the study population—People with newly diagnosed type 2 diabetes.

Whole Population White South Asian Black Other

N = 32,652 N = 8727 N = 15,291 N = 6639 N = 1995

>Age at T2DM diagnosis,
years
<45 10,136 (31.0) 1423 (16.3) 6536 (42.7) 1678 (25.3) 499 (25.0)
45 to <55 9352 (28.6) 2258 (25.9) 4329 (28.3) 2176 (32.8) 589 (29.5)
55 to <65 6789 (20.8) 2360 (27.0) 2530 (16.6) 1369 (20.6) 530 (26.6)
65 to <75 4091 (12.5) 1622 (18.6) 1269 (8.3) 947 (14.3) 253 (12.7)
75+ 2284 (6.9) 1064 (12.2) 627 (4.1) 469 (7.1) 124 (6.2)

Gender
Male 18,332 (56.1) 5064 (58.0) 8842 (57.8) 3381 (50.9) 1045 (52.4)
Female 14,320 (43.8) 3663 (41.9) 6449 (42.2) 3258 (49.1) 950 (47.7)

Townsend Score (quintiles)
1 (most affluent) 6874 (21.0) 1484 (17.0) 4043 (26.4) 978 (14.7) 369 (18.5)
2 6795 (20.8) 1766 (20.2) 3159 (20.7) 1425 (21.5) 445 (22.3)
3 6409 (19.6) 1931 (22.1) 2708 (17.7) 1369 (20.6) 401 (20.1)
4 6335 (19.4) 1774 (20.3) 2807 (18.4) 1390 (20.9) 364 (18.3)
5 (most deprived) 6130 (18.8) 1739 (19.9) 2535 (16.6) 1448 (21.8) 408 (20.4)
Not recorded 109 (0.3) 33 (0.4) 39 (0.3) 29 (0.4) 8 (0.4)

Body Mass Index (kg/m2)
<18.5 321(1.0) 71 (0.8) 167 (1.1) 51 (0.8) 32 (1.6)
18.5 to <25 4627 (14.2) 686 (7.9) 3002 (19.6) 610 (9.2) 329 (16.5)
25 to <30 10,979 (33.7) 1990 (22.8) 6381 (41.7) 1951 (29.4) 657 (32.9)
≥30 14067 (43.1) 5094 (58.4) 4706 (30.8) 3494 (52.6) 773 (38.7)
Not recorded 2658 (8.2) 886 (10.2) 1035 (6.8) 533 (8.0) 204 (10.3)

HbA1c (mmol/mol)
<50 6927 (21.2) 2198 (25.2) 2912 (19.0) 1399 (21.1) 418 (20.9)
50 to <100 18, 368 (56.2) 4626 (53.0) 9002 (58.9) 3602 (54.3) 1138 (57.0)
≥100 2561 (7.8) 627 (7.6) 970 (6.3) 795 (11.9) 169 (8.5)
Not recorded 4796 (14.7) 1276 (14.6) 2407 (15.7) 843 (12.7) 270 (13.5)

Systolic Blood Pressure
(mmHg)
<120 6396 (19.6) 1224 (14.0) 3897 (25.5) 918 (13.8) 357 (17.9)
120 to <130 7537 (23.1) 1891 (21.7) 3865 (25.3) 1315 (20.2) 430 (21.6)
130 to <140 8468 (25.9) 2404 (27.5) 3756 (24.6) 1792 (27.0) 516 (25.8)
≥140 9273 (28.4) 2943 (33.7) 3348 (22.0) 2367 (35.6) 615 (30.8)
Not recorded 978 (3.0) 265 (3.0) 425 (2.8) 211 (3.2) 77 (3.9)

Total Cholesterol (mmol/L)
<5.2 17,072 (52.3) 4537 (52.0) 8221 (53.8) 3351 (50.5) 963 (48.3)
5.2 to <6.2 8188 (25.1) 2068 (23.7) 3898 (25.5) 1719 (25.9) 503 (25.2)
≥6.2 5413 (16.6) 1542 (17.7) 2359 (15.4) 1127 (16.8) 385 (19.3)
Not recorded 1979 (6.1) 580 (6.6) 813 (5.3) 442 (6.7) 144 (7.2)

eGFR (mL/min/1.73m2)
<60 2546 (7.8) 939 (10.8) 738 (4.8) 747 (11.3) 122 (6.2)
≥60 27,832 (85.2) 7219 (82.7) 13,461 (88.0) 5438 (81.9) 1714 (85.9)
Not recorded 2274 (7.1) 569 (6.5) 1092 (7.1) 454 (6.8) 159 (7.9)
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Table 1. Cont.

History of Cardiovascular
Disease
No 29,532 (90.4) 7339 (84.1) 14,135 (92.4) 6233 (93.8) 1825 (91.5)
Yes 3120 (9.6) 1388 (15.9) 1156 (7.4) 406 (6.2) 170 (8.5)

History of Antidiabetic 21,779 (66.7) 6002 (66.8) 10,037 (65.6) 4409 (66.4) 1331 (66.7)
No drug 10,873 (31.3) 2725 (31.2) 5254 (34.4) 2230 (33.6) 664 (33.3)
One drug

History of Antihypertensive
Medication
No 17,620 (53.9) 3935 (45.1) 9396 (61.4) 3232 (48.7) 1057 (53.0)
Yes 15,032 (46.0) 4792 (54.9) 5895 (38.6) 3407 (51.3) 938 (47.0)

History of Statin Medication
No 6229 (19.1) 1495 (17.1) 2553 (16.7) 1749 (26.3) 432 (21.7)
Yes 26,423 (80.9) 7232 (82.9) 12,738 (83.5) 4890 (73.7) 1563 (78.3)

Abbreviations: eGFR-Estimated glomerular filtration rate. ‘Other’ group: this group included Chinese, other Asian, other Black and people
belong to any other ethnicity.

Table 2. Baseline characteristics of the study population—people with known type 2 diabetes.

Whole Population White South Asian Black Other

N = 25,564 N = 6946 N = 11,963 N = 5216 N = 1439

Age, Years
<45 4956 (19.4) 738 (10.6) 3055 (25.5) 923 (17.7) 243 (16.9)
45 to <55 6207 (24.3) 1357 (19.5) 3297 (27.5) 1213 (23.3) 340 (23.7)
55 to <65 5860 (22.9) 1827 (26.3) 2495 (20.8) 1134 (21.7) 404 (28.0)
65 to <75 5407 (21.1) 1628 (23.4) 2218 (18.5) 1258 (24.1) 303 (21.0)
75+ 3134 (12.2) 1396 (20.1) 901 (7.5) 688 (13.2) 149 (10.3)

Duration of Diabetes
0 to <2 years (ref) 4030 (15.8) 1089 (15.7) 1875 (15.7) 806 (15.5) 260 (18.1)
2 to <5 years 6835 (26.7) 1891 (27.2) 3177 (26.6) 1368 (26.2) 399 (27.7)
5 to <10 years 8125 (31.8) 2281 (32.8) 3799 (31.7) 1642 (31.5) 403 (28.0)
≥10 years 6574 (25.7) 1685 (24.3) 3112 (26.0) 1400 (26.8) 377 (26.1)

Gender
Male 13,289 (51.9) 3724 (53.6) 6333 (52.9) 2524 (48.4) 708 (49.2)
Female 12,275 (48.0) 3222 (46.4) 5630 (47.1) 2692 (51.6) 731 (50.8)

Townsend Score (quintiles)
1 4812 (18.8) 1016 (14.6) 2774 (23.2) 762 (14.6) 260 (18.0)
2 4840 (18.9) 1270 (18.3) 2264 (18.9) 1021 (19.6) 285 (19.8)
3 5110 (20.0) 1622 (23.4) 2161 (18.3) 1036 (19.9) 291 (20.2)
4 5366 (20.9) 1537 (22.1) 2432 (20.3) 1151 (22.1) 246 (17.1)
5 5373 (21.0) 1488 (21.4) 2307 (19.3) 1227 (23.5) 351 (24.4)
Not recorded 63 (0.3) 13 (0.2) 25 (0.2) 19 (0.4) 6 (0.4)

Body Mass Index (kg/m2)
<18.5 389 (1.5) 83 (1.2) 216 (1.8) 56 (1.1) 34 (2.4)
18.5 to <25 4608 (18.0) 646 (9.3) 2999 (25.1) 675 (12.9) 288 (20.0)
25 to <30 8745 (34.2) 1778 (25.6) 4788 (40.0) 1723 (33.0) 456 (31.6)
≥30 8966 (35.1) 3466 (49.9) 2814 (23.5) 2191 (42.0) 495 (34.4)
Not recorded 2856 (11.2) 973 (14.0) 1146 (9.6) 571 (10.9) 166 (11.5)

HbA1c (mmol/mol)
<50 5692 (22.3) 1897 (27.3) 2307 (19.3) 1177 (22.6) 312 (21.7)
50 to <100 15,362 (60.1) 3794 (54.6) 7701 (64.4) 3005 (57.6) 862 (59.9)
≥100 1644 (6.4) 373 (5.4) 702 (5.8) 474 (9.1) 95 (6.6)
Not recorded 2866 (11.2) 882 (12.7) 1254 (10.5) 560 (10.7) 170 (11.8)
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Table 2. Cont.

Systolic Blood Pressure (mmHg)
<120 5347 (20.9) 1129 (16.2) 3166 (26.5) 774 (14.8) 279 (19.4)
120 to <130 5733 (22.4) 1436 (20.7) 2945 (24.6) 1058 (20.3) 294 (20.5)
130 to <140 6313 (24.7) 1887 (27.2) 2699 (22.5) 1365 (26.2) 362 (25.2)
≥140 7600 (29.7) 2318 (33.3) 2929 (24.5) 1881 (36.0) 472 (32.7)
Not recorded 571 (2.2) 176 (2.5) 225 (1.9) 138 (2.7) 32 (2.2)

Total Cholesterol (mmol/L)
<5.2 18,456 (72.2) 4904 (70.6) 8949 (74.8) 3605 (69.1) 998 (69.4)
5.2 to <6.2 3237 (12.7) 883 (12.7) 1388 (11.6) 767 (14.7) 199 (13.8)
≥6.2 1643 (6.4) 465 (6.7) 677 (5.7) 376 (7.2) 125 (8.7)
Not recorded 2228 (8.7) 694 (9.9) 949 (7.9) 468 (8.9) 117 (8.1)

eGFR (mL/min/1.73m2)
<60 2978 (11.7) 1036 (14.9) 1126 (9.4) 678 (13.0) 138 (9.6)
≥60 20,160 (78.8) 5140 (74.0) 9813 (82.0) 4039 (77.4) 1168 (81.2)
Not recorded 2426 (9.5) 770 (11.1) 1024 (8.6) 499 (9.6) 133 (9.2)

History of Cardiovascular
Disease
No 21,734 (85.0) 5474 (78.8) 10,338 (86.4) 4669 (89.5) 1253 (87.1)
Yes 3830 (15.0) 1472 (21.2) 1625 (13.6) 547 (10.5) 186 (12.9)

History of Antidiabetic Drugs
No drug 4470 (17.5) 1508 (21.7) 1750 (14.6) 954 (18.3) 258 (17.9)
One drug 7244 (28.3) 1988 (28.6) 3414 (28.5) 1403 (26.9) 439 (30.5)
Two drugs 9356 (36.6) 2242 (32.3) 4781 (40.0) 1832 (35.1) 501 (34.8)
Insulin 4494 (17.6) 1208 (17.4) 2018 (16.9) 1027 (19.7) 241 (16.8)

History of Antihypertensive
Medication
No 8880 (34.7) 2003 (28.8) 4562 (38.1) 1770 (33.9) 545 (37.9)
Yes 16,684 (65.3) 4943 (71.2) 7401 (61.9) 3446 (66.1) 894 (62.1)

History of Statin
Medication—ever
No 2528 (9.9) 741 (10.7) 763 (6.4) 831 (15.9) 193 (13.4)
Yes 23,036 (90.1) 6205 (89.3) 11,200 (93.6) 4385 (84.1) 1246 (86.6)

Abbreviations: eGFR-Estimated glomerular filtration rate. ‘Other’ group: this group included Chinese, other Asian, other Black and people
belong to any other ethnicity.

Table 1 shows the characteristics of 32,652 people with newly diagnosed diabetes at
study baseline by different ethnic group. Townsend score was recorded in 99.7%, BMI was
recorded in 91% and HbA1c level was available in 85.3%, SBP was recorded in 97%, total
Cholesterol level was recorded in 94% and eGFR level was recorded in 93%. A greater
proportion of South Asians 6536 (43%) were in the <45 years age group compared with
White (16%), Black (25%) and other (25%) indicating early onset of diabetes among South
Asians. Higher proportion of South Asians were in the most affluent group 4043 (26.4%)
compared with other ethnic groups with 15–21% people in this group as shown in Table 1.
Almost 70% of people in all ethnic groups had a BMI value that was greater than 25 kg/m2.
Almost 50% of South Asians had lower blood pressure <130 mmHg compared with other
ethnic groups with a proportion of people from 34–43% in the same blood pressure group.
White ethnic groups had more than twice as high prevalence of CVD 1388 (16%) compared
to other ethnic groups with prevalence of CVD ranging from 6–8%.
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Table 3. Number of incident cases of DR/STDR during 10-year follow-up and incidence rates per 1000 person years in newly diagnosed and known T2DM at baseline.

People with Newly Diagnosed T2DM at Baseline

DR STDR

Ethnicity
Total Number

of People
Number of

Events
Percentage

with Events
Person Years

Incidence Rate
per 1000 Person
Years (95% CI)

Number of
Events

Percentage
with Events

Person Years
Incidence Rate per
1000 Person Years

(95% CI)

Whole Population 32,652 8638 26.5 104,257.8 82.85
(81.12–84.61) 557 1.7 132,126.7 4.21 (3.88–4.58)

White 8727 2227 25.5 29,624.4 75.17
(72.12–78.36) 137 1.6 37,185.5 3.68 (3.11–4.35)

South Asian 15,291 4035 26.4 47,448.6 85.04
(82.45–87.70) 229 1.5 60,163.5 3.81 (3.34–4.33)

Black 6639 1833 27.6 20,953.3 87.48
(83.56–91.58) 152 2.3 26,854.9 5.66 (4.83–6.63)

Other 1995 543 27.2 6231.5 87.13
(80.11–94.78) 39 1.9 7922.8 4.92 (3.59–6.73)

People with Known T2DM at Baseline

DR STDR

Ethnicity
Total Number

of People
Number of

Events
Percentage

with Events
Person Years

Incidence Rate
per 1000 Person
Years (95% CI)

Number of
Events

Percentage
with Events

Person Years
Incidence Rate per
1000 Person Years

(95% CI)

Whole Population 25,564 12,124 47.4 89,534.1 135.41
(133.02–137.84) 2200 8.6 137,140.3 16.04 (15.38–16. 72)

White 6946 2946 42.4 25,900.1 113.74
(109.71–117.92) 454 6.5 37,727.6 12.03 (10.97–13.19)

South Asian 11,963 6100 50.9 40,447.5 150.81
(147.07–154.64) 1145 9.6 64,136.8 17.85 (16.84–18.91)

Black 5216 2422 46.4 18,134.7 133.56
(128.37–138.98) 480 9.2 27,699.3 17.32 (15.84–18.94)

Other 1439 656 45.6 5051.9 129.85
(120.28–140.18) 121 8.4 7576.5 15.97 (13.36–19.08)
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Table 2 shows the baseline characteristics of 25,564 people with prevalent T2DM at the
study baseline. In this group, Townsend score was available in 99.7%, BMI was recorded
in 89%, HbA1c level was recorded in 89%, SBP was available in 98%, total Cholesterol
level was recorded in 91% and eGFR level was recorded in 91%. A greater proportion of
South Asians 3055 (25%) were in the youngest age group whereas a greater proportion
of White ethnic groups with T2DM were in the oldest age group at baseline 1396 (20%).
Duration of diabetes were similar across the ethnic groups with approximately 16% of
people in 0 to <2 years duration, 27% in the 2 to <5 years group, 31% in the 5 to <10 years
group, 26% in the >10 years group.

3.3. Kaplan Meier Plots

Figure 1 shows the Kaplan-Meier Survival estimates for DR and STDR by different
ethnic groups for newly diagnosed and people with prevalent T2DM at baseline. For DR,
there was clear separation in survival probabilities over time by each ethnic group with the
White group having a higher survival probability overtime compared to all other ethnic
groups (log rank test; p < 0.001). This separation was even more visible in people with
prevalent T2DM at baseline, White ethnic groups having the highest and South Asians
having the lowest survival probability overtime (log rank test; p < 0.001).
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For STDR, in the T2DM newly diagnosed group there was slight separation of survival
probabilities overtime by different ethnic group (log rank test; p < 0.001), but there was a
clear separation of survival probabilities among people with prevalent T2DM (log rank
test; p < 0.001) with White ethnic groups having the highest survival compared with all
other ethnic groups.

3.4. DR/STDR Events and Incidence Rate

Table 3 shows the number of incident cases of DR and STDR during the follow-up
period and the incidence rate in each cohort. Among people with newly diagnosed T2DM
at baseline, a total of 8638 people had DR events and 557 people had STDR events. For DR,
White ethnic groups had the lowest incidence rate (75.2 per 1000 person years) and Black
ethnic groups had the highest incidence rate (87.5 per 1000 person years). For STDR, White
groups had the lowest incidence rate (3.68 per 1000 person years) and Black ethnic groups
had the highest incidence rate of 5.66 per 1000 person years.

Among people with prevalent T2DM at baseline, a total of 12,124 had DR events and
2200 people had STDR events. For DR, White ethnic groups reported the lowest incidence
rate (113.7 per 1000 person years) and South Asians reported the highest incidence rate
of 150.8 per 1000 person years. In relation to STDR, White ethnic groups had the lowest
incidence rate of 12.0 per 1000 person years and South Asian had the highest incidence rate
of 17.8 per 1000 person years.

3.5. Multivariable Analysis and Ethnic Variation in Incident DR/STDR

Table 4 shows results for the multivariable Cox regression analysis for DR and STDR
outcomes. Ethnicity was significantly associated with DR and STDR in both groups of
people with newly diagnosed T2DM and prevalent T2DM at baseline after adjustment
for all the covariates considered, which include age, gender, deprivation, BMI, Hba1c,
SBP, Total Cholesterol, eGFR, history of cardiovascular disease, history of antidiabetic,
antihypertensive and statin medication use.

Table 4. Multivariable Cox regression analysis of outcome measures in newly diagnosed diabetes—Newly diagnosed T2DM Cases.

DR STDR

Adjusted HR p Value Adjusted HR p Value

Ethnic Group
White (ref) 1 1
South Asian

Indian 1.10 (1.01–1.19) 0.029 0.86 (0.60–1.21) 0.377
Pakistani 1.14 (1.03–1.25) 0.011 1.36 (0.95–1.94) 0.094
Bangladeshi 1.02 (0.95–1.09) 0.733 0.80 (0.61–1.05) 0.107

Black
Caribbean 1.07 (0.98–1.17) 0.178 1.18 (0.85–1.65) 0.315
African 1.16 (1.07–1.26) <0.001 1.36 (1.02–1.83) 0.039

Mixed and other
Mixed 1.02 (0.86–1.21) 0.878 1.37 (0.76–2.48) 0.296
Other 1.10 (1.03–1.19) 0.012 1.26 (0.95–1.67) 0.108

Age at Study Entry, Years
<45 1.21 (1.09–1.35) 0.001 0.84 (0.56–1.25) 0.392
45–54 1.15 (1.04–1.27) 0.011 0.98 (0.67–1.43) 0.897
55–64 1.10 (0.99–1.22) 0.089 0.79 (0.54–1.17) 0.236
65–74 0.99 (0.89–1.10) 0.728 0.93 (0.63–1.38) 0.735
75+ 1 1

Gender
Female 1 1
Male 1.12(1.07–1.17) <0.001 1.22 (1.02–1.47) 0.001
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Table 4. Cont.

Townsend Score (quintiles)
1 (affluent) 1 1
2 0.93 (0.88–1.00) 0.028 0.83 (0.63–1.09) 0.176
3 0.95 (0.88–1.01) 0.072 1.05 (0.80–1.38) 0.724
4 0.95 (0.89–1.02) 0.105 1.24 (0.96–1.62) 0.104
5 (deprived) 0.90 (0.84–0.97) 0.002 1.18 (0.90–1.54) 0.229
Not recorded 0.58 (0.38–0.90) 0.015 0.51 (0.07–3.63) 0.497

Body Mass Index (kg/m2)
<18.5 1 1
18.5–25 1.00 (0.81–1.24) 0.97 0.66 (0.37–1.17) 0.157
25–30 0.90 (0.73–1.12) 0.322 0.47 (0.27–0.82) 0.008
≥30 0.87 (0.70–1.07) 0.172 0.32 (0.18–0.57) <0.001
Not recorded 0.73 (0.58–0.91) 0.005 0.24 (0.12–0.48) <0.001

HbA1c (mmol/mol)
<50 1 1
50–99 1.19 (1.12–1.26) <0.001 1.43 (1.10–1.84) 0.007
≥100 1.70 (1.57–1.85) <0.001 3.68 (2.73–4.95) <0.001
Not recorded 1.07 (0.98–1.16) 0.143 1.31 (0.92–1.87) 0.13

Systolic Blood Pressure—SBP
(mmHg)
<120 1 1
120–129 1.05 (0.98–1.12) 0.237 1.13 (0.85–1.51) 0.385
130–140 1.07 (1.01–1.15) 0.05 1.23 (0.93–1.62) 0.147
≥140 1.25 (1.17–1.33) <0.001 1.88 (1.45–2.44) <0.001
Not recorded 0.95 (0.80–1.14) 0.551 0.98 (0.47–2.02) 0.947

Total Cholesterol (mmol/L)
<5.2 1 1
5.2- 6.1 0.97 (0.92–1.02) 0.195 0.83 (0.67–1.02) 0.081
≥6.2 1.01 (0.95–1.08) 0.795 0.94 (0.75–1.19) 0.622
Not recorded 0.91 (0.80–1.03) 0.13 1.37 (0.89–2.11) 0.149

eGFR (mL/min/1.73m2)
≥60 1 1
<60 1.09 (1.00–1.19) 0.057 1.32 (0.97–1.79) 0.077
Not recorded 1.00 (0.90–1.12) 0.968 1.20 (0.80–1.79) 0.375

Cardiovascular Disease
History—ever
No 1 1
Yes 1.05 (0.97–1.13) 0.304 1.06 (0.77–1.46) 0.722

Antidiabetic Drugs
History—ever Closest Record to
Baseline
No drug 1 1
One drug 0.97 (0.93–1.02) 0.142 0.97 (0.81–1.16) 0.725

History of Antihypertensive
Medication
No 1 1
Yes 1.02 (0.97–1.07) 0.495 0.77 (0.63–0.93) 0.008

Statin History
No 1 1
Yes 1.12 (1.07–1.18) <0.001 1.20 (0.99–1.46) 0.066

Abbreviations: eGFR-Estimated glomerular filtration rate. ‘Other’ group: this group included Chinese, other Asian, other Black and people
belong to any other ethnicity.
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Among people with newly diagnosed T2DM, Indian, Pakistani, African and ‘Other’
ethnic groups had significantly higher risk of DR compared to White ethnic groups with
African having the highest risk (HR: 1.16 95% CI 1.07–1.26) (Figure 2a). However, in relation
to STDR, only Africans (HR: 1.36; 95% CI 1.02–1.83) showed an increased risk compared to
White ethnic groups (Figure 2b).
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Figure 2. Risk of DR and STDR in ethnic minorities compared to white population.

Among those with prevalent T2DM at baseline, Indian, Pakistani, Bangladeshi and
Caribbean ethnic groups showed an increased risk of DR compared to White ethnic groups
with Indian having the highest risk (HR: 1.24 95% CI 1.16–1.32) (Figure 2c). In the same
group of people, Indian, Pakistani, Bangladeshi, Caribbean and ‘other’ ethnic groups
showed a significantly higher risk of STDR compared to White ethnic groups with Indians
having the highest risk of STDR (HR: 1.38 95% CI 1.17–1.63).

3.6. Other Risk Factors Contributing to DR and STDR

There were several other risk factors that were significantly associated with DR and
STDR after adjustment for all the covariates considered in this study as given Tables 4 and 5.
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Table 5. Multivariable Cox regression analysis of outcome measures in people with known diabetes—KnownT2DM Cases.

DR STDR

Adjusted HR p Value Adjusted HR p Value

Ethnic Group
White (ref) 1 1
South Asian

Indian 1.24 (1.16–1.33) <0.001 1.39 (1.18–1.63) <0.001
Pakistani 1.20 (1.11–1.30) <0.001 1.28 (1.05–1.55) 0.016
Bangladeshi 1.11 (1.05–1.17) <0.001 1.36 (1.19–1.55) <0.001

Black
Caribbean 1.09 (1.01–1.16) 0.02 1.22 (1.04–1.43) 0.016
African 1.06 (0.98–1.14) 0.145 1.10 (0.92–1.33) 0.294

Mixed and Other
Mixed 1.10 (0.96–1.26) 0.19 1.17 (0.85–1.61) 0.328
Other 1.03 (0.97–1.11) 0.335 1.25 (1.07–1.47) 0.006

Duration of Diabetes
0 to <2 years (ref) 1 1
2 to <5 years 1.17 (1.10–1.24) <0.001 1.18 (0.99–1.40) 0.059
5 to <10 years 1.37 (1.29–1.45) <0.001 1.40 (1.18–1.66) <0.001
≥10 years 1.83 (1.71–1.96) <0.001 2.46 (2.06–2.90) <0.001

Age at Study Entry, Years
<45 1.52 (1.40–1.66) <0.001 1.68 (1.37–2.05) <0.001
45–54 1.51 (1.40–1.62) <0.001 1.91 (1.60–2.29) <0.001
55–64 1.32 (1.23–1.42) <0.001 1.41 (1.18–1.68) <0.001
65–74 1.15 (1.07–1.23) <0.001 1.35 (1.14–1.61) 0.001
75+ 1 1

Gender
Female 1 1
Male 1.10 (1.06–1.14) <0.001 1.15 (1.06–1.26) 0.001

Townsend Score (quintiles)
1 1 1
2 0.95 (0.89–1.00) 0.067 1.06 (0.91–1.22) 0.495
3 0.97 (0.91–1.02) 0.247 1.22 (1.06–1.40) 0.005
4 0.91 (0.86–0.97) 0.003 1.22 (1.06–1.40) 0.005
5 0.95 (0.89–1.00) 0.088 1.30 (1.13–1.49) <0.001
Not recorded 0.86 (0.58–1.28) 0.462 0.46 (0.11–1.88) 0.286

Body Mass Index (kg/m2)
<18.5 1 1
18.5–25 1.03 (0.88–1.20) 0.703 0.94 (0.66–1.35) 0.756
25–30 1.00 (0.86–1.18) 0.94 0.89 (0.63–1.27) 0.551
≥30 0.91 (0.78–1.07) 0.261 0.76 (0.53–1.08) 0.132
Not recorded 0.96 (0.81–1.13) 0.63 1.06 (0.74–1.53) 0.72

HbA1c (mmol/mol)
<50 1 1
50–99 1.29 (1.23–1.36) <0.001 1.62 (1.40–1.87) <0.001
≥100 1.83 (1.69–1.98) <0.001 3.20 (2.68–3.83) <0.001
Not recorded 1.00 (0.92–1.09) 0.905 1.53 (1.25–1.88) <0.001

Systolic Blood Pressure—SBP (mmHg)
<120 1 1
120–129 1.12 (1.05–1.18) <0.001 1.26 (1.09–1.45) 0.001
130–140 1.16 (1.10–1.23) <0.001 1.34 (1.17–1.55) <0.001
≥140 1.28 (1.21–1.35) <0.001 1.80 (1.57–2.05) <0.001
Not recorded 0.97 (0.84–1.13) 0.709 1.17 (0.83–1.63) 0.356
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Table 5. Cont.

Total Cholesterol (mmol/L)
<5.2 1 1
5.2–6.1 0.96 (0.91–1.02) 0.197 1.01 (0.88–1.15) 0.871
≥6.2 0.96 (0.89–1.03) 0.233 1.04 (0.88–1.24) 0.593
Not recorded 0.99 (0.91–1.07) 0.857 1.07 (0.89–1.27) 0.473

eGFR (mL/min/1.73m2)
≥60 1 1
<60 1.10 (1.04–1.17) 0.001 1.35 (1.19–1.54) <0.001
Not recorded 1.05 (0.98–1.14) 0.178 1.10 (0.93–1.30) 0.279

History of Cardiovascular Disease
No 1 1
Yes 0.98 (0.93–1.04) 0.584 0.96 (0.85–1.08) 0.514

History of Antidiabetic Drugs History-
No drug 1 1
One drug 1.01 (0.94–1.07) 0.854 0.82 (0.68–0.98) 0.035
Two drugs 1.26 (1.18–1.34) <0.001 1.36 (1.15–1.60) <0.001
Insulin 1.77 (1.65–1.89) <0.001 2.72 (2.30–3.21) <0.001

History of Antihypertensives
No 1 1
Yes 0.99 (0.95–1.04) 0.752 1.00 (0.89–1.12) 0.993

History of Statin
No 1 1
Yes 1.07 (1.01–1.13) 0.008 0.96 (0.85–1.08) 0.519

Abbreviations: eGFR- Estimated glomerular filtration rate. ‘Other’ group: this group included Chinese, other Asian, other Black and people
belong to any other ethnicity.

Among people with newly diagnosed T2DM at baseline, those who were in age
<55 had significantly higher risk of DR compared to those who were aged 75+ (Table 4).
Men were more likely to have DR and STDR compared to women with 12% (HR: 1.12
95% CI 1.07–1.17) and 22% (HR: 1.22 95% CI 1.02–1.47) increased risk, respectively. Those
with HbA1c ≥ 100mmol/mol had highest risk of DR (HR:1.70 95% CI 1.57–1.85) and STDR
(HR: 3.68 95% CI 2.73–4.95) compared to those with HbA1c < 50 mmol/mol. People with
SBP ≥ 140mmHg had higher risk of DR (HR: 1.25 95% CI 1.17–1.33) and STDR (HR: 1.88
95% CI 1.45–2.44) compared to those with SBP < 120 mmHg. Total cholesterol, eGFR, CVD
history and history of one antidiabetic drug use were not significantly associated with the
risk of DR or STDR.

Among people with prevalent T2DM at baseline, those who had duration of ≥10 years
diabetes had the highest risk of any DR (HR: 1.83 95% CI 1.71–1.96) and STDR (HR: 2.46
95% CI 2.06–2.90) compared to those with 0 to 2 years of duration (Table 5). People aged
45–54 years had the highest risk of DR and STDR compared to those who are aged 75+. Men
had 10% (HR: 1.10 95% CI 1.06–1.14) and 15% (HR: 1.15 95% CI 1.06–1.26) increased risk
of DR and STDR compared to women, respectively. Those with HbA1c ≥ 50 mmol/mol,
SBP ≥ 120 mmHg, eGFR < 60 mL/min/1.73m2 had higher risk of DR and STDR compared
to those in HbA1c < 50 mmol/mol, SBP < 120 mmHg and eGFR ≥ 60 mL/min/1.73m2,
respectively. BMI, total cholesterol, CVD history and history of antihypertensive drugs
were not significantly associated with the risk of DR or STDR.

4. Discussion

We investigated the ethnic differences in developing DR and STDR among people
with newly diagnosed and prevalent T2DM using a primary care dataset from East London
in which more than 98% of people with T2DM had complete data on ethnicity. From this
dataset, over 58,000 people were eligible to be included in this study and among people
with newly diagnosed T2DM, we observed incidence rates of 82.8 and 4.2 events per
1000 person years for DR and STDR, respectively. Among people with prevalent T2DM,

171



J. Pers. Med. 2021, 11, 740

the incidence rates for DR and STDR were 135.4 and 16.0 events per 1000 person years,
respectively. These rates varied between different ethnic groups with higher incidence rates
among South Asians and Africans compared to White ethnic groups. South Asian and Black
ethnic groups had increased risk of any DR and STDR compared to White ethnic groups
even after adjustment for age, gender, deprivation, BMI, Hba1c, SBP, total Cholesterol,
eGFR, history of cardiovascular disease, history of antidiabetic drugs, antihypertensive
and statins. Among people with newly diagnosed T2DM, Africans were 36% more likely to
have STDR compared to White ethnic groups (HR: 1.36 95% CI 1.02–1.83). Among people
with prevalent T2DM, Indians had the highest risk of any DR with 24% increased risk
(HR: 1.24 95% CI 1.16–1.32) and STDR with 38% (HR: 1.38 95% CI 1.17–1.63) increased
risk compared with White ethnic groups after adjusting for all the covariates considered.
Overall, people with prevalent T2DM group with a mean duration 7.4 years at baseline
showed stronger association between ethnicity and DR/STDR compared to the group of
people with newly diagnosed T2DM diabetes at baseline.

In existing literature, there is only a small number of studies on incidence of DR and
STDR, and most of them do not consider ethnicity as a possible risk factor. These studies
included a UK study conducted among 1919 people with newly diagnosed diabetes and
reported that 22% of the people developed retinopathy by the end of their follow-up period
of 6 years [20]. The Liverpool Diabetes Eye Study was conducted among 4770 newly
diagnosed T2DM people and 3.9% people developed STDR by the end of their 5 year
follow-up period [21]. In another study with 16,444 people with T2DM, 16.4% developed
DR and 2.7% people developed STDR after 10 years of follow-up [22]. Two recent studies
by McKay eta al [23,24] also reported DR and STDR incidence among people with T2DM
using the CPRD dataset. The first study reported 8263 (13.8%) of DR cases and 832 (1.4%)
STDR cases during the 3.5 year and 3.8 year follow up periods, respectively. This was
equivalent to an incidence rate of 39.2 cases per 1000 person years for DR and 3.6 cases
per 1000 person years for STDR [24]. The second study assessed incidence of STDR among
those with mild non-proliferative DR and a total of 1037 (5.5%) people developed STDR
over a mean follow-up period of 3.6 (SD 2.0) years [23]. Although it is challenging to
compare these studies, the event rates of both DR and STDR were higher in our study
among both groups of people with newly diagnosed as well as prevalent diabetes at
baseline. This is likely to be due to the higher proportion of minority ethnic group in our
study population who have a higher risk of diabetes in general [7–9] as well as higher risk
of DR as shown in this study.

A study by Mathur et al. used CPRD data with a nationally representative sample
of people with T2DM in the UK and reported the difference of DR and STDR incidence
by ethnicity. According to this study, there was no statistically significant difference in
incidence of DR among ethnic minority groups compared to White ethnic groups, however
in relation to STDR, South Asians had significantly higher risk compared to White ethnic
groups (HR: 1.25 95% CI 1.00–1.56) after adjustment for age, duration of diabetes, gender,
deprivation and UK region [4]. Even though the CPRD study had assessed differences in
DR and STDR incidence by ethnicity, one of the main limitations of this dataset was poor
representation of minor ethnic groups due to lack of recording of ethnicity in CPRD data.

When we consider prevalence studies, higher prevalence of DR among South Asians
and Africans have been observed compared to White ethnic groups [25]. A study that
aimed to provide estimates of visual impairment (including DR) among people attending
DR screening in the UK in 2012, showed that South Asians (OR 1.10, 95% CI 1.02 to 1.18)
and Black ethnic groups (OR 1.79, 95CI 1.70 to 1.89) have higher prevalence of visual
impairment compared to White groups [25]. Another study from the UK on DR screen-
ing has identified younger age, social deprivation, ethnicity and duration of diabetes as
independent risk factor of non-attendance, and referable retinopathy confirmed the same
association of increase risk of referable DR among Asians (OR 1.57, 95%CI 1.43 to 1.72)
and Black (OR 1.65, 95% CI 1.49–1.83) ethnic groups compared to White groups even after
adjusting for age, gender, deprivation, diabetes duration and type [26]. All these findings
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suggest that extra efforts should be made to identify and treat STDR in these ethnic groups
and to ensure that recording of self-reported ethnic group is implemented. It is now a
contractual obligation in the 2020 general practice contract and is also a requirement of hos-
pital data [27,28]. East London general practitioners have successfully prioritised recording
of self-reported ethnic group over three decades [29].

Previous studies have suggested that higher prevalence of DR and STDR among ethnic
minorities is likely to be due to suboptimal control of risk factors, delayed attendance
at DR screening programmes and poor treatment outcomes compared to White ethnic
groups in the UK [30]. However, the role of ethnicity as an independent risk factor in
developing DR and STDR is less well-researched mainly due to the lack of data from
cohorts representing the three main ethnic groups in the UK. In this study, we’ve adjusted
for all known risk factors that are found to be associated with DR and STDR and found
that ethnicity is an independent risk factor for incident DR and STDR with higher risk
among ethnic minorities. The initial univariable analysis showed that higher proportion
of South Asians were younger, affluent and had lower blood pressure compared to other
groups. Despite these characteristics of South Asians at study baseline, adjustment for all
relevant covariates in the multivariable analysis revealed that they have a higher risk of
DR and STDR compared to Whites and other groups.

We also ensured generalisability of our study results by utilising routinely collected
data from anonymised electronic datasets of patients in the NHS in the UK. The NHS
is also free to all at the point of delivery, reducing inequalities in accessing healthcare.
Another strength of our study is that the primary care datasets we used also had more
than 98% of completeness in relation to self-reported ethnicity recording. This routinely
collected primary care data set is regularly updated and therefore can be used to provide
timely information on demographic makeup of the general population in the relevant area.
Moreover, the data used in this study was collected prospectively and therefore the data
are less likely to be affected by recall bias, or observer bias which could be issues in survey
data or retrospectively collected data.

Routinely collected primary care data only provides what is recorded by the clinician
and therefore, in this dataset some of the data might be missing if they were not recorded.
Data recording practices in general practice settings may also vary based on different
financial incentivisation packages. In addition, incomplete data and coding errors can
occur. However, we have addressed these issues by checking the data for any implausible
values and excluding them and also having missing data as a separate category within the
data analysis to keep any bias to a minimum.

5. Conclusions

Our study illustrates the higher risk of DR and STDR in people with T2DM from
ethnic minority groups. These groups also have a higher prevalence of T2DM, further
increasing their risk of DR and STDR compared to the White population. Retinopathy is
another adverse health outcome therefore that is more common in people with T2DM from
ethnic minority groups. Our findings illustrate the importance of improving the prevention,
early diagnosis and management of T2DM in the UK to reduce the burden of ill-health
from retinopathy and the other adverse outcomes of T2DM, particularly in people from
ethnic minority groups.
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Abstract: Background: To evaluate the performance of a machine-learning (ML) algorithm to detect
and classify choroidal neovascularization (CNV), secondary to age-related macular degeneration
(AMD) on spectral-domain optical coherence tomography (SD-OCT) images. Methods: Baseline fluo-
rescein angiography (FA) and SD-OCT images from 1037 treatment-naive study eyes and 531 fellow
eyes, without advanced AMD from the phase 3 HARBOR trial (NCT00891735), were used to develop,
train, and cross-validate an ML pipeline combining deep-learning–based segmentation of SD-OCT
B-scans and CNV classification, based on features derived from the segmentations, in a five-fold
setting. FA classification of the CNV phenotypes from HARBOR was used for generating the ground
truth for model development. SD-OCT scans from the phase 2 AVENUE trial (NCT02484690) were
used to externally validate the ML model. Results: The ML algorithm discriminated CNV absence
from CNV presence, with a very high accuracy (area under the receiver operating characteristic
[AUROC] = 0.99), and classified occult versus predominantly classic CNV types, per FA assessment,
with a high accuracy (AUROC = 0.91) on HARBOR SD-OCT images. Minimally classic CNV was
discriminated with significantly lower performance. Occult and predominantly classic CNV types
could be discriminated with AUROC = 0.88 on baseline SD-OCT images of 165 study eyes, with CNV
from AVENUE. Conclusions: Our ML model was able to detect CNV presence and CNV subtypes on
SD-OCT images with high accuracy in patients with neovascular AMD.

Keywords: age-related macular degeneration; choroidal neovascularization; classification; machine
learning; optical coherence tomography

1. Introduction

Early detection of active choroidal neovascularization (CNV) is crucial for the timely
treatment of neovascular age-related macular degeneration (nAMD), in order to achieve
a good outcome [1]. Clinicians are increasingly switching from fluorescein angiography
(FA) to optical coherence tomography (OCT) for the diagnosis and management of nAMD,
due to the advantages associated with OCT, including being noninvasive, enabling quick
acquisition of retinal images with minimum technician training, and providing both quali-
tative and quantitative information [2–4]. However, an advantage of FA is that it provides
information on flow dynamics within the lesion [5], and most importantly, confirms dis-
ease activity, characterized by dye leakage. Phenotyping CNVs at baseline on FA, and
sometimes additionally on indocyanine green angiography, has long been the standard
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of care and helps establish the management plan. For example, patients with polypoidal
choroidal vasculopathy (PCV) may benefit from combination therapy [6–8]. In clinical trials,
this information would help identify subgroups of patients with particularly beneficial
outcomes, with novel therapies [9]. Optimal patient stratification may become increasingly
important, as multiple combination therapies are poised to enter the market or are in
clinical trials, especially in patients who show partial response or non-response to current
first-line treatment with antiVEGF agents [10,11].

In OCT, CNV is graded based on its relationship to the retinal pigment epithelial
layer [12,13], whereas in FA, en-face flow patterns within the lesion are used to phenotype
the CNV [13]. By comparing the two modalities and using an automated approach to
evaluate the large quantity of data from three-dimensional SD-OCT volume scans, key
features mirroring the flow dynamics and substituting en-face information available in FA
could be extracted. Once identified, the impact of novel and existing therapies on these key
features could increase our understanding of the disease phenotype, pathophysiology, and
specific response to therapy.

Machine learning has the potential to unravel high-dimensional patterns from image
data (complex interactions related to a given phenotype), as opposed to features that are
correlated only individually to the outcome, providing enhanced capabilities for knowledge
extraction. It also provides options for automated screening and diagnosis, enhancing the
speed and reproducibility of these processes.

In this study, using the phenotypic CNV definitions derived from FA as the reference
standard, we developed a machine learning (ML) model capable of identifying these CNV
subtypes, using OCT alone. We present the data on performance of this model for the
detection and classification of CNV (as per FA) using the SD-OCT images. In addition,
using a sub-symbolic approach, we identified key features on OCT that relate to particular
CNV subtypes on FA. To the best of our knowledge, no previous study has leveraged
this combination of ML approaches or reported findings similar to those presented in the
current study.

2. Materials and Methods

2.1. Participants

This study was a retrospective analysis of prospectively collected baseline FA and
SD-OCT images of the study eyes and fellow eyes of patients with nAMD, in the phase 3
HARBOR (NCT00891735) and phase 2 AVENUE (NCT02484690) trials.

The above trials adhered to the tenets of the Declaration of Helsinki, were Health In-
surance Portability and Accountability Act compliant, and the protocols were approved by
the relevant institutional review boards and ethics committees. Patients provided written
informed consent for secondary use of data at enrolment, including future medical research,
and additional analyses. In HARBOR, SD-OCT was performed using the Cirrus HD-OCT
III instrument (Carl Zeiss Meditec, Dublin, CA, USA) producing 512 × 128 × 1024 voxels
with a size of 11.7 × 47.2 × 2.0 µm3, covering a volume of 6 × 6 × 2 mm3. In AVENUE,
SD-OCT was performed using the Heidelberg Spectralis instrument (Heidelberg Engineer-
ing, Heidelberg, Germany). Study design and main outcomes of HARBOR [14,15] and
AVENUE [10] have been published previously. In brief, both studies recruited patients
with treatment-naive subfoveal CNV secondary to AMD, as diagnosed by a reading center
(Digital Angiography Reading Center, Great Neck, NY [DARC]). In AVENUE, patients
with juxtafoveal CNV on FA, with a subfoveal component on SD-OCT were also included.
Eligibility for both studies was confirmed by the same central reading center (DARC), and
the published standard definitions of CNV types have been used in both studies [13].

2.2. Classification of CNV

Both studies allowed recruitment of all CNV types. CNVs were classified at baseline
on FA as predominantly classic, minimally classic, or occult, based on the proportion of
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the occult component within the CNV lesion, as previously described by the Macular
Photocoagulation Study (MPS) Group [13].

2.3. Selection of Fellow Eyes

Treatment-naive fellow eyes of patients in HARBOR without advanced AMD, were
also included to train the model. Fellow eyes were filtered to exclude those with prior
treatment or any type of late-stage AMD.

2.4. OCT Image Processing and Analysis

2.4.1. Retinal Layer Segmentations

Twelve retinal layers (Figure 1; among them inner limiting membrane and retinal
pigment epithelium [RPE]) were automatically segmented in all selected SD-OCT volumes
using the Iowa reference algorithm [16]. Bruch’s membrane was added as the thirteenth
layer (convex hull of the RPE) and was computed using scikit-image [17]; thus, it was
based on an approximation and not on a real segmentation.

Figure 1. Example of the automated layer segmentation of 13 retinal layers. BM, Bruch’s membrane; BMEIS, boundary of
myoid and ellipsoid inner segments; GCL-IPL, ganglion cell layer-inner plexiform layer; IB OPR, inner boundary outer
photoreceptor; IB RPE, inner boundary retinal pigment epithelium; ILM, internal limiting membrane; INL-OPL, inner
nuclear layer-outer plexiform layer; IPL-INL, inner plexiform layer-inner nuclear layer; ISJ OSJ, inner segment/outer
segment junction; OB OPR, outer boundary outer photoreceptor; OB RPE, outer boundary retinal pigment epithelium;
OPL-HFL, outer plexiform layer-Henle’s fiber layer; and RNFL-GCL, retinal nerve fiber layer-ganglion cell layer.

2.4.2. Fluid Annotations

Fluid volumes were annotated by experts from the Liverpool Ophthalmology Read-
ing Center on the B-scan level and subjected to internal quality assurance processes (a
subselection of B-scan annotations of each grader was adjudicated and reviewed by a
senior clinician). Specifically, a sparse selection of 19 B-scans per volume scan across a
total of 50 volume scans (950 B-scans in total), obtained from Cirrus (Carl Zeiss Meditec)
OCT machines (see Supplementary Table S1 for definitions used for the annotations), were
annotated by drawing contours of the intraretinal fluid (IRF; cystoid spaces), subretinal
fluid (SRF), and pigment epithelial detachment (PED), as well as subretinal hyperreflective
material (SHRM; a morphological feature seen on OCT as hyperreflective material located
external to the neurosensory retina but internal to the RPE [18,19]).

Contours were drawn on the B-scans, stored in the raster format, and then converted
to label maps of the original image dimension. The annotations were done using a Matlab
software tool developed for the Liverpool reading center.

2.4.3. Fluid Segmentations

The U-Net, a convolutional neural network for biomedical image segmentation [20],
was trained to recognize fluids, using the annotated volumes as a training material (pixel-
level semantic segmentation). All SD-OCT volumes from both HARBOR and AVENUE
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were segmented with the trained U-Net model, and there was no adaptation of the model to
accommodate the specific characteristics of the AVENUE volumes (Heidelberg Spectralis).

2.4.4. Feature Generation

In total, 105 volume and volume-wide thickness descriptors (see Supplementary Table S2
for a detailed feature list), based on the macular subfield definitions provided by the Early
Treatment Diabetic Retinopathy Study [21] grid, were automatically extracted from the
automated segmentations. See Figure 2 for a sketch of the segmentation and feature
extraction pipeline. Specifically, IRF, SRF, and PED, as well as SHRM, were segmented
using the segmentation method described above, then reassembled into volumes, where
each voxel is mapped to either one of the four segmented targets, or not mapped to any.
Finally, descriptors were first individually derived for all B-scans of a volume, and then
combined to form C-scan volume measurements.

 
Figure 2. Segmentation pipeline. Sketch of the segmentation pipeline, involving training, prediction, and feature calculation
for both fluidic and layer features. See Supplementary Table S2 for a detailed feature list.

2.4.5. Machine Learning

The SD-OCT features were profiled for their utility to predict various binary outcomes
(see the Results section for outcome definitions) derived from FA. Cross-validation was
used to assess the predictive performance. When no hyperparameter tuning or feature
selection was used, no holdout set was put aside and every data point was predicted
exactly once. The corresponding performance was reported. This approach was used for all
outcomes that reached very high area under the receiver operating characteristic (AUROC)
values, namely the CNV presence/absence outcome. Otherwise, a holdout set with 15% of
the data was put aside first, and supervised feature elimination and hyperparameter tuning
were performed in two stages, using non-nested cross-validation on 85% (Supplementary
Figure S1) of the imaging data. A model was established using the best feature sets and
the hyperparameter values found, and the predictive performance on the holdout set was
subsequently reported.

When classifying predominantly classic versus occult CNV, the tuning process de-
scribed above was applied to 100% of HARBOR data, and the established model was
used to predict predominantly classic and occult CNV on SD-OCT of AVENUE study eyes
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(Supplementary Figure S2). The predictions were then compared with the FA labeling in
AVENUE for accuracy. See the Supplementary Methods for details on the ML methodology.

2.5. Statistical Analysis

2.5.1. Classification

AUROC was used to measure performance of the models to discriminate two classes
from each other. AUROC is a measure of discriminative performance of a binary classifier
predicting a numeric score (probability) for class membership. AUROC was obtained by
sliding a threshold over the predicted probability to assess the tradeoff between sensitivity
and specificity learned by the model. Each point thus obtained was associated with a certain
sensitivity and specificity. Reported pairs of sensitivity and specificity corresponded to
Youden’s cutoff point. The receiver operating characteristic (ROC) curve was plotted with
sensitivity and specificity on the y- and x-axes, respectively. The perfect classifier will have
sensitivity and specificity = 1, and the ROC curve will pass through the top left corner
of the chart, with an AUROC = 1. Confidence intervals for ROC values were obtained
by bootstrapping.

2.5.2. Correlations

To validate the automatically generated features, non-parametric Spearman correlation
coefficients were used, measuring the correlations between the reading center reads and an
associated subset of the automated image analysis features.

2.5.3. SHapley Additive exPlanations (SHAP) Analysis

SHAP analysis [22] is a means to analyze individual predictions made by an ML
model. For each feature and predicted data point, SHAP analysis explains the difference
between the average model prediction of a given dataset and the individual prediction of
this point. This approach explains individual predictions and contributions of each feature,
as well as analyzes the overall significance (impact and bias) of the features in a trained
ML model, with respect to a given population.

3. Results

3.1. Patient Characteristics

Out of a total of 1098 patients randomized in HARBOR, baseline FA and SD-OCT
images were available for 1037 study eyes. In the HARBOR baseline data, CNVs were
classified (per FA) as predominantly classic in 163 eyes, minimally classic in 492 eyes, and
occult in 382 eyes. Out of a total of 272 patients randomized in AVENUE, baseline FA and
SD-OCT images were available for 268 study eyes. CNVs in AVENUE at baseline were
classified (per FA) as predominantly classic in 39 eyes, minimally classic in 103 eyes, and
occult in 126 eyes. Additionally, 531 healthy fellow eyes from HARBOR without advanced
AMD (neither CNV nor GA) were used as negative controls.

3.2. Feature Generation

Segmentation performance for SRF, IRF, PED, and SHRM was assessed against annota-
tions on the HARBOR SD-OCT images and was measured via DICE scores (Sørensen–Dice
similarity coefficients; Table 1). Performance for SHRM and PED was better than that for
SRF and IRF. Feature evaluation was also performed on various thickness and volumetric
reads from AVENUE. Automatically extracted features with the closest definitions to the
reading-center-defined feature readouts were selected for comparison to the manual reads,
in order to demonstrate that there was a high correlation between manual readouts and
automated readouts (Table 2).
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Table 1. Segmentation Performance—DICE Scores for the three fluids (IRF, SRF, PED), and SHRM.

Type N (Total) N (Train/Valid)
Validation DICE

Mean (SD)

SRF 700 557/143 0.67 (0.05)
IRF 935 694/241 0.46 (0.12)
PED 622 508/114 0.63 (0.07)

SHRM 760 312/65 0.71 (0.06)

Table 2. Human Readouts vs. Automated Readouts for AVENUE. Many automated readouts were
generated. This table demonstrates that there was a high correlation between manual readouts that
most clearly correspond to the automated [MA1] readouts.

Reading Center Feature Automated Feature Spearman r

CENT RET THICK µm Central subfield thickness IB
RPE-to-ILM 0.5 mm min 0.84

CENT RET/LESION THICK µm Central subfield thickness
BM-to-ILM 0.5 mm min 0.79

CENT SUBFIELD THICK ILM-RPE µm Central subfield thickness IB
RPE-to-ILM 0.5 mm mean 0.93

CUBE VOL ILM-RPE mm 3.0 mm Central subfield volume IB
RPE-to-ILM 3.0 mm 0.90

LESION THICK µm Central subfield thickness
BM-to-ILM 3.0 mm max 0.83

PED THICK µm C-scan height PED 3.0 mm 0.71
SUBRET FLUID THICK µm C-scan height SRF 3.0 mm 0.61

Type indicates volumetric pathology type; N (Train/Valid) indicates number of sam-
ples in the training and validation datasets, respectively; validation DICE indicates the
DICE score achieved during the validation of the model.

IRF, intraretinal fluid; PED, pigment epithelial detachment; SD, standard deviation;
SHRM, subretinal hyperreflective material; and SRF, subretinal fluid.

Various thickness and volumetric measurements compared to the reading center readouts.
BM, Bruch’s membrane; IB, inner boundary; ILM, inner limiting membrane; Spearman

r, Spearman correlation coefficient; PED, pigment epithelial detachment; RPE, retinal
pigment epithelium; and SRF, subretinal fluid.

Balance indicates the number of positive/negative cases; cutoff indicates the critical
value of the predicted score corresponding to the AUROC value.

AUROC, area under the receiver operating characteristic; CNV, choroidal neovascu-
larization; FA, fluorescein angiography; FN, number of false negatives; FP, number of false
positives; and SD-OCT, spectral-domain optical coherence tomography.

3.3. HARBOR Analysis

As described in the section ‘Machine Learning’, we assessed the ability of ML to
discern eyes with any CNV type from eyes without CNV on SD-OCT, by pooling data
across the three types (predominantly classic, minimally classic, and occult) and contrasting
them with feature data from the 531 healthy fellow eyes. Presence of any CNV could be
almost perfectly discriminated from absence of CNV (AUROC, 0.99; 95% CI, 0.99–1.00;
Table 3). Occult and predominantly classic CNV could be discriminated with high accuracy
from each other with AUROC = 0.91 (95% CI, 0.89–0.94; Figure 3, Table 4). Specificity
for discrimination of occult from a predominantly classic CNV was 81%, with a sensitiv-
ity of 89%, when defining occult as the positive class and predominantly classic as the
negative class. There were 32 false positives and 41 false negatives out of 163 actually
negative and 382 actually positive observations, respectively (Table 5). Minimally classic
was discriminated from occult and predominantly classic with AUROC = 0.70 (95% CI,
0.60–0.79) and AUROC = 0.73 (95% CI, 0.61–0.85), respectively. Occult was discriminated

182



J. Pers. Med. 2021, 11, 524

from minimally classic and predominantly classic (when the two were pooled together)
with AUROC = 0.81 (95% CI, 0.73–0.88).

Table 3. Diagnostic Accuracy of the Algorithm in Detecting FA-Defined CNV Phenotype on SD-OCT; Cross-validation
results report best-tuned performance across the parameter grid. External validation reports unbiased performance against
hold-out data.

Outcome Balance FP/FN Cutoff Sensitivity Specificity AUROC (95% CI)

Cross-Validated Performance for CNV vs. No CNV on HARBOR (No Parameter Tuning)

Any CNV vs. none 1037/531 23/15 0.3815 0.99 0.98 1.00 (0.99–1.00)
Predominantly classic vs. none 163/531 1/7 0.9996 0.99 1.00 1.00 (1.00–1.00)

Minimally classic vs. none 492/531 10/10 0.6227 0.98 0.98 1.00 (0.99–1.00)
Minimally classic + predominantly

classic vs. none 653/531 14/6 0.1831 0.99 0.98 0.99 (0.99–1.00)

Occult vs. none 382/531 17/24 0.9785 0.96 0.96 0.99 (0.99–1.00)

Holdout Performance as Measured on 15% of HARBOR

Minimally classic + predominantly
classic vs. occult 104/56 20/19 0.4036 0.67 0.81 0.81 (0.73–0.88)

Predominantly classic vs. minimally
classic 22/82 22/8 0.7051 0.74 0.65 0.73 (0.61–0.85)

Occult vs. minimally classic 55/81 25/16 0.5390 0.72 0.70 0.70 (0.60–0.79)

Best-Tuned Performance on HARBOR for Predominantly Classic vs. Occult

Predominantly classic vs. occult 163/382 32/41 0.6110 0.89 0.81 0.91 (0.89–0.94)

External Performance on AVENUE for Predominantly Classic vs. Occult

Predominantly classic vs. occult 126/39 7/24 0.8058 0.81 0.84 0.88 (0.82–0.95)

Table 4. Resampling performance.

ROC Sens Spec Resample

0.953 0.750 0.948 Fold 1
0.930 0.641 0.957 Fold 2
0.901 0.840 0.880 Fold 3
0.900 0.568 0.960 Fold 4
0.921 0.786 0.950 Fold 5

Table 5. Contingency table, counting all combinations of the predicted versus observed.

Predicted Observed n

POS (OCCULT) POS (OCCULT) 341
NEG NEG 131

POS (OCCULT) NEG 32
NEG POS (OCCULT) 41

ROC indicates area under the curve in percentage; and resample indicates the specific
fold from the five-fold cross-validation.

Predicted indicates class predicted by the model; observed indicates class as graded
on FA; and n indicates the number of samples.
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Figure 3. ROC analysis of predominantly classic versus occult (best-tuned performance). Sensitivity
versus specificity for all possible ROC cutoff points with respect to the predicted occult scores in
HARBOR, including 95% CIs (bootstrapped). The location of the red crosshair indicates the operating
point of the model. AUROC, area under the receiver operating characteristic; FA, fluorescein
angiography; NEG, negative; POS, positive; ROC, receiver operating characteristic; Sens, sensitivity;
and Spec, specificity.

3.4. Recursive Feature Elimination

For discrimination of occult from predominantly classic CNV, when starting with
the full 105-feature set and recursively eliminating the least important features, by repeat-
edly cross-validating with the reduced set, only 21 features were necessary to sustain an
average AUROC = 0.91 (Figure 4A). The 20 most informative features for discrimination
between occult and predominantly classic on a population level include SHRM and PED
volumes (Figure 4B, Table 6). See Figure 5A,B for representative appearance of occult and
predominantly classic cases on SD-OCT. SHAP analysis (Figure 6, Table 7) indicates that
higher values of SHRM volumes and lower values of PED volumes are most characteristic
of predominantly classic CNV, as opposed to occult CNV. Note the largely overlapping
findings with feature elimination in Table 6.
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(A) 

Figure 4. Cont.
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(B) 

Figure 4. (A) Recursive feature elimination cross-validation. Optimal performance for predominantly classic versus occult
was reached with 101 features out of 106, and only 21 features were necessary to sustain the average model performance of
91% AUROC. (B) Distribution of the top 20 feature values in the training data (predominantly classic vs. occult classes).
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Table 6. The features from Figure 4B in descending order of importance. BM, Bruch’s membrane;
HFL, Henle’s fiber layer; IB, inner boundary; ILM, inner limiting membrane; max, maximum; OB,
outer boundary; OPL, outer plexiform layer; PED, pigment epithelial detachment; ROC, receiver
operating characteristic; RPE, retinal pigment epithelium; SHRM, subretinal hyperreflective material;
and SRF, subretinal fluid.

Rank Feature Name

1 C-scan volume SHRM 1.5 mm
2 C-scan volume SHRM 3 mm
3 C-scan volume SHRM 0.5 mm
4 C-scan volume PED 1.5 mm
5 Central subfield thickness BM-to-OB_RPE 0.5 mm max
6 C-scan width SHRM 3 mm
7 C-scan width SHRM 1.5 mm
8 Central subfield thickness BM-to-OB_RPE 1.5 mm max
9 C-scan height PED 0.5 mm

10 Central subfield thickness IB_RPE-to-OPL-HFL 1.5 mm max
11 C-scan volume PED 3 mm
12 Central subfield volume BM-to-OB_RPE 0.5 mm
13 Central subfield thickness BM-to-OB_RPE 1.5 mm mean
14 Central subfield volume BM-to-OB_RPE 1.5 mm
15 Central subfield thickness BM-to-OB_RPE 0.5 mm mean
16 Central subfield thickness IB_RPE-to-OPL-HFL 3.0 mm max
17 Central subfield thickness BM-to-IB_RPE 1.5 mm max
18 Central subfield volume IB_RPE-to-ILM 0.5 mm
19 C-scan width SRF 0.5 mm
20 Central subfield thickness IB_RPE-to-ILM 0.5 mm mean

A. Representative case of predominantly classic CNV, as appearing on SD-OCT (true negative). 

 

Figure 5. Cont.
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B. Representative case of occult CNV, as appearing on SD-OCT (true positive). 

 

C. Classified by automated algorithm as occult CNV (false positive). 

 
Figure 5. Cont.
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D. Classified by automated algorithm as classic CNV (false negative). 

Figure 5. Representative cases showing comparison of machine algorithm with angiography. (A–D) Central SD-OCT
B-scans (top), with segmented pixel masks of volumetric measures and Bruch’s membrane (middle left), en-face projections
(middle center), and thickness maps (middle right), as well as corresponding FAs (bottom). Colors on the SD-OCT images
indicate volumetric measures as follows—intraretinal fluid (red), subretinal fluid (green), PED (blue), and SHRM (cyan).
Bruch’s membrane is shown as a red line. In (A), FA shows an area of hypofluorescence due to hemorrhage, and a
well-demarcated area of hyperfluorescence due to a predominantly classic CNV that leaks in later frames. This was also
identified as classic CNV by our ML algorithm, due to increased SHRM height and volume. In (B), FA demonstrates an
ill-defined area of stippled hyperfluorescence, due to an occult CNV that leaks diffusely in mid and late frames, and was
also identified as occult CNV by the ML algorithm, due to the presence of the PED. In (C), FA shows an area of well-defined
hyperfluorescence in mid frames that stains and leaks in late frames due to fibrosis. The image was classified as classic CNV
by the reading center, but was identified as occult CNV by the ML algorithm due to low SHRM height and volume. In
(D), FA shows an area of hypofluorescence due to hemorrhage and a poorly demarcated area of hyperfluorescence due to
the CNV. This lesion was defined as minimally classic by the reading center, but was identified as classic CNV by the ML
algorithm due to the SHRM created by the hemorrhage. CNV, choroidal neovascularization; FA, fluorescein angiogram; ML,
machine learning; PED, pigment epithelium detachment; SD-OCT, spectral-domain optical coherence tomography; and
SHRM, subretinal hyperreflective material.
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Figure 6. SHAP analysis external validation. SHAP analysis for the CNV type predictions in
AVENUE. Every prediction contributes exactly one dot to each row. Blue and red colors indicate lower
and higher feature values, respectively. SHAP values (x-axis) add up to the predicted probability
for occult (only 20 features with highest SHAP variance shown here). BM, Bruch’s membrane; CNV,
choroidal neovascularization; HFL, Henle’s fiber layer; IB, inner boundary; ILM, inner limiting
membrane; IRF, intraretinal fluid; max, maximum; OB, outer boundary; OPL, outer plexiform layer;
PED, pigment epithelial detachment; RPE, retinal pigment epithelium; SHAP, SHapley Additive
exPlanations; and SHRM, subretinal hyperreflective material.

3.5. External Validation Using AVENUE Data

The performance of the model for differentiating predominantly classic from occult
CNV on SD-OCT images of AVENUE was AUROC = 0.88 (95% CI, 0.79–0.94; Figure 7).
Specificity was 84%, with sensitivity of 81%, when defining occult as the positive class and
predominantly classic as the negative class. There were seven false positives and 24 false
negatives out of 39 actually negative and 126 actually positive observations, respectively
(Table 8). The most important features (according to the model internal measures) for
detection of CNV were SHRM and PED (Figure 6 and Table 7).
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Table 7. The top 20 features from Figure 6 in descending order of importance.

Rank Feature Name

1 C-scan volume SHRM 1.5 mm
2 C-scan volume SHRM 3.0 mm
3 C-scan volume SHRM 0.5 mm
4 C-scan volume PED 1.5 mm
5 C-scan volume PED 3.0 mm
6 Central subfield thickness BM-to-OB_RPE 0.5 mm max
7 C-scan width SHRM 3.0 mm
8 C-scan height PED 1.5 mm
9 Central subfield thickness IB_RPE-to-ILM 1.5 mm max

10 Central subfield volume BM-to-OB_RPE 1.5 mm
11 Central subfield thickness IB_RPE-to-ILM 0.5 mm max
12 C-scan height IRF 3.0 mm
13 C-scan height PED 3.0 mm
14 Central subfield thickness BM-to-ILM 1.5 mm max
15 Central subfield thickness BM-to-OB_RPE 1.5 mm max
16 Central subfield thickness BM-to-ILM 3.0 mm min
17 Central subfield thickness OPL-HFL-to-ILM 0.5 mean
18 Central subfield thickness BM-to-ILM 0.5 mm max
19 Central subfield thickness BM-to-OB_RPE 0.5 mm mean
20 Central subfield thickness BM-to-ILM 3.0 mm max

Figure 7. ROC analysis of predominantly classic versus occult external validation. Sensitivity versus
specificity for all possible cutoff points with respect to predicted occult scores in AVENUE, including
95% CIs (bootstrapped). The location of the red crosshair indicates the operating point of the model.
AUROC, area under the receiver operating characteristic; FA, fluorescein angiography; NEG, negative;
POS, positive; ROC, receiver operating characteristic; Sens, sensitivity; and Spec, specificity.
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Table 8. Contingency table, counting all combinations of the predicted versus observed. Predicted
indicates class predicted by the model; observed indicates class as graded on FA; and n indicates the
number of samples.

Predicted Observed n

POS (OCCULT) POS (OCCULT) 102
NEG NEG 32

POS (OCCULT) NEG 7
NEG POS (OCCULT) 24

4. Discussion

Until recently, FA was the reference standard to establish the diagnosis of nAMD and
sometimes is also used to monitor patient response to treatment, by assessing reduction in
leakage or CNV area [5,23]. However, due to the ease of image acquisition and interpreta-
tion, OCT has become the modality of choice for monitoring disease course in clinics [2–4].
As the two imaging modalities use different features and provide different data, here, we
presented a bridging study that used data generated on FA to identify and subclassify
CNV on SD-OCT, using ML with high accuracy. The availability of two independent sets
of large and well-characterized data from the HARBOR and AVENUE clinical trials with
well-defined inclusion and exclusion criteria, standardized protocols for acquisition of
images, and grading of CNV, allowed the development and robust external validation of
our model.

Our ML SD-OCT algorithm was trained using FA-based classification of CNV. This
algorithm, developed using Zeiss Cirrus OCT images, was able to discriminate CNV ab-
sence versus CNV presence with very high accuracy (99%) and subclassify occult from
predominantly classic CNV subtypes, with an accuracy of 91% AUROC. Furthermore, the
performance accuracy of the ML algorithm using an external dataset was 88%, despite it be-
ing a different SD-OCT machine (Heidelberg Spectralis). Accuracy of FA-versus OCT-based
approaches for detection of fluid has been explored by several researchers [24–26], but few
have attempted to bridge the two technologies for the identification and classification of
CNV [27–31]. Using FA as the reference standard for identification and classification of
CNV, Wilde et al. [31] retrospectively evaluated 278 eyes diagnosed with CNV on SD-OCT,
with their corresponding FA. They reported that while sensitivity of SD-OCT in detection of
CNV was high (100%), it had a low specificity, with a 17% false-positive rate. Their findings
were similar to other studies [26,28,30] that evaluated leakage on FA as a surrogate marker
for CNV activity and found the sensitivity of SD-OCT to be high, but lacking specificity in
comparison. Limited details of criteria for CNV identification by SD-OCT are provided
in this publication, and it appeared that decision-making was mainly based on subjective
criteria; features such as SHRM and PED were not included in the analysis of SD-OCT.

Our algorithm well-differentiated between occult and predominantly classic CNV
types, whereas the ability to differentiate minimally classic CNV from occult or predomi-
nantly classic was lower. Our model identified the most informative features for discrimi-
nation between occult and predominantly classic, such as SHRM and PED volumes; higher
SHRM volumes and lower PED volumes were most characteristic of predominantly classic
CNV, as opposed to occult CNV. In contrast, absence of a well-defined SHRM in a case
classified as classic CNV on FA was diagnosed as occult CNV by our model (Figure 5C),
and the appearance of SHRM due to hemorrhage, resulted in our model identifying it
as predominantly classic CNV, while the lesion was classified by the reading center as
occult on FA (Figure 5D). Minimally classic CNV by definition has lesion components of
both classic and occult CNV [13]. As the algorithm learns to find salient characteristics
for either class during training, a class that combines characteristics of two other classes
(instead of having its own characteristic features), posed an intrinsically harder problem to
discriminate [13].

There are only a few publications that have attempted to correlate FA-defined pheno-
types of CNV with features of CNV on OCT [27,29]. In a recent study by Gualino et al. [29],
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five retina specialists compared SD-OCT combined with color fundus photography or FA in
148 patients with treatment-naive nAMD. They classified CNV as type 1, 2, or ‘other CNV’,
based on study-defined prespecified criteria, including features such as PED and SHRM in
their decision-making. Manual readouts performed using subjective criteria developed
specifically for these manuscripts/studies limit the wider application of their findings.
However, it is interesting and reassuring to note that our algorithm developed on FA takes
the same features into consideration as human graders in this study, to classify lesion types
into type 1 and 2 on SD-OCT [12,29]. The strength of our approach is that, it is completely
automated on SD-OCT and that we used the MPS standardized FA classification as the
base for classification of CNV [32]. Applied to clinical practice, this automated diagnostic
SD-OCT-only process may help to expand the population of patients that can benefit from
CNV assessment, for example, in remote environments, without easy access to a retinal
center with multiple imaging modalities.

We also presented segmentation performance for the various OCT features. For
IRF and PED, the performance was poor at 0.46 (±0.12) and 0.63 (±0.07), respectively,
whereas for SRF, it was better (0.67 [±0.05]); see Table 1. Interestingly, for SHRM, the model
had good performance (0.71 [±0.06]). In the RETOUCH grand challenge, segmentation
performance ranged between 0.57–0.85 for IRF, 0.54–0.72 for SRF, and 0.66–0.82 for PED in
terms of DICE score [33]. SHRM segmentation was not part of the RETOUCH challenge. In
our study, SHRM performance was assessed using a subset of our annotations. The reduced
performance compared with the RETOUCH leaderboard for IRF and PED segmentation
could be due to the differences in image quality and the heterogeneous conditions within
the clinical trial setting (e.g., multiple study sites, imaging technicians, patient factors).
In contrast, the images in RETOUCH were selected for exceptionally high quality. The
challenges of manually identifying and correctly delineating these features on SD-OCT
and distinguishing them from adjoining normal retina, gliosis, or other lesions in clinical
trials and real-world settings cannot be underestimated. Therefore, an ML approach using
a variety of images of different quality to train the model may be generalizable to a wider
variety of data.

5. Limitations

ML is always impacted by variability and biases in the training data because the anno-
tation of images is performed manually. Although two graders annotated the OCT dataset,
each image was only annotated by one of them, potentially leading to a bias. Additionally,
FA assessment (the previous ‘reference standard’ for CNV assessment), is subject to reader
interpretation, however, here two graders assessed each FA image, with adjudication as
needed. Additionally, the scope of the current work is limited to classification of CNV on
FA as predominantly classic, minimally classic, and occult phenotypes. As information
about other CNV subtypes, such as retinal angiomatous proliferation and PCV, was not
available in HARBOR, these phenotypes could not be evaluated. Furthermore, novel
SD-OCT classification and terminology suggested by the Consensus on Neovascular Age-
Related Macular Degeneration Nomenclature (CONAN) group [12] were not available for
our data; therefore, comparison with an OCT-based classification system was not possible.
Moreover, as we restricted our selection of non-CNV eyes to fellow eyes without advanced
AMD or other pathologies, this may not be representative of what would be encountered
in the real world, and prospective validation in a broader population would be needed.
Finally, features such as intraretinal hyperreflective foci have not been included in this
model, as their role in diagnosis and prognosis have yet to be established [34].

6. Conclusions

Our study shows that using ML on SD-OCT images is sufficiently accurate to detect
and classify nAMD. This work highlights the reduced need of FA and provides an auto-
mated alternative to manual reading of images at baseline. This in turn limits the variety
of imaging data sources from which reads are drawn, reduces the need for multiple human
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graders, and minimizes the risk of inconsistencies in the diagnoses. Finally, automating the
read will also help with a major milestone of algorithmic models, which is to streamline
and standardize diagnostic processes.
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Abstract: Diabetic macular oedema (DMO) is an important cause of moderate vision loss in peo-
ple with diabetes. Advances in imaging technology have shown that a significant proportion of
patients with DMO respond sub-optimally to existing treatment options. Identifying associations
and predictors of response before treatment is initiated may help in explaining visual prognosis to
patients and aid the development of personalized treatment strategies. Imaging features, such as
central subfoveal thickness, photoreceptor integrity, disorganization of retinal inner layers, choroidal
changes, and macular perfusion, have been reported to be prognostic factors of visual acuity (VA) in
DMO. In this review we evaluated each risk factor to understand their relative importance in visual
prognostication of DMO eyes post-treatment. Although individually, some of these factors may not
be significant predictors, in combination they may form phenotypes that can inform visual prognosis.
Stratification based on these phenotypes needs to be developed to progress to personalized medicine
for DMO.

Keywords: diabetic retinopathy; diabetic macular oedema; visual prognosis; indicators; personal-
ized medicine

1. Introduction

Diabetic macular oedema (DMO) is the most frequent cause of moderate vision loss
in people with diabetes. In 2019, there were approximately 28 million people with DMO
globally [1]. For at least 40 years, patients and ophthalmologists were satisfied with the
outcomes of the Early Treatment Diabetic Retinopathy Study (ETDRS) study that showed
that the risk of moderate visual loss can be reduced by about 50% in laser treated individ-
uals [2]. Over the last decade, intravitreal anti-vascular endothelial growth factor agents
(anti-VEGF) have replaced macular laser and intravitreal steroids as the main treatment
option for visual impairment due to centre-involving DMO (CI-DMO) [3]. Expectations
of patients and providers have increased with the availability of anti-VEGF agents as
approximately 50% of patients with visual impairment treated with anti-VEGF improve
by two lines of visual acuity (VA) on ETDRS visual acuity charts by two years, if treated
optimally [3,4]. However, DMO is not always associated with visual impairment, and some
may resolve spontaneously or with treatment, while others progress to irreversible visual
impairment. In this review, we evaluate the potential risk factors that can be considered
in future prognostic models on visual impairment due to DMO, so that management of
DMO can be personalised based on risk of visual loss. We broadly classified the prognos-
tic factors into subjective and objective and then further grouped the imaging features
into definite and possible, based on current evidence. However, the predicted visual out-
come based on baseline prognostic factors may also be influenced by the drug given and
treatment frequency.
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2. Subjective Factors

Presenting VA

Presenting VA is a definite prognostic marker. However, there are some caveats.
Firstly, ceiling effect in eyes with good VA means that change in VA is not a good indicator
of visual outcome in this group and the outcome in these eyes needs to focus on prevention
of visual loss. Secondly, eyes with new-onset CI-DMO do not always present with visual
impairment. However, if left untreated, visual deterioration may occur in some of these
eyes. In DRCR Protocol V trial, 18.6% of eyes with good vision at presentation had a
reduction of VA by 10 ETDRS letters or more after an observation period of 2 years and
needed injections [5]. The exact timepoint or reason for incident visual impairment in
these cases and not others remain unclear. Control arms of the RISE and RIDE studies
also showed that on average, patients with visual impairment due to untreated DMO can
remain stable for a further two years [6]. However, this group did not attain similar VA
gains when initiated on ranibizumab after two years compared to those who were initiated
early, suggesting that irreversible structural changes do occur if CI-DMO is left untreated
and that these are not visible on OCT or probably, these characteristic changes have been
unidentifiable to date [7]. When we synthesize the results of RISE and RIDE and Protocol V
together, we can conclude that eyes with CI-DMO that experience visual deterioration over
the two years of observation may not gain full visual potential compared to those who
were started on anti-VEGF early. Although significant emphasis is made on presenting VA,
these observations reinforce that structural changes precede decreases in visual function.
However, further research is required to identify the imaging phenotype of this high-risk
group that might explain irreversible visual loss while being observed for deterioration
of CI-DMO.

On the contrary, in DMO eyes with visual impairment of 6/12 or worse (Snellen),
baseline VA is a predictor of response to anti-VEGF treatment. The RESTORE study showed
that patients with poorer starting VA had greater gains in VA with ranibizumab than those
with better presenting VA [8]. The post-hoc analysis of Protocol T also confirmed that the
treatment effect varied according to the baseline VA, after adjusting for both VA and CST
and the interactions with treatment [9]. However, in real-life studies with ranibizumab,
eyes with baseline VA less than 37 letters fail to achieve good VA that met driving standards.
This outcome was also noted in a study on early response to aflibercept after 3 loading
injections in real-life suggesting that there are more eyes with irreversible structural changes
in eyes with VA less than 37 letters [10]. Based on available evidence, early treatment with
anti-VEGF agents is recommended. Waiting for visual deterioration in eyes with CI-DMO
with good presenting VA in routine clinical practice is itself a poor prognostic indicator of
final visual outcome.

3. Objective Factors

3.1. Optical Coherence Tomography Imaging

3.1.1. Central Subfoveal Thickness (CST)

A decrease in CST on OCT is the most reliable objective measure of anatomical
treatment response of DMO. It is also the most common secondary anatomical outcome
measure used to substantiate primary visual outcomes in clinical trials on interventions
for DMO. However, reduction of CST does not mirror final VA outcome and is not a
definite predictor of VA [11–16]. The RESTORE study shows that CST ≥ 400 µm resulted in
more profound reduction of DMO with ranibizumab compared to laser, while the effects of
macular laser and ranibizumab were similar in DMO eyes with CST < 400 µm [4]. However,
the baseline predictors of the VIVID and VISTA study did not reveal such a cut-off. In
fact, early treatment with aflibercept in eyes with CI-DME with CST < 400 µm resulted in
significantly more gains in vision than those treated with laser [17]. Post-hoc analyses of
RISE/RIDE and DRCR.net data suggest that continued treatment with frequent intravitreal
anti-VEGF injections may improve functional outcome in non-responders who initially
show suboptimal reduction of CST. These suggest that CST reduction has to be qualified
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with other morphological OCT features to predict visual outcome. For example, CST of
similar thickness may have varying neuronal atrophy and Müller cell dysfunction that
may relate better to visual outcomes [18]. Although CST is a prognostic indicator for fluid
resolution in DMO, it is not a definite visual prognostic indicator.

3.1.2. Morphological Phenotypes

There are several OCT morphological phenotypes of DMO. These include diffuse
retinal thickening (DRT), cystoid macular oedema (CMO) and neurosensory detachment
(NSD) [19]. These may be present in isolation or in combination. These features may
affect different retinal layers. For example, sponge-like DRT may be seen with cystoid
spaces present in the inner nuclear layer (INL) and outer plexiform layer (OPL) [20]. The
cysts in CMO may be small to large in size and display variable fluorescein angiography
findings ranging from honey-combing to petaloid pooling [20,21]. The size, location and
angiographic appearance of cysts do not influence visual outcome in DMO.

However, association of cysts with other OCT features determine visual outcome.
Cysts that are associated with photoreceptor damage negatively affect visual out-
comes [22–24]. In addition, cysts that cause Müller cell dysfunction or loss are also
detrimental to vision [25–27]. Early histological studies of DMO eyes have revealed that
reversible edema develops from fluid accumulation within Müller cells [28]. The number
of bridges between or within large cysts also determines VA. These bridges are presumed
to be composed of Müller cells and bipolar cells [29]. Chronic fluid accumulation can
lead to death of Müller cells and manifest as absence of bridging tissue between inner
and outer retina. Therefore, although individually large cysts do not offer any prognostic
significance, cysts in combination with ellipsoid zone loss or large cysts with lack of
intervening bridges carry poor prognosis [30–32]. Large central cysts may also be a sign
of macular ischaemia [33,34] but it is not a definite prognostic factor. Therefore, when
we consider a prognostic model on cystoid spaces, the presence of large cysts with less
bridging between inner and outer retina, foveal cysts, cysts with hyper-reflective material
or hyper-reflective wall are all possible poor visual prognostic indicators [35–37].

Subretinal fluid (SRF) accumulation has been reported to be present in 15–30% of eyes
with DMO [38]. The presence of NSD correlates with higher choroidal thickness, more
hyperreflective foci, external limiting membrane (ELM) disruption but there are insufficient
data to suggest that NSD is a visual prognostic marker.

3.1.3. Photoreceptor Integrity

Photoreceptors may be affected by the overlying capillary non-perfusion or continual
fluid accumulation can secondarily affect the outer layers [39,40]. Enhanced resolution
of OCT has enabled distinct imaging of the photoreceptor inner segment/outer segment
(IS/OS) junction, now known as the ellipsoid zone (EZ) [41]. The EZ marks the increased
mitochondrial content in the photoreceptor inner segment ellipsoid, critical to photorecep-
tor function [41,42]. It is now understood that EZ discontinuity (loss of outer segments)
precedes disruption of ELM (loss of photoreceptor cell bodies), EZ loss being representative
of extensive photoreceptor cell body damage, with poorer visual prognosis [41,42]. The
relative importance of ELM and EZ in preserving VA is unclear. An important considera-
tion with the growing literature regarding the EZ is how to objectively and consistently
evaluate disruption. Few studies have analyzed the percentage disruption of each layer,
few have classified the EZ disruption into less than or more than 200 microns, while others
have merely comment on the integrity [42–45]. Considering all the evidence on the effect
of outer retinal changes on OCT on visual outcome, it can be concluded that a visible
sub-foveal loss of ellipsoid layer or ELM and the percentage disruption are definite poor
visual prognostic indicators [46–50].

Microperimetry data have revealed that loss of EZ may lead to 3.28 dB reduction
in retinal sensitivity [51]. Some authors have found correlation between EZ disruption
and significant reduction of macular sensitivity in DMO eyes. Wang et al. have reported
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the macular integrity index (MI) as a useful benchmark of reflecting functional status
in DMO [52]. MI denotes the percentage of threshold drop to measure local functional
deterioration, and has been found to be significantly and independently correlated with
EZ disruption. However, one should bear in mind that visualisation of EZ and ELM in
eyes with gross oedema may be challenging. Hence, the presence of subfoveal intact EZ
and ELM are definite good prognostic indicators but their absence in the presence of gross
oedema may not be a poor prognostic indicator and it is prudent to wait for fluid resolution
before commenting on the integrity of EZ and ELM in these eyes.

3.1.4. Intraretinal Hyperreflective Foci/Dots

Dot-like hyperreflective lesions within retinal layers have been described in OCT of
DMO eyes, known as hyperreflective foci or dots (HRF/ HRD). These HRF have been
proposed as lipoprotein exudates which pass into the interstitium after a breach in the
inner blood-retinal barrier, and may possibly be precursors of hard exudates [53,54]. Hyper-
reflective foci may also indicate damaged photoreceptors and retinal pigment epithelium
hyperplasia or metaplasia in other retinal diseases [54,55]. HRF are seen to be present
initially in the inner retinal layers, from where they migrate into the outer layers. Sub-
retinal HRF may end up as subfoveal hard exudates after resolution of NSD [56]. HRF
present inside retinal cysts or lining cyst borders are believed to correspond to an advanced
morphologic pattern of DMO which may be refractory to treatments [57,58]. Overall, HRF
are believed to represent markers of inflammation in the retina [59].

A reduction of HRF has been seen with anti-VEGF injections [37,60]. The association
of HRF and VA is controversial [53,60–64]. Whilst some reports suggest that eyes with HRF
should be treated with intravitreal steroids, others have found similar response to either
anti-VEGF or steroid. HRF responsive to anti-VEGF agents may be seen predominantly in
the inner retinal layers; it has been proposed that the outer retinal layer HRFs may actually
be a different entity. Anti-VEGF responsive inner retinal HRFs have been proposed to be
of microglial origin [21,65]. On the contrary, the outer retinal HRFs, which are probable
precursors of hard exudates, may not regress with treatment [56,66–68].

In summary, HRFs seem to be a bridge between the subclinical breakdown of the
inner blood–retina barrier and the clinical swelling of retinal layers, and may indicate
microvascular damage. However, more research is required to understand its relevance
as a visual prognostic indicator [69]. Moreover, different reports have defined HRF based
on their reflectivity either similar to the retinal pigment epithelium or to the surrounding
tissue, and there is a need for standardization of the same [61,70].

3.1.5. Disorganization of Retinal Inner Layers

Disorganization of inner retinal layers (DRIL) is believed to be a secondary morpho-
logical change of the retina when the synaptic connections in the bipolar, horizontal and
amacrine cells are affected, leading to loss of transmission between the inner retina and
outer retina [71]. In DMO, both ischaemia and inflammation may lead to neuronal and
glial degeneration that result in DRIL [72,73]. Visual outcome depends on the intactness
and organization of retinal pathways, and the presence of DRIL may be an indirect mea-
sure of intactness of the local neural connections in the retina. Unlike other OCT based
morphological parameters of the inner retina that do not correlate well with functional
outcomes, DRIL is a better predictor of visual outcome [20].

DRIL has been proposed as a robust and surrogate biomarker of visual function in
existing or resolved DMO [71,74]. DRIL may not be specific for DR or DMO, and may be a
common response to retinal stress in presence of ischaemia. However, it may not always
be associated with poor prognosis, highlighting that there may be further ultrastructural
changes within DRIL that may more accurately define visual outcome. The presence
of DRIL may also be associated with other OCT changes like EZ and ELM disruption,
enlarged foveal avascular zone (FAZ) on OCTA. DRIL is associated with other functional
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changes including subnormal multifocal electroretinogram, impaired contrast sensitivity
and visual field tests [75–81].

DRIL at the parafoveal area may be associated with a worse baseline VA in DMO
eyes. Presence of DRIL at initiation of treatment, new-onset DRIL or increase in DRIL have
all been reported as poor prognostic indicator of visual outcome in DMO eyes [71,82,83].
Recently, authors have noted that for each 100-µm increase in DRIL, there is a reduction in
VA by approximately six letters, that is more than one line on the ETDRS chart [84]. The
baseline volume of the intraretinal fluid in DMO may also show positive correlation with
DRIL, along with poorer final VA after treatment with bevacizumab [85]. More importantly,
DRIL may reverse with anti-VEGF treatment and the amount of change over initial few
months may affect the final VA, independent of CST [71,79,82,85].

It is important that DRIL reversal be re-examined. However, these findings show that
there may be a minimum area of DRIL required before visual function is affected. Reversal
of DRIL is suggestive of decompression of the retina or realignment of neuronal and glial
cells after transient disorganization in DMO. The definition or grading of DRIL in eyes with
DMO may be challenging. Previous studies have assessed DRIL using SDOCT imaging
via a Heidelberg Spectralis system (Heidelberg Engineering, Heidelberg, Germany), using
a standard imaging protocol of 49 B-scans spanning a 20 × 20 frame in high-resolution
mode [79]. Investigators have observed good correlations among DRIL and other OCT
variables on different OCT platforms [86]. Understanding the variability in estimation
of DRIL extent and ways to measure the reversal of DRIL may help us set meaningful
thresholds in regard to its correlation with functional outcomes in DMO eyes. In summary,
the presence of parafoveal DRIL is a definite poor visual prognostic indicator.

3.1.6. Choroid

There are contradicting reports on the changes in choroidal thickness and DMO. Firstly,
investigators have shown increased choroidal thickness in DMO in keeping with the fact
that choroidal vasculature is dependent on VEGF [87]. A higher choroidal thickness at
baseline and its response to anti-VEGF may be a surrogate for good response to treat-
ment [88]. Conversely, a thick choroid post anti-VEGF may also indicate an eye that is
a poor responder to anti-VEGF and an indicator of chronicity of DMO. However, thick
choroid is not an indicator for DMO recurrence or higher number of injections [89]. On
the contrary, other investigators have suggested that choroidal blood volume, flow and
velocity decreases in diabetic eyes with DMO, which may lead to hypoxia of the outer
retina, thereby leading to increase in VEGF levels [90–92]. The choroid in DMO is also
not affected by systemic factors such as increased HbA1c, blood pressure, cholesterol or
abnormal renal function [93]. At the present time, there is insufficient evidence to suggest
that changes in central choroidal thickness, subfoveal choroidal thickness or choroidal
vascularity index influence visual outcome in DMO [94–104].

3.2. OCT-Angiography

Optical coherence tomography angiography (OCTA) is a noninvasive technique by
which signals detected from blood flow in retinal and choroidal vasculature can be used to
yield blood flow maps and quantify retinal perfusion in all vascular layers of the retina and
the choroid [105]. Currently, the delineation of the capillary plexuses is done automatically
by each OCTA software into the superior capillary plexus (SCP) which is embedded in
the ganglion cell layer and nerve fiber layer, the deep capillary plexus (DCP) in the inner
nuclear layer, and the choriocapillaris (CC).

Macular oedema may affect the reproducibility and effectiveness of OCTA in the
measurement of FAZ area, perimeter and circularity, flow in CC and vascular density (VD)
indices, especially in DCP [106,107]. Non-perfusion areas in DCP with VD reduction and
flow-voids in CC layer correspond to photoreceptor/ellipsoid zone disruption in macular
ischemia cases [108–110]. If the resolution of DMO persists for over 12 months, photorecep-
tors may show long-term recovery along with improved visual outcome, especially in eyes
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which have better baseline DCP integrity [111]. Thus, baseline VD of DCP is a predictor of
photoreceptor recovery (ellipsoid zone integrity) and subsequent visual outcome. More-
over, areas of ischemia or capillary dropouts on OCTA may correspond to areas of lower
macular sensitivity on microperimetry [112]. DMO eyes may have more microaneurysms
(MA) in both the capillary layers, with poor responders to anti-VEGF showing more MAs
in DCP [113,114]. The significance of the location of MAs in SCP versus DCP is unclear.
However, as DCP also contributes to the blood supply of the photoreceptor layer, MAs in
the DCP may be associated with loss of outer retinal integrity compared to MAs in SCP,
which is associated with poorer visual outcomes. However, further research is required in
this area [115–117].

RISE/RIDE study data suggest that anti-VEGF is efficacious in DMO irrespective of
macular perfusion status at baseline [118]. There is no difference in VD of SCP and DCP in
both treatment responders and non-responders in DMO, and there is no correlation between
treatment response and baseline or final VD, suggesting that macular perfusion may not be
a predictor of treatment response [119]. A higher resolution of DCP is required to evaluate
if changes in DCP may be used as a prognostic marker for anti-VEGF responsiveness in
DMO eyes [111].

The role of macular perfusion in final visual prognosis is certain but the best parameter
to measure macular perfusion on OCT-A remains to be understood.

3.3. Colour Fundus Photography

The association of baseline diabetic retinopathy severity score (DRSS) score with
visual outcome of patients with CI-DME is also of interest. Patients who show a limited
early response to treatment may have better baseline VA, thinner CMT and lesser severity
of diabetic retinopathy [120]. The overall impact of DRSS score on visual outcome of
CI-DME patients treated in the VIVID and VISTA study showed that the VA outcomes
did not differ based on baseline DRSS score stratified into ETDRS severity levels ≤ 43, 47,
and ≥53 [120,121].

4. Other Factors Affecting Visual Outcome

Role of Systemic Risk Factors

There is significant evidence that systemic risk factors such as hyperglycaemia, hyper-
tension and hyperlipidemia need to be optimally controlled before and after the onset of
DMO and this needs to be emphasized to each patient. However, people with optimally
controlled systemic risk factors do develop visual impairment due to DMO and some with
poorly controlled risk factors do not develop DMO throughout their whole diabetes history.
There is insufficient evidence that suboptimal control of any of these systemic risk factors
influences visual prognosis due to DMO. These observations suggest that local ocular
features are relatively more important in determining the visual status of eyes with DMO.

5. Conclusions

This review on factors determining visual impairment in DMO or visual prognostic
factors in eyes post-treatment suggest the need for a systematic evaluation of both subjective
and objective definite predictive factors in a well characterized cohort of sufficient sample
size. The relative importance of these factors is unclear. Baseline VA is an important
predictor of final visual gain, and patients need to be treated early, to prevent irreversible
VA loss. However, even if patients present with visual loss at a later stage, initiating
prompt treatment may still help preservation of remaining vision. OCT has significant
importance in deciding initiation and continuation of treatment in DMO eyes. Although
a change in central subfoveal thickness is a secondary outcome in clinical trials and is
used for monitoring anatomical treatment response, it is not a visual prognostic indicator.
Ultrastructural features, such as photoreceptor integrity and the presence of DRIL, may
serve as better prognostic indicators. Although poor macular perfusion is likely to have
a negative impact, further studies on it are required to ascertain the best parameter to
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measure macular perfusion. Systemic factors do not seem to have a significant role as a
visual prognostic indicator. Although individual factors may not be of significance, the
combination of these may form response phenotypes that are of prognostic significance.
Prognostic models on visual impairment should be developed before personalised medicine
can be provided for patients with DMO.
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Abstract: The aim of this study was to evaluate the long-term efficacy and safety of 577-nm sub-
threshold micropulse laser (SMPL) treatment in a large population of patients affected by mild
diabetic macular edema (DME) in a real-life setting. We retrospectively evaluated 134 eyes affected
by previously untreated center-involving mild DME, and treated with 577-nm SMPL, using fixed
parameters. Retreatment was performed at 3 months, in case of persistent retinal thickening. Optical
coherence tomography (OCT), along with short and near-infrared fundus autofluorescence, were
used to confirm long-term safety. At the end of at least one year follow-up, a significant improvement
in visual acuity was documented, compared to baseline (77.3 ± 4.5 and 79.4 ± 4.4 ETDRS score at
baseline and at final follow-up, respectively), as well as a reduction in the mean retinal thickness of
the thickest ETDRS macular sector at baseline. A reduction in the central retinal thickness and the
mean thickness of the nine ETDRS sectors was also found, without reaching statistical significance.
No patients required intravitreal injections. No adverse effects were detected. This study suggests
that 577-nm SMPL is a safe and repeatable treatment for mild DME that may be applied to real-life
clinical settings using fixed parameters and protocols.

Keywords: subthreshold micropulse laser; 577-nm laser; laser fixed parameters; diabetic retinopathy;
diabetic macular edema; optical coherence tomography; autofluorescence; real-life

1. Introduction

The World Health Organization has estimated that about 460 million people world-
wide are affected by diabetes mellitus, and both the number of cases and the prevalence of
diabetes have been steadily increasing over the past few decades [1]. Despite considerable
progress made in recent decades in understanding its pathogenesis and implementing effec-
tive therapeutic strategies, diabetic retinal involvement, affecting approximately one-third
of diabetic subjects, remains a major public health problem with important socioeconomic
implications [1]. Diabetic macular edema (DME) is the earliest and most common cause of
visual loss in patients with DR [1,2]. Although VEGF has been found to be a key molecule
to the development of macular edema, DME is multifactorial and there are numerous
potential biochemical pathways involved in its pathogenesis, such as inflammation [3].
Intravitreal anti-VEGF (Aflibercept, Ranibizumab and Bevacizumab) and steroids (Dex-
amethasone and Fluocinolone implant) injections are the current standard of care in DME
treatment; however, they cause a significant burden for both the patients and the health
care system because of the necessity of retreatments and follow-ups [4]. Moreover, some
patients respond incompletely, or are complete non-responders to anti-VEGF injections.
Lastly, the safety of intravitreal corticosteroids has limitations in many countries [5].

The Early Treatment Diabetic Retinopathy Study (ETDRS) demonstrated the effec-
tiveness of macular laser photocoagulation in preventing progressive visual loss in eyes
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affected by DME [6]. However, side effects related to external retina necrosis in treated ar-
eas moved this treatment modality to limited cases, mainly with extra-foveal thickening [7].
Subthreshold micropulse laser (SMPL) combines the value of subthreshold treatment with
micropulse technology to produce subthreshold retinal changes (invisible to any current
imaging and functional diagnostic technology) without any evidence of retinal damage [8].
Yellow 577-nm SMPL has recently gained increasing diffusion in clinical practice. How-
ever, at present, standard and widely accepted indication criteria, setting parameters and
treatment protocols to apply in clinical practice are still lacking [4,9,10].

Therefore, the aim of this study was to evaluate the long-term efficacy and safety
of 577-nm SMPL treatment in a large population of patients affected by mild DME in a
real-life clinical setting using a fixed setting of laser parameters, follow-up and retreat-
ment modalities.

2. Materials and Methods

2.1. Study Population

This was a retrospective longitudinal study. Patients were consecutively enrolled
among those who underwent SMPL for DME involving the foveal area between January
2017 and December 2019. A written consent form was obtained from all patients, as well as
the approval from our institutional ethics committee (protocol number 3194/AO/14).

The research was carried out in accordance with the Declaration of Helsinki. The
clinical records of all identified subjects were retrospectively reviewed. Inclusion crite-
ria were: type 1 or 2 diabetes mellitus (DM) with good metabolic control (HbA1C < 8%),
previously untreated center-involving mild macular edema with central retinal thick-
ness (CRT) ≤ 400 µm and a follow-up period, after the first SMPL treatment, of at least
12 months [11]. Exclusion criteria were: proliferative DR, vision-limiting ocular conditions
other than DR (such as amblyopia, age-related macular degeneration, myopic degeneration,
retinal dystrophies, optic neuropathies, retinal vascular diseases, advanced glaucoma or
corneal opacity of any cause), CRT > 400 µm and/or a history of previous macular laser
treatment, previous intravitreal injection therapy, history of previous ocular trauma or
surgery, except for uncomplicated cataract extraction.

Patients underwent a full ophthalmological evaluation at baseline and every three
months after the first SMPL treatment, including spectral domain-optical coherence to-
mography OCT (SD-OCT) and fundus autofluorescence (FAF) using Spectralis (Spectralis
HRA+OCT, Heidelberg Engineering, Heidelberg, Germany). Short-wavelength and near-
infrared FAF were performed on a 30◦ field of view centered onto the fovea, as previously
described [12]. Briefly, images were taken with a confocal scanning laser ophthalmoscope.
The images’ resolution was 768 × 768 pixels. Argon laser light (488 nm) was used for
short-wavelength FAF. A band-pass filter with a cut-off at 500 nm, included in the system,
was inserted in front of the detector. A diode infrared laser light (790 nm) was used for
near-infrared FAF. A band-pass filter with a cut-off at 830 nm, included in the system, was
inserted in front of the detector [12]. An OCT macular map scan pattern was used, with a
20◦ × 20◦ scan area centered onto the fovea. Forty-nine horizontal scans 120 µm apart from
each other were obtained in an automated pattern. At each follow-up examination, the
follow-up modality was enabled, allowing for the examination to be repeated according to
the previous baseline examination.

Retinal thickness was automatically calculated by the device in nine ETDRS sectors: a
1 mm diameter circular zone centered on the fovea (CRT) with two concentric outer rings
of 3 and 6 mm diameters, each divided into 4 sectors. Mean total retinal thickness was
recorded in each of the nine ETDRS sectors.

2.2. Laser Treatment Delivery

Prior to treatment, topical anesthesia with proparacaine 0.5% drops was adminis-
tered. Yellow micropulse laser was delivered through an Ocular Mainster Focal/Grid lens
(Ocular Instruments, Washington, DC, USA) using the Iridex IQ 577 (Iridex Corporation,
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Mountain view, CA, USA) instrument, with the following standard settings: spot size of
100 µm, power of 250 mW, duration of each spot 200 ms and 5% duty cycle, as previously
described [9,13]. Confluent, non-overlapping spots, were applied over the whole mac-
ular area. Retreatment was performed every 3 months, according to the persistence of
intraretinal fluid.

2.3. Statistical Analysis

The study parameters were analyzed using the usual descriptive statistic indicators:
mean and standard deviation for quantitative variables, and absolute and relative (percent-
age) frequency for qualitative ones.

The following result parameters were considered in the statistical analysis of retinal
thickness values gathered from the OCT exam: thickness of the central sector, mean
thickness (arithmetic mean of 9 ETDRS sectors) and thickness of the sector that had the
highest value at baseline.

Variations from the baseline to the end of follow-up were evaluated for each parameter
by means of an ANOVA model adjusted for total follow-up length and the replication of
measurements for patients who contributed with both eyes.

Then, the subgroups of eyes observed at different follow-up intervals were used to
analyze the relationship between retinal thickness (the three parameters separately) and
the number of laser treatments in relation to the length of follow-up. This analysis was
performed by means of a multivariate linear regression model using retinal thickness as a
dependent variable (one model for each parameter previously mentioned), and the number
of laser treatments and the interval time as independent variables. Such models were
adjusted for replication of measurements in patients who contributed with both eyes. The
relationship was judged as noteworthy when the regression coefficient of the number of
treatments variable resulted in statistical significance. Because of replication of testing,
Bonferroni correction criterion was applied.

All the analyses were performed using SAS© 9.4 software (SAS Institute, Cary, NC, USA).

3. Results

A total of 134 eyes of 94 patients were enrolled. Mean diabetes duration was
21.2 ± 13.7 years and mean HbA1c was 7.5 ± 1.1 at baseline. Diabetic retinopathy was
mild to moderate in 120 eyes and severe (for the presence of intraretinal microvascular
abnormalities) in 14 eyes. Mean age at the beginning of follow-up was 66.7 ± 9.6 years.
Patients’ clinical and demographic characteristics are summarized in Table 1.

Table 1. Patients’ clinical and demographic characteristics at baseline.

N. eyes/patients 134/94
Age, years, mean ± SD 66.7 ± 9.6

Sex, F:M 33:61
Type of diabetes, 1:2 21:73

BCVA, ETDRS score ± SD 77.3 ± 4.5
Diabetes duration, years ± SD 21.2 ± 13.7

HbA1c, mean ± SD 7.5 ± 1.1
Follow-up, months, mean ± SD 16.6 ± 6.5

N: number; F: female; M: male; SD: standard deviation; BCVA: best corrected visual acuity; ETDRS: early treatment
diabetic retinopathy study.

Mean follow-up duration was 16.6 ± 6.5 months with an average of 2.3 ± 1.3 laser
treatments per patient. At the end of follow-up, no significant change in HbA1c was
detected. BCVA was 79.4 ± 4.4 (p < 0.001 compared to baseline) and a reduction of CRT
and mean thickness of the nine ETDRS sectors was found, compared to baseline, without
reaching statistical significance (−4.4 ± 49.5 µm, p = 0.3009 and −2.4 ± 22.9 µm, p = 0.235
for CRT and the nine sectors’ mean retinal thickness, respectively). A significant reduction
of the mean retinal thickness of the thickest ETDRS sector at baseline was documented
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(−12.7 ± 36.2 µm, p < 0.0001) (Table 2, Figure 1). This reduction was significant at any
follow-up visit.

Table 2. Morphologic results (whole follow-up).

Baseline Thickness
(µm, Mean ± SD)

End of Follow-Up Thickness
(µm, Mean ± SD)

Thickness Variation
(µm, Mean ± SD)

p-Value

CRT 309.2 ± 45.8 304.7 ± 54.6 −4.4 ± 49.5 0.3009
RetMean 327.2 ± 21.3 324.9 ± 27.2 −2.4 ± 22.9 0.2358
RetMax 373.3 ± 34.2 360 ± 41.8 −12.7 ± 36.2 <0.0001

SD: standard deviation; CRT: Central retinal thickness; RetMean: mean retinal thickness in 9 ETDRS sectors;
RetMax: retinal thickness in the thickest ETDRS sector at baseline.
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Figure 1. Optical coherence tomography (OCT) scans of a patient affected by diabetic macular
edema: at (a) baseline, (b) 3 months after subthreshold micropulse macular laser (SMPL) 1st treat-
ment, (c) 3 months after SMPL 2nd treatment, (d) additional 3 months after SMPL 2nd treatment,
(e) 3 months after SMPL 3rd treatment.

A significant relationship was also found between a higher number of treatments
and final lower thickness value at longer follow-up, for both mean retinal thickness in
the nine ETDRS sectors and retinal thickness of the thickest sector at baseline (for longer
follow-ups). Moreover, a greater number of laser treatments was significantly correlated
with greater reduction in thickness in the thickest sector at baseline. After Bonferroni
correction, significance was maintained for the relationship with the retinal thickness of the
thickest sector at baseline. The analysis of laser effect on retinal thickness is summarized in
Tables 3 and 4.
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Table 3. Morphologic results at follow-up intervals: mean retinal thickness in 9 ETDRS sectors.

Follow-Up Visit
Laser

Treatments (Mean ± SD)

Retinal thickness
Variation from Baseline
(Micrometers, Mean ±

SD (p-Value))

Effect of Number of
Laser Treatments on
Retinal thickness 1

Effect of Number of Laser
Treatments on Retinal
Thickness Variation 2

1 1 −2.7 ± 8.3 (0.0071) −0.6925 (0.7204) 1.5149 (0.2945)
2 1.4 ± 0.7 −3.0 ± 13.9 (0.0246) −3.5751 (0.0663) −1.3270 (0.5054)
3 1.7 ± 0.8 −2.1 ± 19.7 (0.2283) −2.0692 (0.1096) −2.1302 (0.3151)
4 1.9 ± 0.9 −1.3 ± 23.1 (0.5009) −1.2346 (0.2912) −2.7467 (0.2051)
5 2.0 ± 1.0 −1.3 ± 23.2 (0.5273) −1.5412 (0.1260) −2.9853 (0.1286)
6 2.2 ± 1.2 −2.0 ± 22.7 (0.3015) −1.5063 (0.0645) −2.5123 (0.1316)
7 2.2 ± 1.2 −2.2 ± 22.7 (0.2706) −1.4373 (0.0635) −2.2309 (0.1653)
8 2.2 ± 1.3 −2.3 ± 22.8 (0.2504) −1.5357 (0.0370) −2.2271 (0.1500)
9 2.3 ± 1.3 −2.4 ± 22.9 (0.2358) −1.5711 (0.0309) −2.2756 (0.1397)

1 Regression coefficients (p-value) of multivariate linear regression model adjusted for repeated measures on the same eye. 2 Regression
coefficients (p-value) of multivariate linear regression model adjusted for baseline value of retinal thickness. Statistically significant p-values
according to Bonferroni adjustment due to multiplicity testing are reported in bold characters.

Table 4. Morphologic results at follow-up intervals: thickest sector at baseline.

Follow-Up Visit
Laser

Treatments (Mean ± SD)

Retinal Thickness
Variation from Baseline

(Micrometers, Mean ± SD
(p-Value))

Effect of Number of
Laser Treatments on
Retinal Thickness 1

Effect of Number of Laser
Treatments on Retinal
Thickness Variation 2

1 1 −9.8 ± 22.4 (0.0005) 3.7394 (0.4313) 9.7915 (0.0099)
2 1.4 ± 0.7 −10.2 ± 28.9 (0.0003) −1.2129 (0.7553) 2.5570 (0.5176)
3 1.7 ± 0.8 −10.3 ± 34.5 (0.0008) −3.8937 (0.0929) −1.4021 (0.6968)
4 1.9 ± 0.9 −10.4 ± 35.9 (0.0010) −3.3133 (0.0816) −3.3168 (0.3137)
5 2.0 ± 1.0 −9.8 ± 36.1 (0.0020) −3.3935 (0.0430) −4.1176 (0.1761)
6 2.2 ± 1.2 −12.1 ± 35.8 (0.0001) −4.6878 (0.0005) −5.6862 (0.0288)
7 2.2 ± 1.2 −12.7 ± 36.2 (<0.0001) −4.9631 (<0.0001) −5.7742 (0.0219)
8 2.2 ± 1.3 −13.1 ± 36.5 (<0.0001) −5.2394 (<0.0001) −5.8335 (0.0163)
9 2.3 ± 1.3 −13.3 ± 36.5 (<0.0001) −5.1858 (<0.0001) −5.6725 (0.0188)

1 Regression coefficients (p-value) of multivariate linear regression model adjusted for repeated measures on the same eye. 2 Regression
coefficients (p-value) of multivariate linear regression model adjusted for baseline value of retinal thickness. Statistically significant p-values
according to Bonferroni adjustment due to multiplicity testing are reported in bold characters.

OCT imaging, analyzed layer by layer, showed no laser side effects and no signs of
outer retinal structure damage. Short-wave and near-infrared FAF acquired on a 30◦ field
centered onto the fovea did not show any laser-related lesions in our study population, nor
did the ophthalmoscopic fundus examination.

4. Discussion

The current devices for SMPL treatment are the infrared (810-nm) diode laser and the
yellow laser, which emits at 577-nm [9,14]. Both wavelengths have been safely employed
in treating patients affected by center-involving DME and comparable efficacy and safety
have been reported [9,14]. The cornerstones of subthreshold retinal laser therapy were es-
tablished and defined using an 810-nm near-infrared micropulse laser [15,16]. The 577-nm
yellow laser was later introduced and, although at present it is the most commercially
available device, its efficacy has been evaluated by fewer studies involving smaller sample
sizes and shorter follow-up periods [9,13,15–22]. At present, a wide array of different
duty cycle durations, spot sizes and power settings are employed by different clinicians,
limiting, in our opinion, the diffuse clinical application of this technique [4,9,10,19]. This
is a long-term follow-up retrospective report of patients treated with 577-nm SMPL for
mild DME, with the aim of assessing the long-term morphologic efficacy and safety of
repeated SMPL treatments using a fixed setting of laser parameters and follow-up and
retreatment modalities.

A recent analysis compared fixed parameters treatment and titrated treatment for
577-nm yellow laser: the first one was recommended based on its greater speed of setup
and the implicit avoidance of any possibility of titration errors [13]. Titration has also been
discouraged due to the absence of any reliable, safe and scientifically-validated titration
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algorithms [23]. Fixed, previously validated parameters have been employed for all eyes
included in this study, namely: 5% duty cycle, 200 µs duration, 250 mW power and
100 µm spot size [9,13]. Moreover, the whole macular area was treated in order to obtain
a widespread “mass effect” involving the different cellular elements strictly correlated to
each other in the macula, as suggested by Lavinsky et al. [14,24,25]. In fact, a correctly
performed subthreshold micropulse laser treatment produces targeted metabolic retinal
effects, without any necrotic (useless) effect [16]. Therefore, an extensive and confluent
treatment is required to obtain a “mass effect” of cellular deactivation/activation [14,24].
No side effects have been reported both at OCT and FAF for all treated eyes.

As regards treatment indications, the efficacy of SMPL in severe edema has proven
to be limited, possibly owing to the scattered distribution of laser energy throughout the
target tissues [18,26]. Therefore, all treated eyes in this study were affected by mild DME
with CRT inferior or equal to 400 µm [26]. Moreover, previous studies showed that the
first morphological and functional results after SMPL appear at about three months [20].
Luttrull et al. found that macular thickness did not change significantly in the first 2 months
after treatment. At 3 months, however, reduction of macular thickness was observed [27].
Lavinsky et al. reported a significant increase in BCVA from the third month after high-
density SMPL [25]. A significant increase in central retinal sensitivity was also reported
from the third month of follow-up after SMPL treatment [9]. Furthermore, in these studies,
patients continued to improve over a long-term follow-up period (1 year) [21,25]. Therefore,
at present, SMPL might be recommended in mild DME, with retreatment at least 3 months
from the previous SMPL session.

Analyzing the functional and morphological results of our large number of patients
treated with these standardized protocols and parameters, we found, at the end of the
follow-up period (13.6 ± 6.5 months), improvement in visual acuity compared to baseline,
which is associated with a reduction of retinal thickness that became significant only when
considering the thickest ETDRS sector at baseline. This may be explained by the higher
sensitivity of this last analysis: in case of mild edema, significant thickness variations may
be difficult to detect, since a DME-related increase in thickness does not always affect the
whole macular area and subsequent modifications can be “drowned out” by the relatively
stable (by virtue of their already small baseline thickness) surrounding sectors, which
will not shrink beyond a certain point. Considering the retinal thickness of the thickest
ETDRS sector at baseline may allow for easier detection of thickness changes in the area
that is most involved by the pathologic process at the beginning of the observation period.
Moreover, these results suggest that the treatment of the whole macular area allows for the
normalization of the most affected sectors and the stabilization of the other sectors, which
are maintained over a long-term follow-up period.

Continuous improvement over a long-term follow-up period has already been sug-
gested after SMPL treatment; moreover, we found that the number of treatments is also
correlated to a greater reduction in macular thickness, and the relationship between retinal
thickness and number of laser treatments increased in magnitude and statistical signifi-
cance with the length of the observation period [21,25]. This result may be attributed to the
slow and complex effect of SMPL that involves a multitude of retinal elements: repeating
the treatment probably reinforces the normalizing process in the targeted retinal tissue
and may be done without any significant safety concerns [21,28]. In the early stages of its
application, it was speculated that the main target for SMPL action was RPE, and that the
principal advantage of micropulse over continuous-wave lasers was the sparing of retinal
and choroidal tissue adjacent to RPE [8,29]. More recently, aqueous humor (AH) analysis
in eyes treated with 577-nm yellow SMPL for DME showed a significant reduction in AH
concentration of chemotactic and pro-inflammatory cytokines after SMPL, as well as of
specific Müller-cells related proteins (namely GFAP and Kir 4.1) [21,28]. Müller cells play
a crucial role in the maintenance of the physiological retinal structure and function; they
undergo activation and proliferation in response to different kinds of stressors and retinal
injuries, including oxidative damage and hyperglycemia, and release pro-inflammatory
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and vaso-active substances that contribute to local inflammation and vascular permeabil-
ity increase [30,31]. A reduction in retinal thickness accompanied by fluid reabsorption
can also be related to a de-activating effect on Müller cells [20]. Thus, SMPL probably
initiates a wide curtailing of local inflammatory processes that is accompanied by cellular
de-activation and return to morphological integrity, with the restoration of the retinal
microvascular network, as evidenced by a reduction of the foveal avascular zone area in the
deep capillary plexus [22]. In this study, we did not analyze macular and peripheral perfu-
sion status. Previous studies have reported the efficacy of both intravitreal steroids and
anti-VEGF in reducing DME (and peripheral non-perfusion), regardless of the peripheral
retinal perfusion [32,33]. However, further studies are needed to investigate the influence
of retinal perfusion in mild DME and SMPL treatment. In conclusion, SMPL seems to
cause a slow and generalized restoration of retinal homeostasis that includes blood-retinal
barrier repair, reduction of local inflammation and widespread cellular normalization over
the long term, as confirmed by our morphological results. All patients had good glycemic
control and HbA1c remained unchanged during the study, showing that changes in mild
DME were unrelated to the metabolic control.

Another noteworthy result is that, over the course of the follow-up period, no patients
required intravitreal therapy. This confirms the previously reported potential for SMPL
to control intraretinal fluid and alleviate the burden of intravitreal treatments [4,34,35];
SMPL was effective in keeping retinal thickness under control, stabilizing macular retinal
homeostasis. A recent study has shown that visual acuity (in term of loss of five or more
ETDRS letters) is not significantly different among eyes initially managed with intravitreal
aflibercept, laser photocoagulation or observation at 2 years’ follow-up, in patients with
good visual acuity (>79 ETDRS score) at baseline [36]. However, the proportion of eyes with
visual acuity of 20/20 or better was significantly greater with aflibercept than observation,
but not with laser photocoagulation, and eyes in the laser photocoagulation group had a
lower likelihood of receiving aflibercept injections compared to eyes in the observation
group [36]. This difference seems to suggest a possible benefit of laser photocoagulation in
reducing the need for anti-VEGF. As already mentioned, SMPL proved to be as effective
as laser photocoagulation, without its adverse effects (macular scarring and visual sco-
tomas) [37]. Therefore, SMPL may have a role as an effective long-term retinal maintenance
therapy, including in patients with good visual acuity, minimizing the risks and side effects
associated with laser photocoagulation and intravitreal injections.

With regards to safety, OCT analysis did not detect any sign of disruption of the outer
retinal layers’ integrity following 577-nm SMPL treatment; short-wave and near-infrared
FAF images failed to disclose any secondary effects of the laser treatment on the macular
area, and no visible result of the applied laser spots was apparent on ophthalmoscopy. No
harmful effect of the laser treatment was detected in any eye over the course of follow-up,
irrespective of the number of repeated laser treatments or total observation time.

The main limitation of this study is its retrospective nature. However, this was a real-
life report on a large population of patients with mild center-involving DME, all treated by
577-nm SMPL with fixed parameters and retreatment modalities. It allowed us to prove the
efficacy of treatment repetition over a long-term follow-up period, using a standardized
treatment on the whole macular area. This may suggest the necessity of planning long-
term treatment protocols with repeated SMPL sessions at pre-planned intervals of at least
3 months. This approach would also limit the need for control examinations, reducing
the burden for patients and the health care system, and thus improving adherence to the
treatment schedule.
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