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Abstract 

DARC (Detection of Apoptosing Retinal Cells) is a retinal imaging technology that has been 

developed within the last 2 decades from basic laboratory science to Phase 2 clinical trials. It 

uses ANX776 (fluorescently labelled Annexin A5) to identify stressed and apoptotic cells in 

the living eye. During its development, DARC has undergone biochemistry optimisation, scale-

up and GMP manufacture and extensive preclinical evaluation. Initially tested in preclinical 

glaucoma and optic neuropathy models, it has also been investigated in Alzheimer, 

Parkinson’s and Diabetic models, and used to assess efficacy of therapies. Progression to 

clinical trials has not been speedy. Intravenous ANX776 has to date been found to be safe and 

well-tolerated in 129 patients, including 16 from Phase 1 and 113 from Phase 2. Results on 

glaucoma and AMD patients have been recently published, and suggest DARC with an AI-

aided algorithm can be used to predict disease activity. New analyses of DARC in GA 

prediction are reported here. Although further studies are needed to validate these findings, 

it appears there is potential of the technology to be used as a biomarker. Much larger clinical 

studies will be needed before it can be considered as a diagnostic, although the relatively non-

invasive nature of the nasal as opposed to intravenous administration would widen its 

acceptability in the future as a screening tool. 

This review describes DARC development and its progression into Phase 2 clinical trials from 

lab-based research. It discusses hypotheses, potential challenges, and regulatory hurdles in 

translating technology. 
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1 Abbreviations 

Abbreviation  
18F fluorine-18 
124I iodine-124  
99mTc Technetium-99m 

AD Alzheimer’s disease 

AI Artificial intelligence 

AMD Age-related macular degeneration 

Anti-VEGF anti-vascular endothelial growth factor 

ANX776 Annexin – fluorescent at 776 nm 

AO Adaptive optics 

AUC Area under the curve 

BMI Body mass index 

CNN Convoluted neural network 

CNV Choroidal neovascularisation 

CSF Cerebrospinal fluid 

CSF-P Cerebrospinal fluid pressure 

cSLO Confocal scanning laser ophthalmoscope 

CTA Clinical Trial authorisation 

cTIMP Clinical Trial of an Investigational Medicinal 
Product 

DARC Detection of apoptosing retinal cells 

DAPI 4,6-diamidino-2-phenylindole 

Dy-776-mal Dy-776 maleimide fluorescent dye 

EAE Experimental autoimmune 
encephalomyelitis 

FDA Food and Drug Adminstration (USA) 

GMP Good manufacturing practice 

MHRA Medicines & Healthcare products 
Regulatory Agency (UK) 

IB Investigator’s Brochure 

IMP Investigational Medicinal Product 

IOP Intraocular pressure 

mGluR Metabotropic glutamate receptor 

MRI Magnetic resonance imaging 

MS Multiple sclerosis 

NMDA N-methyl-D aspartic acid 

NOAEL No Observed Adverse Effect Level 

NTG Normal tension glaucoma 

OCT Optical coherence tomography 

OHT Ocular hypertension 

PACG Primary angle closure glaucoma 

PD Parkinson’s disease 



PET Position emission tomography 

POAG Primary open angle glaucoma 

PPV Positive predicted value 

pRNFL peripapillary RNFL 

PS Phosphatidylserine 

RGC Retinal ganglion cell 

RNFL Retinal nerve fibre layer 

RoP Rate of Progression 

RPE Retinal pigment epithelium 

SPECT single photon emission computed 
tomography 

TUNEL terminal deoxynucleotidyl transferase dUTP 
nick end-labeling 

VEGF Vascular endothelial growth factor 

 

  



 

2 Introduction 

DARC (Detection of Apoptosing Retinal Cells) is an original technique that capitalises on the 

unique transparent optical properties of the eye to enable stressed and apoptotic cells to be 

visualised in the retina using a fluorescent-labelled annexin A5. Annexin A5 has been used for 

many years in cell biology labs in the cytological detection of cells undergoing apoptosis using 

fluorescein isothiocyanate-labelled annexin A5 (FITC-annexin A5 or 488-annexin A5). 

Radiolabelled annexin A5 has been used clinically in diseases such as cancer (García-Santos et 

al., 2006) and cardiovascular disease (Blankenberg et al., 1998) and in these applications 

annexin was put forward as a measure of disease activity. This led us to consider utilizing 

fluorescence retinal imaging instead of radiolabelled annexin as this technique is routinely 

used in ophthalmology including autofluorescence, fluorescein sodium and indocyanine 

green for angiography (Keane and Sadda, 2010). Thus the DARC project was born with the 

first publication in 2004 (Cordeiro et al., 2004) . The rationale for DARC is that rather than 

providing an estimate of healthy cells, it highlights unhealthy and sick cells, to give an 

indication of disease activity. 

Here we review the development of DARC from this very first paper, and comment on the 

findings and translatability. 

 

3 Basic Principles  

3.1 Annexin A5, Apoptosis and Stressed Cells 

Annexin A5 has been linked to the detection of apoptosis for many years. Apoptosis is a type 

of programmed cell death where individual cells and their nuclear contents shrink and 

fragment into apoptotic blebs in a controlled manner. These blebs are then phagocytosed by 

macrophages and do not cause an inflammatory response unlike necrosis(Ahmad, 2017). 

Thus, compared to necrosis, apoptosis is a regulated process of cell death, associated with 

chromatin condensation, DNA fragmentation, oxidative damage and autophagic 

degeneration and commonly proceeding via either extrinsic or intrinsic caspase dependent 

pathways (Hofstra et al., 2000). The apoptosis cascade is initiated by key enzymes called 

caspases that cleave target proteins when activated leading to controlled cell death.  

One of the earliest stages in this cascade process is thought to be translocation of 

phosphatidylserine (PS) molecules onto the outer layer of the bilayer plasma cell membrane. 

These molecules are normally present on the inner layer of the plasma membrane of cells and 

are maintained by phospholipid enzymes called scrambalase, floppase and flippase(Daleke, 

2007; Hankins et al., 2015). PS is moved to the outer plasma membrane in the early stages of 

apoptosis and act as an ‘eat-me’ signal to phagocytic cells to clear up the debris produced 

from the apoptotic process (Fadok et al., 1992).  



Recently, there has been recognition of the changes in cellular membranes when under stress 

which include externalisation of PS. This can be initiated through changes in the intracellular 

or extracellular environment, and identified through annexin binding(Monastyrskaya et al., 

2009). However, the process of PS externalisation has been shown to be inducible, reversible, 

and independent of cytochrome c release, caspase activation, and DNA fragmentation 

(Balasubramanian et al., 2007). The externalisation of PS can be a marker of cell stress and 

does not have to be associated with ultimate apoptotic cell death (Calianese and Birge, 2020; 

Nagata et al., 2016). In addition, there is increasing literature suggesting that apoptosis is 

reversible and “not a one-way street”(Gong et al., 2019). 

 

DARC technology uses the presence of phosphatidylserine molecules on the outer leaflet of 

the membrane to fluorescently mark apoptosing and stressed cells through the binding of 

Annexin A5. 

Annexin A5 is an endogenous 36 kDa calcium dependent phospholipid binding protein that 

has a high affinity for the phosphatidylserine molecules that are expressed on the cell surface   

in apoptosis, as shown in Figure 1 below (Meers and Mealy, 1993). It is therefore widely used 

as sensitive probe to detect apoptosis in its early stages. The word annexin is derived from 

the Greek word annex, which means to hold or bind together (Gerke and Moss, 2002). The 

biological role of annexin A5 is not fully understood however, like all other annexins, it is 

thought to have a role in binding molecules together, in particular in the membranes. It is 

believed to act as a membrane- membrane or membrane-cytoskeleton linker and may have 

a role in endocytosis and the stabilization of both the cell plasma membrane and individual 

organelle membranes (Rescher and Gerke, 2004). Annexin A5 has also been reported to have 

a role in the promotion of autophagy by induction of autophagosome-lysosome fusion and 

may act as a ligand for the complement protein C1q during apoptosis induction (Creutz et al., 

2012; Ghislat et al., 2012; Martin et al., 2012; Park et al., 2016). It is important to note that PS 

is not externalised in sarmoptosis and parthanatos. 

While no member of the annexin family has shown evidence of being a disease-causing gene 
through loss, mutation or translocation, changes in their expression levels can contribute 
indirectly to conditions such as cardiovascular disease or cancer (Hayes and Moss, 2004). 
Annexin 1 has been shown to have an anti-inflammatory role while Annexin 2 has an anti-
fibrinolytic role (Gerke and Moss, 2002). The therapeutic potential of Annexin 1 in ischaemic 
reperfusion injury from strokes and myocardial infarctions is promising due to its anti-
inflammatory potential and has been an area of focus for novel drug development 
programs(Ansari et al., 2018). However it is the role of annexin A5 in apoptosis and stress, 
and its properties that allow it to bind to the phosphatidylserine molecules on the cell 
membrane that has been harnessed as the basis of DARC technology (Hayes and Moss, 2004).  
 

 

 

 



 

 

Figure 1: Diagram of annexin labelling a stressed or apoptotic cell via PS expression. Fluorescently labelled annexin A5 is only 
able to bind to phosphatidylserine that is externalised on stressed and apoptosing cell membranes in a calcium-dependent 
manner, through the downregulation of flippase and activation of scramblases. 

 

3.1.1 Principles of use 

In 1995, Vermes et al. first took advantage of the phosphatidylserine-binding property of 

annexin A5 and proposed its use as an early stage marker of in vitro apoptosis using flow 

cytometry(Vermes et al., 1995). Since this discovery, annexin A5 has been used in several 

applications either labelled fluorescently or biotinylated as an in vitro assay to identify 

apoptotic cells from necrotic and healthy cells. It has uses both in flow cytometry and imaging. 

Several cell biology kits that involve annexin A5 are currently in use in flow cytometry in the 

detection of apoptotic cells. Annexin was first used in vivo with radiolabels fluorine-18 (18F), 

iodine-124 (124I) and Technetium-99m ( 99mTc). Murakami et al. examined the use of 18F 

labelled annexin A5 and compared it to 99mTc labelled annexin A5 in the myocardium of the 

left ventricle of rats after induction of myocardial ischaemia and showed accumulation of 

both tracers in infarcted areas on positron emission tomography (PET)(Murakami et al., 

2004). Similarly Ohtsuki et al used 99mTc labelled annexin A5 as a non-invasive method to 

visualize apoptosis in the thymus of rodents(Ohtsuki et al., 1999). There have been several 

advances in vivo using single-photon emission computed tomography (SPECT) imaging in 



rodent models with dual radio and fluorescently-labelled annexin A5 investigating the 

infiltration of macrophages in atherosclerotic plaques, visualization of apoptosis in tumours, 

development of infections in prosthetic joints and even models of stroke despite some 

controversy surrounding this(Belhocine et al., 2015a; Blankenberg et al., 2006, 1998; Ohtsuki 

et al., 1999; Rescher and Gerke, 2004). While studies have shown the use of annexin A5 in 

detecting cerebral ischaemia, Zille et al were unable to utilise annexin A5 to image brain cell 

death in their model and postulated this could be due to its short half-life or an inability to 

cross the blood brain barrier (Zille et al., 2014). 

More recent research involves various conjugations of annexin A5 into functionalized 

nanoparticles, core-cross-linked polymeric micelles and cross-linked iron oxide (CLIO) 

magnetic nanoparticles (Chen et al., 2011; Li et al., 2016). These have allowed for multimodal 

in vivo non-invasive imaging in rodents in various tissues (Blood, heart, liver, spleen, kidney, 

lung, stomach, intestine, muscle, bone, brain and tumour)(Belhocine et al., 2015b).   

99mTc labelled annexin A5 has been used safely in humans in over 30 clinical trials including 

assessing the response of tumour apoptosis in lymphoma, lung, breast cancer, head and neck 

cancer to chemotherapy and radiotherapy, severity of stroke and infections in prosthetic 

joints, summarised in Table 1 below.   



Table 1: Radiolabelled Annexin A5 Clinical trials  

Most of the clinical trials performed in the 2000s used GMP 99mTc-HYNIC–annexin V 

manufactured by Theseus Imaging Corporation Cambridge, Massachusetts, although this 

source was closed down by North American Scientific in 2005(Blankenberg, 2009). However, 

in 2014, Advanced Accelerator Applications began producing GMP 99mTc-rhAnnexin V-128 kits 

which have since been in clinical trials (NCT02182609, NCT02677714, NCT02667457, 

NCT03232580, NCT02978885).  
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3.1.2    Imaging annexin in the retina 

Imaging the retina directly is possible in the eye as the cornea and lens are generally 

transparent allowing the use of techniques such as confocal scanning laser ophthalmoscopy 

(cSLO)(Webb and Hughes, 1981) and optical coherence tomography (OCT)(Huang et al., 

1991). However, it is more difficult to visualize individual retinal cells using these techniques 

although advances in adaptive optics (AO) has greatly improved photoreceptor imaging, 

although not widely available. While it is technically possible to obtain an image of single 

RGCs, the field of view is small and there is a prolonged image analysis and acquisition 

time(Liu et al., 2017; Rossi et al., 2017).  

DARC technology uses fluorescently labelled annexin which acts as a contrasting agent and 

allows better visualization of individual retinal cells. DARC studies have trialled several 

different fluorescent labels of annexin A5. For example, Alexa Fluor 488- labelled annexin A5 

was initially used in animal models where DARC was identified in RGCs in real time with non-

invasive imaging(Cordeiro et al., 2004). This label has an excitation wavelength on 495nm and 

an emission wavelength of 519nm which enables it to be excited with an Argon laser at 

488nm. The clinical DARC annexin is labelled with the fluorophore DY-776(Cordeiro et al., 

2017) to give ANX776. ANX776 has a near infrared excitation wavelength, peaking at 771 nm, 

and an emission wavelength peaking at 793 nm. DY-776 was specifically chosen because of 

its fluorescence excitation and emission spectra being similar to indocyanine green – which is 

commonly used in retinal angiography (Hassenstein and Meyer, 2009). Compared to 488 nm 

excitation, NIR wavelengths causes the patient minimal discomfort with less interference 

from  media opacities and luteal pigment, and reduced intrinsic autofluorescent signals(Holz 

et al., 2017). The binding affinity and biological activity of ANX776 have been extensively 

tested using in vivo and in vitro assays and are discussed in detail further below(Cordeiro et 

al., 2017; Tait et al., 2004). 

The process of apoptosis and the presence of externalised PS in apoptosing cells has been 

shown to last 24 hours in various in vitro models.(Gelles and Edward Chipuk, 2016; Meloni et 

al., 2011; Wallberg et al., 2016) The application of ANX776 in vivo should therefore detect all 

cells exposing PS in different stages of apoptosis within the preceding 24 hour period, in 

addition to those under stress, and not dying or entering apoptosis. This is important in using 

DARC to assess retinal disease activity.  

3.1.2.1 Confocal scanning laser ophthalmoscopy (cSLO)  

cSLO has to date been the main instrument used to image the retina with DARC technology. 

By applying the confocal principle based on a pinhole aperture, image resolution can be 

enhanced using a point source laser of specific wavelength. Scanning over the whole retina is 

performed rapidly to minimise both exposure and light scattering, improving patient comfort 

and compliance.  

cSLO allows imaging of sections through biological tissues with better control over depth of 

field when compared to conventional optical microscopy(A. Maass et al., 2007). As the laser 

wavelength approaches the excitation wavelength of the fluorescently labelled annexin 

molecules they are excited and the reflected light from the emission wavelength from the 



molecules is filtered and acquired as an image. These fluorescently labelled areas highlight 

the binding of annexin molecules to PS, and therefore cells undergoing stressful conditions 

and apoptosis (Yap et al., 2018). The images are optimised to remove large non-enhancing 

structures such as the blood vessels and the optic nerve and are analysed to produce a DARC 

count to detect the number of annexin A5 labelled spots. The figure below shows an example 

of the hyperfluorescent DARC spots seen on imaging.  

 

 

 

 

 

 

 

 

 

 

Figure 2: DARC image identifying apoptosing RCGs as hyperfluorescent spots (circled with arrows on the left, original image 
on the right) after injection of Annexin ANX776 

For optimisation of image capture, use of averages of 100 frames combined with eye-tracking 

has been found to attain a higher signal-to-noise ratio. These spots are seen as 

hyperfluorescent spots measuring between 12 and 16 μm in diameter in the human eye.  

In the first demonstration of DARC, it was possible to visualise the dual-labelling annexin A5 

and caspase-3 positive RGCs, and to demonstrate histologically that these DARC spots 

corresponded to apoptosing RGCs. The RGCs were labelled retrogradely by injecting DiAsp (4-

(4-(didecylamino)styryl)-N-methylpyridinium iodide) into the superior colliculi of 



rats(Cordeiro et al., 2004). The sections were then taken and stained with 4,6-diamidino-2-

phenylindole (DAPI) to assess the nuclei and Cy5-labelled anti-caspase-3 to confirm apoptosis 

which correlated to the fluorescent-labelled annexin A5 DARC spots seen in vivo(Cordeiro et 

al., 2004; Yap et al., 2018).  

 

 

4 Diseases with DARC Potential 

 

A number of diseases have had apoptosis identified as being an important aspect of their 

pathology. Importantly, there is increasing recognition that the retina is involved in CNS 

disease, with similar mechanisms being involved in the eye and the brain. In addition to being 

associated with glaucoma and AMD, retinal apoptotic changes have been demonstrated in 

Alzheimer’s & Parkinson’s diseases and multiple sclerosis (Cordeiro, 2016). 

Table 2 below summarises some of the conditions where apoptosis has been identified in the 

retina. These are discussed in turn below. 

 

 

Diseases Retinal Apoptotic Cell 
Reference 
 

Glaucoma Retinal ganglion cells 
(Garcia-Valenzuela et al., 1995; 
Kerrigan et al., 1997; Weinreb 
et al., 2004) 

Age-related 
macular 
degeneration 

Retinal pigmented epithelium, 
photoreceptors, and inner nuclear layer cells 

(Dunaief et al., 2002; Telegina 
et al., 2017)  

Optic Neuritis Retinal ganglion cells (Shindler et al., 2008) 

Alzheimer’s 
disease 

Retinal ganglion and photoreceptor cells 
(Cao et al., 2013; Ding et al., 
2011) 

Parkinson’s 
disease 

Retinal ganglion and amacrine cells 
(Guo et al., 2018; Wilding et al., 
2014) 

 

Table 2: Conditions in which retinal cell apoptosis has been demonstrated 

 

4.1 Glaucoma 

Damage to RGCs, and by extension, the vital connection they form between retina and brain 

is characteristic of glaucoma, an optic neuropathy and leading cause of bilateral blindness 

worldwide (Weinreb et al., 2016). Whilst IOP-lowering drugs are available to effectively 



manage and slow glaucoma progression (Brubaker, 2003), early diagnosis and treatment are 

essential to minimise loss of visual function resulting from irreversible neurodegeneration. 

Despite the importance of timely treatment, diagnostic rates of glaucoma are poor (Gupta 

and Chen, 2016; Tielsch et al., 1991; Weinreb et al., 2014), with estimates of as few as 10 to 

50% of all glaucoma cases having been diagnosed (Jonas et al., 2017; Weinreb et al., 2014). 

Poor diagnostic rates stem from two facets of glaucoma, firstly, the pathology is insidious and 

variable between patients, secondly, diagnostic tools are often either not sensitive enough, 

or not applicable to all cases of glaucoma. 

4.1.1 Pathologies  

The underlying pathology of glaucoma can be categorised based on the angle formed 

between the iris and the cornea. The two most common types of glaucoma are primary open 

angle glaucoma (POAG) and primary angle closure glaucoma (PACG) (Shen et al., 2008), with 

some prevalence as shown below in Table 3. 

  

Table 3 Prevalence of Glaucoma 

4.1.1.1.1 Normal tension glaucoma 

Despite IOP being a major risk factor for glaucoma (Parviz et al., 2017), at diagnosis, up to 50% 
of patients with primary glaucoma have IOP within the normal range (Gupta and Chen, 2016; 
Jonas et al., 2017). The prevalence of normal tension glaucoma (NTG) has led to IOP no longer 
being included as a diagnostic criterion for glaucoma (Chang and Goldberg, 2012).  

While glaucoma can (and often does) occur in absence of OHT, this does not discount the 
existing understanding that pressure-gradient related mechanical disturbance of the lamina 
cribrosa is the primary mechanism of glaucomatous RGC death. It is worth noting that in cases 
of NTG, reduction of IOP can often successfully slow and manage glaucomatous pathology 
(Anderson, 2003) despite the lack of OHT. This implies that the eyes of some patients may be 
more susceptible to glaucoma at lower IOPs. 

Glaucoma 
pathology 

Prevalence among 
glaucoma cases 

Notes 

Primary open 
angle 
glaucoma 
(POAG) 

>70% (Jonas et al., 
2017) 
74% (Quigley and 
Broman, 2006) 
 

Global prevalence 3.1% (Jonas et al., 2017). 
Varies with ethnicity and age: highest in Blacks   
5.2% at 60 years and 12.2% at 80 years and 
lowest in East Asians 1.8% at 60 years and 3.8 % 
at 80 years (Kapetanakis et al., 2016) 

Primary angle 
closure 
glaucoma 
(PACG) 

3.5% (Shen et al., 2008) 
 

Global prevalence 0.6% (Zhang et al., 2021)More 
common in Asian countries, which account for 
approximately 77% of worldwide PACG cases 
(Sun et al., 2017) 
Corresponds to a disproportionately high 
number of bilateral blindness cases (3.9 million) 
compared to POAG (4.5 million) (Sun et al., 
2017) 



It has been suggested that predisposition to glaucoma at normal IOP may be affected by CSF 
pressure (CSF-P). Using magnetic resonance imaging (MRI) to measure the volume of the optic 
nerve subarachnoid space as a surrogate for CSF-P, NTG patients were observed to exhibit 
lower CSF-P than POAG patients and healthy controls (Wang et al., 2012). This supports the 
notion that a pressure gradient across the back of the eye is instrumental in glaucoma 
pathology, as lowering CSF-P is equivalent to raising IOP. Additionally, it has been observed 
that the thickness of the lamina cribrosa, as measured by OCT, is significantly lower in NTG 
patients compared to POAG patients (Park et al., 2012), implicating that resilience (or lack 
thereof) to structural deformation may indicate predisposition to NTG. 

 

4.1.2 Apoptosis and Stress 

 

Apoptosis has been identified as one of the earliest processes occurring in retinal ganglion 

cells in glaucoma,(Garcia-Valenzuela et al., 1995; Kerrigan et al., 1997) with increasing 

evidence of RGC axonal and dendritic changes occurring beforehand (Calkins, 2012). Annexin 

5 DARC labelling has been colocalised to RGC undergoing apoptosis, as discussed in section 

5.1.2. RGC apoptosis has been attributed to a number of different insults, summarised in 

Figure 3 below. 

 

 

 

Figure 3: Processes leading to retinal ganglion cell apoptosis and cell death 

4.1.3 Existing diagnostic tools 

There currently exists no method of diagnosing glaucoma that is applicable to all pathologies 

and allows for timely detection. For example, tonometry, which measures IOP, while useful 

in detecting OHT and monitoring response to treatment (as the only approved treatment for 

glaucoma is to reduce IOP), is not effective in cases of normal tension glaucoma. Gonioscopy 



can reveal the risk of developing PACG, but this is not relevant to the majority of glaucoma 

cases. Structural changes to the optic nerve are present in all forms of glaucoma(Y. X. Wang 

et al., 2020), however such assessment often requires historical patient data and precludes 

early detection. OCT is frequently used for patient assessment in glaucoma. The most 

commonly used OCT parameter is RNFL thickness, which reflects the damage of RGC axons in 

the retinal nerve fibre layer. The rate of RNFL loss has been shown to be predictive of visual 

field loss (Tatham and Medeiros, 2017; Yu et al., 2016) and the rate of progression has been 

incorporated into most OCT instrument modules. A psychophysical visual field test can reveal 

blind spots in the patient’s vision resulting from any kind of glaucoma, but the development 

of visual blind spots occurs only after substantial and irreversible vision loss has occurred.  

 

Table 34 summarises the strengths and limitations of techniques used to clinically diagnose 

and monitor glaucoma. 

 

 Monitoring 
method 

Measured 
parameters 

Strengths of method Limitations of 
method 

 
Slit-lamp 
examination 

Applanation 
Tonometry 

IOP is 
measured 
and 
compared to 
a ‘normal’ 
range (12-21 
mmHg). 

OHT is a major risk 
factor for 
glaucoma(Parviz et 
al., 2017) and 
instrumental in 
pathological 
disruption of the 
lamina cribrosa 
The only clinically-
approved disease 
modifying treatment 
of glaucoma is IOP 
reduction 
A patient’s post-
medication IOP can 
correlate with 
pathology outcome 
(Leske et al., 2003) 

IOP can fluctuate 
(Malerbi et al., 
2005; Sit, 2014), by 
up to several mmHg 
over the course of 
24 hours (Tojo et 
al., 2016) 
There is non-trivial 
measurement 
variability between 
different 
tonometers. 
At diagnosis, 
approximately 50% 
of glaucoma 
patients have an 
IOP that would be 
considered normal 
(Gupta and Chen, 
2016; Jonas et al., 
2017) 

Gonioscopy Drainage 
angle 

Vital in determining 
potential risk of 
developing PACG, 
which may attack 
suddenly, quickly 
resulting in 

Cannot indicate 
susceptibility to 
open angle 
glaucoma 



irreversible damage 
(Sun et al., 2017) 

Structural 
assessment 

Fundus 
photography  

Cup to disc 
ratio, 
Disc 
asymmetry  

The loss of RCGs and 
thinning of the 
neuroretinal rim in 
glaucoma causing 
excavation of the 
optic nerve head is 
well established.  
 
The use of deep 
learning and artificial 
intelligence 
algorithms is being 
tested in order to 
automate this 
assessment, with a 
view to develop a 
faster, higher quality 
system.(De Fauw et 
al., 2018) 

Multiple 
examinations 
assessing the 
change in the optic 
nerve structure is 
needed to diagnose 
glaucoma as a 
single examination 
is usually not 
sufficient due to the 
variability seen in 
optic nerve 
structure. (Khaw 
and Elkington, 
2004; Weinreb et 
al., 2014) 
Early diagnosis is 
not possible as the 
changes seen in the 
optic nerve head 
are as a result of 
RCG loss and so 
only apparent after 
the damage has 
occurred.  

 OCT 
 
 

RNFL 
Macular  
Optic Nerve 
Head 

OCT has been proven 
to be an objective 
method to measure 
RNFL loss, macular 
thickness and Bruch’s 
membrane opening.  
Deep learning 
algorithms also 
applied to these 
images. (Tatham and 
Medeiros, 2017; Wu 
et al., 2011) 

Early diagnosis is 
not possible as the 
changes seen in the 
optic nerve head 
are as a result of 
RCG loss and so 
only apparent after 
the damage has 
occurred. 
Additionally, there 
is a floor effect with 
OCT such that RNFL 
changes are not 
detectable beyond 
a certain level of 
RNFL loss 

Functional 
assessment 

Visual field 
test 

Patient’s 
detection of 
visual stimuli. 

Visual field tests are 
used routinely in 
clinics throughout 
the world. 

Similar to the optic 
nerve head, visual 
field defects in 
glaucoma are only 



Standardised 
modules have been 
developed to allow 
for ageing changes.  

visible until the loss 
of at least 30-50% 
of RCGs. Early 
diagnosis is 
therefore not 
possible. There is 
also the subjectivity 
and variability of 
these tests, with 
reliability and 
variability between 
tests major issues 
(Alasil et al., 2015; 
Gupta and Chen, 
2016; Weinreb et 
al., 2014) 

 

Table 4: Strengths and weaknesses of existing glaucoma diagnostic methods 

 

4.1.4 Potential glaucoma assessment tools 

A gold standard of glaucoma diagnosis needs to paint a detailed and nuanced picture of retinal 

health, providing measurements that are sensitive enough to detect pathological conditions 

before substantial damage occurs(Beykin et al., 2021). 

One interesting line of research which continues to be developed concerns the assessment of 

CSF-P. While it is known that IOP is a poor indication of the presence of glaucoma, current 

understanding of the disease suggests that when IOP is measured to be within the ‘normal’ 

range, a lower CSF-P can generate a pathological pressure gradient across the lamina cribrosa, 

resulting in glaucoma (Wang et al., 2012). By using magnetic resonance imaging (MRI) to 

measure the orbital subarachnoid space width and using this as an estimate for CSF-P, the 

difference between IOP and CSF-P can be calculated. This has recently demonstrated 

promising efficacy in discriminating between ocular hypertensive subjects and controls (Xie 

et al., 2018). While the applicability of such a technique may be hindered by its reliance upon 

MRI, it critically could identify pathological pressure gradients across the lamina cribrosa 

before noticeable vision loss takes place. It is unclear however, if the combination of IOP, CSF-

P and MRI would have a high enough specificity or sensitivity to be useful in clinical practice.  

A more direct approach to investigating retinal health would be to image retinal cells at a high 

enough resolution to identify pathology. Unfortunately, resolving the intricate cellular 

structure of retinal cells in vivo is confounded by the very property of the eye that makes it 

suitable to visual investigation; the optical properties of the eye impart major aberrations 

onto imaging equipment, limiting resolution and preventing detailed analysis of individual 

cells. Adaptive optics (AO) overcomes this limitation by measuring aberrations in the eye, and 

adjusting a deformable mirror to compensate accordingly (Liang et al., 1997; Wynne et al., 



2021). In recent years, the enhanced resolution afforded by AO has been paired with OCT and 

scanning laser ophthalmoscopy (Choi et al., 2011; Dong et al., 2017; Takayama et al., 2013) 

and has provided extremely high resolution images of retinal cells in glaucoma in vivo. Despite 

presenting a vast enhancement to established retinal imaging techniques, adaptive optics do 

not yet provide a novel diagnostic tool for glaucoma; imaging structural changes in the eye 

(such as with OCT) necessitates that substantial cell loss has already occurred. While the 

improved resolution offered by the introduction of AO may allow more subtle structural 

changes to be detected, such an approach still precludes early detection. There have been 

some advances in obtaining images of single RGCs, but currently the small field of view, 

prolonged acquisition time and complex image analysis make this still difficult routine 

technology to roll out to clinic (Liu et al., 2017; Rossi et al., 2017). 

An evolving area of research is the in vivo imaging of labelled retinal cells in experimental 

models. Rather than simply observing the structure of cells, exogenous fluorescent labels are 

applied to identify specific populations of cells(Beykin et al., 2021). Retrograde labelling of 

RGCs using cholera toxin subunit B and fluorogold have both been explored (Yao et al., 2018), 

based on the principle of only healthy cells supporting retrograde transport to the retina. 

Additionally, use of an adeno-viral vector has been assessed in mice (Smith and Chauhan, 

2018). The resulting fluorescence retinal fluorescence image can provide data reflecting the 

density and distribution of healthy RGCs in the retina, which may highlight a pathological 

reduction in cells, but application to clinical testing is still unknown. 

However, a more prospective approach to identifying unhealthy RGCs is to label cells which 

are unhealthy, thereby avoiding the reliance upon the loss of cells and allowing earlier 

detection of pathological conditions. This is the basis of using DARC. The caspase-binding 

probe TcapQ, and its successor KcapQ have been used to fluorescently identify apoptosing 

RGCs in vivo in a rat model of NMDA-induced glaucoma (Davis et al., 2016; P. Wang et al., 

2020). This approach enables the identification of retinal pathology prior to structural 

changes in animal models, but KcapQ his still confined to preclinical testing. 

4.1.5 Glaucoma modelling 

The loss of RGCs in glaucoma can occur as early as 10 years before it manifests 

symptomatically in patients as visual field defects(Ahmad, 2017). By detecting these dying 

cells early, it may be possible to recognize the disease process and intervene before 

irreversible damage and loss of vision occurs. While the pathophysiology of glaucoma is not 

fully understood, the main mechanism proposed for degeneration of RGCs is through 

apoptosis(Almasieh et al., 2012; Baudouin et al., 2020). Early detection may reduce the lag 

between the start of apoptosis of RGCs and the diagnosis of glaucoma and commencement 

of treatment. DARC has enabled research into this crucial area using advanced optical 

techniques to image and track individual RGCs in vivo over time. This has also enabled 

examination of cellular mechanisms that lead to their degeneration(Cordeiro, 2007).  

The figure below, (Figure 4) attempts to model the hypothetical trajectory of the visual 

function of a patient with glaucoma (pathological DARC count) to sight impairment, and is 

adapted from a visual field model by Dr Moraes et al (De Moraes et al., 2017). A patient with 



disease detected early with DARC would be able to undergo early intervention and preserve 

their visual function (green line). A patient identified later would receive late intervention 

(orange line) and also benefit by treatment delaying their progression to sight impairment 

when compared to no intervention. A patient receiving no intervention would progress to 

sight impairment much faster and at a much younger age. As there is a significant difference 

in visual function in the early intervention group, there is evidence to suggest early detection 

and intervention in these patients dramatically improves survival of the RCG population and 

preserves visual function.   

 

Figure 4: Modelling the hypothetical deterioration in visual function and DARC counts in a patient with glaucoma to highlight 
how early detection and intervention could delay progression to sight impairment 

  



4.2 Age Related Macular Degeneration 

 

Age related macular degeneration (AMD) is the leading cause of blindness in the developed 

world (Boyer et al., 2017; Lambert et al., 2016; Seddon, 2017). As the life expectancy in 

developed countries continues to grow, incidence of AMD has grown substantially creating a 

significant global burden of disease. It is characterised by progressive loss of central vision 

due to degenerative changes at the macula, the area of the retina that is responsible for 

detailed central vision (Chopdar et al., 2003).  

  

4.2.1 Pathologies  

The Age-Related Eye Disease Study (AREDS) divided AMD into 5 different categories to assess 

its severity based on the amount, size and nature of drusen present, the area and location of 

retinal pigment epithelium atrophy and the presence of neovascularisation (Kassoff et al., 

2001). Based on this, it can be classified into early, intermediate or advanced disease (Lambert 

et al., 2016). Early AMD is categorised by irregularities in the retinal pigment epithelium (RPE) 

and deposition of small drusen (<63mm)(Datta et al., 2017). Intermediate AMD had larger 

size drusen which are arranged more confluently and advanced disease manifests as 

geographic atrophy or neovascularisation (Lambert et al., 2016).  

It can also broadly be characterised into two forms – ‘wet’ AMD where intraretinal and 

subretinal fluid are prevalent as result of choroidal neovascularisation (CNV) and ‘dry’ AMD 

where vision loss is irreversible due to geographic atrophy.  

In early “dry” AMD, as RPE transport function deteriorates, drusen deposition occurs and 

overlying photoreceptor damage (Kanagasingam et al., 2014). A recent finding with OCT has 

suggested that in early AMD, the RPE/Bruch’s membrane complex thickens whilst 

photoreceptor layer thins (Brandl et al., 2019). With increasing damage, there ensues 

photoreceptor, RPE and choriocapillaris atrophy, with sharply defined areas of 

depigmentation(L. S. Lim et al., 2012). Photoreceptor dysfunction has been reported in 

intermediate AMD along with significant RPE thickening. (Parisi et al., 2020) More recently, 

the occurrence of photoreceptor atrophy without RPE atrophy has been recognised. 

Histological correlation with OCT findings are incorporated in the Classification of Atrophy 

Meetings (CAM) grading of Macular Atrophy including: cRORA (complete retinal pigment 

epithelium (RPE) and outer retinal atrophy), iRORA (incomplete RPE and outer retinal 

atrophy), cORA (complete outer retinal atrophy) and iORA (incomplete outer retinal 

atrophy)(Sadda et al., 2018). Moreover, cRORA is defined by specific OCT criteria: (1) a region 

of hypertransmission of at least 250 μm in diameter, (2) a zone of attenuation or disruption 

of the RPE of at least 250 μm in diameter, (3) evidence of overlying photoreceptor 

degeneration, and (4) absence of scrolled RPE or other signs of an RPE tear. 

 

Risk Factor   



Age Increasing age is the strongest risk factor for 
developing AMD 
(Heesterbeek et al., 2020; Lambert et al., 
2016) 

Sex No clear evidence.  
Some studies suggest female sex have a 
higher progression to AMD but this remains 
to be established (Heesterbeek et al., 2020; 
Lambert et al., 2016) 

Smoking 2-4 times more likely to develop AMD if 
smoker 
(Heesterbeek et al., 2020) 

Obesity High BMI associated with increased risk of 
developing AMD (Heesterbeek et al., 2020; 
Lambert et al., 2016) 

Diet Diets high in antioxidants, vegetables and 
fruits may have a role in preventing 
progression of AMD (Heesterbeek et al., 
2020) 
As per AREDS2 study, there may be a role in 
vitamin supplements containing vitamin C 
and E, beta carotene and zinc in early AMD 
(Chew et al., 2012) 

Ethnicity  Caucasians may have higher rate of 
developing AMD, especially neovascular 
AMD (Lambert et al., 2016) 

Genetic Over 40 genes identified including 
complement factor H, ARMS2/HTRA1 gene 
and lipid metabolism genes (Cascella et al., 
2018; Heesterbeek et al., 2020; Lambert et 
al., 2016) 

 Table 5: Risk Factors associated with AMD 

 

4.2.2  Retinal Apoptosis and Stress 

The occurrence of apoptosis in RPE, photoreceptors and inner nuclear cells has been linked 

to the development of AMD (Dunaief et al., 2002; Kaarniranta et al., 2020; Telegina et al., 

2017). Annexin 5 DARC labelling has been colocalised to photoreceptors and inner nuclear 

cells undergoing apoptosis, as discussed in section 5.1.2.3. In neovascular AMD, the 

externalisation of phosphatidylserine in stressed endothelial cells has been highlighted as the 

very early sign of angiogenesis(Corazza et al., 2020; Li et al., 2015). 

4.2.3 Existing Diagnostic Tools 

OCT (optical coherence tomography) is the gold standard imaging technique used in detecting   

changes at the macula and diagnosing AMD(Gualino et al., 2019). Unlike its predecessors, 



fluorescein angiography and indocyanine green angiography, it is a non-invasive method of 

imaging the retina (Rosenfeld, 2016). It allows clear visualisation of the layers of the retina, 

presence of drusen, intraretinal and subretinal fluid allowing easy comparison when assessing 

response to treatment. The RPE cells, photoreceptors and inner retinal cells are damaged in 

AMD. 

The treatments for AMD are centred around neovascular AMD at present as no treatment 

has been approved for geographic atrophy or the dry form of AMD. This is in the form of anti-

angiogenic intravitreal injections (anti-vascular endothelial growth factor or anti-VEGF) that 

inhibit the formation of new blood vessels and prevent leakage from these that creates 

further damage to the macula and manifests as visual loss(Mettu et al., 2020). Patients may 

require several injections over a long period of time, with the risk of infection and loss of the 

eye with every injection. The cost of these invasive therapies is significant with each injection 

costing over £1000 in the UK with some patients requiring monthly injections (Raftery et al., 

2007).  

With the healthcare costs of managing patients with neovascular AMD increasing 

significantly, early diagnosis AMD is crucial in addition to developing robust methods to 

identify its progression early. (Keenan et al., 2020; J. H. Lim et al., 2012) 

4.2.4 AMD modelling 

4.2.4.1 Neovascular AMD 

Neovascular AMD is characterised by the presence of intraretinal fluid, subretinal fluid and 

choroidal neovascularisation. These changes occur due to angiogenic activity, development 

of new immature blood vessels that cause leakage of fluid under on into the retina that can 

quickly progress to blindness if not treated promptly (Ambati and Fowler, 2012). Treatments 

aimed at neovascular AMD are therefore anti-angiogenic in the form of anti-VEGF injections.  

An in vivo pilot study conducted in rabbits demonstrated this angiogenic activity of VEGF. 

Human VEGF (1 μg in 50 μl) was injected into the left eye only of three rabbits after gaining 

appropriate ethical approval. The rabbits received an intravenous ANX776 injection 48 hours 

after the anti-VEGF injection and underwent DARC imaging. When compared to the control 

eye, all eyes treated with human VEGF had higher DARC counts. The rabbits also underwent 

fluorescein angiography 4 days after administration of VEGF, which showed increased 

fluorescein leakage in the treated eyes compared to the control suggesting DARC was 

identifying the early changes of angiogenesis in the retina (Corazza et al., 2020).  

  

   



 

Figure 5: Comparison of eyes treated with human VEGF (A-C) to their corresponding control untreated eye (D-F; respectively) 
showing an DARC spots in treated eyes only. Three examples of hyperfluorescent spots are highlighted with red arrows in 
each eye that contains DARC spots. 

  

It is thought that phosphatidylserine translocation in endothelial cells occurs as part of the 

early stages of angiogenesis in CNV(Li et al., 2015). In their paper, Li et al. clearly showed in a 

laser model of CNV that PS was exposed in CNV endothelium, and that its targeting with PS-

antibodies led to a significant reduction of CNV formation(Li et al., 2015).  

By labelling exposed PS in endothelium, DARC identifies areas of endothelial cell stress which 

can predict new vessel formation, leakage and formation of subretinal fluid before it causes 

permanent visual loss, as described in Corazza et al (Corazza et al., 2020) However, the 

detection of stress by DARC may result in an effect that is relatively rapid and short-lasting. 

 

 

4.2.4.2 Dry AMD 

The pathophysiology of dry AMD is not fully understood and as described previously there 

are no current treatments available to halt its development or progression.  

There is some evidence that the geographic atrophy seen in dry AMD is caused by increased 

apoptosis of the retinal cells at the macula. Analysis of post-mortem human retinas with AMD 

with terminal deoxynucleotidyl transferase dUTP nick end-labelling (TUNEL) used to detect 



fragmented chromatin in the cells showed a statistically significant increase in apoptosis in 

the inner choroid, retinal pigment epithelial (RPE) cells, the photoreceptor cells and the inner 

nuclear layer of the retina when compared to normal retinas (Dunaief et al., 2002). These 

areas of increased apoptotic activity were more significant at the edges of RPE atrophy which 

correlated clinically with expanding areas of visual field loss in patients and support the role 

of apoptosis in the pathogenesis of dry AMD. Using DARC technology we may be able to 

predict this expanding macular atrophy by detecting these apoptosing cells early, as discussed 

later. 

 

 

 

 

4.3 Alzheimer’s Disease 

Alzheimer’s disease (AD) is currently the leading cause of dementia worldwide. As the ageing 

population grows, its prevalence increases and it currently accounts for 80% of all diagnoses 

of dementia (Weller and Budson, 2018). The increasing aging population projects the number 

of AD cases in the United States to triple by 2050, with soaring total cost burdens (Brookmeyer 

et al., 2018). This has highlighted the need for non-invasive, inexpensive, and highly accessible 

biomarkers to enable early detection of AD with the hope that population-based screening 

will aid the progress in managing this devastating condition (Alber et al., 2020). 

  

4.3.1 Pathologies 

AD is characterised histologically by the deposition of beta amyloid plaques in the brain and 

neurofibrillary tangles formed by aggregation of tau (Weller and Budson, 2018). - Amyloid-

 and tau have been shown to cause apoptosis by deregulating the oxidative phosphorylation 

system in mitochondria, causing damage and triggering apoptosis via the caspase pathway 

(Wong et al., 2020). Amyloid- and tau have been shown to have a role in upregulating pro-

apoptotic molecules such as BAX and downregulating anti-apoptotic BCL-2 causing further 

neuronal cell death through apoptosis(Paradis et al., 1996).   

  

It is now thought there is a pre-clinical stage of AD where evidence of amyloid plaques in the 

brain may be present years prior to the onset of any cognitive changes. However there are 

currently no clinical criteria to diagnose this stage(Budson and Solomon, 2012). The second 

stage, mild cognitive impairment in AD, is detected once mild changes to memory and other 

cognitive abilities is apparent and the third stage is dementia due to AD where patients exhibit 

loss of two or more cognitive functions leading to loss of the ability to carry out activities of 

daily function(Budson and Solomon, 2012). Visual defects in AD may occur early in the disease 



process as manifest as reduced visual acuity, colour perception, contrast sensitivity and visual 

field defects (Yap et al., 2019). 

4.3.2 Retinal Cell Apoptosis   

In vitro studies have demonstrated Amyloid β-induced RGC and RPE apoptosis, with animal 

models providing further evidence.(Cao et al., 2013; Ding et al., 2011; Gupta et al., 2020) 

Recently, both RGC (Grimaldi et al., 2018) and amacrine (L. Gao et al., 2015) apoptosis have 

been described in transgenic models. In fact Grimaldi et al suggested RGC apoptosis in young 

asymptomatic 3xTg-AD mice, occurred early with parallel changes of protein aggregates and 

neurodegeneration in the brain (Grimaldi et al., 2018). We recently reported DARC could be 

used as an early indicator of neuroprotective treatment in this same model (Shamsher et al., 

2019).  

 

4.3.3 Existing Diagnostic tools 

As a definitive diagnosis of AD requires a post-mortem examination of brain tissue, current 

diagnostic tools involve assessing the cerebrospinal fluid for elevated tau levels and low beta 

amyloid, demonstrating temporal and medial parietal cortex atrophy on MRI scans or position 

emission tomography (PET) scans showing reduced metabolism in the temporal and parietal 

cortex(Budson and Solomon, 2012). Using fluorodeoxyglucose PET and single photon 

emission computed tomography (SPECT) imaging it is possible to detect this neuronal injury 

but there is no current tool available to image individual cells (Marcus et al., 2014).  

  

Pathological studies looking at the eye in AD post-mortem have shown evidence of axonal 

neurodegeneration in RCG cells and loss of RNFL. While several transgenic models of AD have 

shown the presence of amyloid deposition and tau aggregates in the retina, there is not clear 

consensus regarding the extent to which this occurs in the retina of human patients with 

AD(Ho et al., 2014). OCT imaging of the disc categorising RNFL thinning as well as OCT imaging 

of the macula may be useful in detecting early cognitive impairment(Chan et al., 2019; Ferrari 

et al., 2017). Studies have shown changes in the macular volume and ganglion cell and inner 

plexiform layers may correlate with lower mini mental state examination scores, which are 

used in the diagnosis of dementia(Iseri et al., 2006).   

4.3.4 Alzheimer’s disease modelling 

The characteristic amyloid beta aggregates seen in the brain of patients with AD are also 

present in the retina in humans (Koronyo et al., 2017, 2012). Additionally, some 

hyperphosphorylated tau protein has been detected in the retina of some patients with AD 

(Ho et al., 2014). The significance of these changes are therefore unclear and may suggest 

there is secondary neurodegeneration in AD (Yap et al., 2019). In mouse models of AD 

(APPSWE/PS1ΔE9) retinal amyloid-β plaques were detected in increased quantities 

correlating with disease progression(Koronyo-Hamaoui et al., 2011). Supporting studies have 



demonstrated retinal plaques in mice developed prior to any changes seen in the brain 

highlighting the importance of retinal imaging for early diagnosis(More and Vince, 2015).  

  

RNFL thinning around the disc in AD, on the other hand, has been proven to be a significant 

finding in examination of these patients with OCT. The rate of this thinning appears to be 

faster when compared to thinning due to the normal ageing process and thinning in the 

inferior sector of the pRNFL is thought to be the most sensitive marker to detect progression 

of cognitive decline in AD (Kesler et al., 2011; Shen et al., 2013). As described previously there 

is also growing evidence of thinning of the RNFL, ganglion cell layer and the inner plexiform 

layer on examination of the posterior pole with OCT imaging that has been correlated with 

worse cognitive function(Choi et al., 2016; L. Y. Gao et al., 2015). As these changes are thought 

to occur due to apoptosis of cells, DARC technology can be used to detect these cells at risk 

early. With the significant disease burden of AD increasing there is an unmet need for early 

diagnosis and treatment of patients.  

  

Changes seen in the brain in Down’s syndrome are similar to those described in autosomal 

dominant Alzheimer’s disease and are seen more than two decades before the onset of 

Alzheimer’s disease(Fortea et al., 2020). Therefore, patients with Down’s syndrome are 

thought to be a suitable population for clinical trials for Alzheimer’s disease and have been 

used as a model in DARC clinical trials. 

 

 

4.4 Parkinson’s Disease 

Parkinson’s disease (PD) is a neurodegenerative condition characterized by a triad of 

bradykinesia, rigidity and a resting tremor(Duyckaerts et al., 1993). It can also affect the 

autonomic nervous system, cause cognitive decline, mood disorders and affect visual 

functioning (Chaudhuri et al., 2006). It is currently the second most common 

neurodegenerative condition worldwide after AD (Kouli et al., 2018).  

  

4.4.1 Pathologies 

Deposition of alpha synuclein in the substantia nigra leading to loss of dopaminergic neurones 

is the pathological hallmark of PD (Duyckaerts et al., 1993). Neuronal loss is not limited to the 

substantia nigra and post-mortem examination of the retinas of patients with PD have shown 

similar deposition of alpha synuclein in the inner nuclear layer, inner plexiform and the 

ganglion cell layers as well as reduced dopamine (Bodis-Wollner et al., 2014; Harnois and Di 

Paolo, 1990). While the exact pathogenesis of neuronal loss in PD is still not apparent, there 

is significant evidence in the role of apoptosis with increased caspase activity seen when 

compared to healthy controls (Mogi et al., 2000).  



  

Similar to AD, it is thought that there is a pre-clinical, asymptomatic stage in PD that may 

occur as early as 14 years prior to the manifestation of motor symptoms and loss of function. 

These early signs may include autonomic dysfunction, psychiatric disturbances and rapid eye 

movement sleep disorders (Kouli et al., 2018). The classic motor symptoms may not present 

until there is significant loss of dopaminergic neurons of at least 50-80% (DeMaagd and Philip, 

2015).  

4.4.2 Apoptosis of RGC and amacrine cells 

The process of apoptosis has been identified in the nigrostriatal pathway as a mechanism of 

dopaminergic loss, and demonstrated in the retina.(Guo et al., 2018; Mogi et al., 2000; 

Wilding et al., 2014). RGC, photoreceptor and amacrine degeneration have all been identified 

in a rotenone model of Parkinson’s disease (Biehlmaier et al., 2007; Esteve-Rudd et al., 2011), 

with DARC showing early changes, being predictive of treatment efficacy in this same model 

(E.M. Normando et al., 2016). 

  

4.4.3 Existing Diagnostic tools 

PD is currently diagnosed clinically by the presence of two of the motor symptoms described. 

Definitive diagnosis is histological with the presence of Lewy bodies in neurones that 

represent the deposition of alpha synuclein(Kouli et al., 2018). No specific brain imaging 

technique has been recommended for routine diagnosis of PD in clinical practise however 

SPECT, PET and MRI scans can be used to differentiate between other causes of symptoms 

such as normal pressure hydrocephalus that may present similarly or between other forms of 

parkinsonism (Pagano et al., 2016). 

  

RNFL thinning particularly around the optic nerve (called peripapillary RNFL or pRNFL) in PD 

has been reported by several studies as a sign in PD that is different to that seen in AD. A 5 

year prospective longitudinal study looking at the association between pRNFL thinning on OCT 

and symptoms in PD showed some correlation between the symptom severity and 

progression with increased pRNFL thinning (Satue et al., 2017). In addition to this, studies 

assessing the RNFL thinning seen on OCT, retinal function and dopaminergic activity in the 

substantia nigra using PET and MRI scans have some correlation supporting the hypothesis 

that there may be some benefit in attempting to identify retinal biomarkers for PD (Ahn et 

al., 2018; Garcia-Martin et al., 2014; Mailankody et al., 2015). 

 

4.5 Multiple Sclerosis  

Multiple sclerosis is an autoimmune demyelination disorder of the central nervous 

system(Compston and Coles, 2008). 



4.5.1 Pathologies 

Demyelination of the axons causes loss of function and progressive neurological disability 

affecting the motor, sensory, autonomic and visual pathways(Krieger et al., 2016). Optic 

neuritis is the ocular manifestation of MS. It occurs as a result inflammation due to 

demyelination of the optic nerve and can potentially be blinding (Galetta et al., 2015). It 

presents with acute vision loss, which in 40-60% is associated with a degree of permanent 

visual loss, even after resolution of the acute inflammatory event (Wilhelm and Schabet, 

2015). The irreversible changes in vision closely correlate with RNFL thinning, and this is 

attributed to permanent damage to RGC axons.  

4.5.2 Apoptosis of RGC 

It is has been shown in experimental models of inflammatory demyelination that RGC 

apoptosis occurs in the early stages of disease – following demyelination and axonal injury 

(Shindler et al., 2008). RGC apoptosis has been identified in models of experimental 

autoimmune encephalomyelitis (Horstmann et al., 2013; Meyer et al., 2001).  

4.5.3 Existing Diagnostic tools 

The McDonald criteria are used to determine the diagnosis of MS. It is currently diagnosed 

through MRI scans showing inflammation and atrophy in the form of demyelinating lesions 

disseminated in time and space in the brain and spinal cord and through examination of the 

CSF where the presence of oligoclonal bands are indicative of immune activity (Thompson et 

al., 2018).  

OCT is increasingly advocated as a marker of disease severity in patients with MS after it was 

first used in 1999. It is a much faster and more cost-effective method of measuring the 

severity of MS when compared to repeated MRI scans and has shown benefit in predicting 

levels of disability with MS and quality of life (Schinzel et al., 2014; Walter et al., 2012). Recent 

evidence has also shown that RNFL thickness correlates with MRI-estimated whole brain 

atrophy in MS patients(Dörr et al., 2011; Gordon-Lipkin et al., 2007). 

Comparison of healthy and MS patients using OCT and post-mortem analysis have shown 

optic nerve damage in association with RGCs and microglia changes, (Saidha et al., 2015; 

Sotirchos and Saidha, 2018)] with retinal thinning following microglia-mediated immune 

responses [(Pawlitzki et al., 2020; Saidha et al., 2015)].OCT has been used to show that RNFL 

thinning in the eyes of MS patients without prior history of optic neuritis (MS-NON) although 

to a lesser extent (Petzold et al., 2017).  

4.5.4 Multiple Sclerosis modelling  

 

There is growing evidence that RCG apoptosis is responsible for the changes seen in the 

thinning RNFL of patients with optic neuritis (Garcia-Martin et al., 2014; Syc et al., 2012). This 

has been shown in models of experimental autoimmune encephalomyelitis (EAE) which is the 

most commonly used animal model of demyelinating disease where active immunisation is 



needed to induce optic neuritis and a MOG-specific TCR transgenic model (Guan et al., 2006; 

Shindler et al., 2008). They demonstrated that RGC apoptosis occurred after inflammatory 

cells infiltrated the optic nerve to induce demyelination, suggesting that an axonopathy 

resulted in RGC apoptosis(Guan et al., 2006; Shindler et al., 2008). They also investigated the 

timing of steroid treatment in EAE mice with two corticosteroids (dexamethasone and 

methylprednisolone) before (days 0–14) and after optic nerve inflammation (days 10–14) 

developed (Dutt et al., 2010). They found that early treatment with corticosteroids before the 

onset of inflammation suppressed development of optic neuritis and prevented RCG loss. 

Their results also suggested that chronic immunomodulation could prevent recurrent optic 

neuritis and RGC damage. However, all these results were histological, with no in vivo or 

longitudinal assessment of the same animals over time.  

  

As DARC technology has been shown to be able to track retinal apoptosis and retinal layer 

changes over time, it can be feasibly applied with the same principles to an optic neuritis 

model to determine MS activity. There is no current way to identify patients who lose vision 

permanently. By identifying patients who are at high risk of permanent vision loss it may be 

possible to stratify patients and determine who can be targeted with immunotherapies to 

prevent this. As these immunotherapies are costly, using DARC technology to be able to 

identify those that will respond to the therapies and are at higher need of them, will aid 

significantly in resource allocation of these therapies.  



5 Pre-clinical DARC 

Annexin A5 has demonstrated impressive in vivo performance in the labelling of stressed and 

dying cells. Furthermore, fluorescent annexin has established that precise single-cell 

identification of stress is possible. However, achieving specific labelling of cell stress in vivo is 

a challenging feat in most animal tissues, particularly in the CNS, as flesh and bone obscure 

neuronal cells from non-invasive light-based imaging. The eye, however, having evolved to 

optimise the transmission of external light to the CNS, presents an unparalleled window 

through which to observe neuronal cells. 

The unique power of being able to non-invasively observe the health (or lack thereof) of 

retinal neurons provides revolutionary new opportunities in the clinical treatment of 

glaucoma: 

• An accelerated rate of RGC loss can implicate pathology before symptoms, 

irrespective of the type of glaucoma affecting a patient 

• The level of apoptosis may predict the rate of RGC loss and used as a surrogate of the 

endpoint of RGC and vision loss  

• Thus the apoptosis level may be used instead of the rate of RGC loss to evaluate how 

well a patient is responding to a given treatment 

• Novel treatments may be assessed based on changes to the apoptosis level and in turn 

to the rate of RGC loss 

The studies that have used DARC to assess disease and treatments are discussed below, with 

a summary Table 6 provided below. 

It is also important to note that at least 4 groups have independently validated and published 

the use of in vivo administered Alexa Fluor 488 or FITC-conjugated annexin A5 in the retina as 

a marker of retinal cell apoptosis.(Cheng et al., 2015; Ito et al., 2019; Kanamori et al., 2010; 

Reichstein et al., 2007) Furthermore, as far as we are aware there are 2 other publications 

which clearly show that Annexin A5 can be used to detect in vivo retinal apoptotic 

changes.(Ding et al., 2018; Head et al., 2017) 

 

Title Summary Reference 
Real-time imaging of single 
nerve cell apoptosis in 
retinal neurodegeneration 

Demonstrated in vivo cSLO imaging of retinal cells (in rats and 
primates) labelled with intravitreally-administered DARC. 
These cells were immunohistochemically identified as positive 
for anti-caspase-3, and positive for retrograde DiAsp labelling 
(applied at the superior colliculus) implicating the labelled cells 
as apoptosing RGCs. This demonstrated the utility of DARC as 
an in vivo marker of cell stress. 

(Cordeiro et 
al., 2004) 

Retinal Ganglion Cell 
Apoptosis in Glaucoma Is 
Related to Intraocular 
Pressure and IOP-Induced 
Effects on Extracellular 
Matrix 

DARC was intravitreally administered to a rat OHT model of 
glaucoma 2 hours prior to death. Flat-mount retinas were 
fluorescently imaged using confocal laser scanning microscopy 
to show that apoptosis-linked enzyme MMP-9 colocalised with 
DARC labelling of cells. DARC-positive cells indicated a 
correlation between peak IOP and cell death in the retina. The 
count of DARC labelled cells in this model of glaucoma was 

(Guo et al., 
2005) 



contrasted to that of TUNEL, which labels fewer cells. This was 
attributed to the fact that PS externalisation occurs across a 
broad time span of cell stress, while TUNEL detects only a 
fraction of apoptosis at which DNA fragments. 

Assessment of 
Neuroprotective Effects of 
Glutamate Modulation on 
Glaucoma-Related Retinal 
Ganglion Cell Apoptosis In 
Vivo 

In vivo and histological DARC counts were used to assess the 
efficacy of NMDA receptor antagonism-based neuroprotective 
strategies in rat models of OHT and staurosporine-induced 
apoptosis. The treatment was observed to significantly reduce 
DARC count in a dose-dependent manner.  

(Guo et al., 
2006) 

Targeting amyloid-β in 
glaucoma treatment 

Within a rat OHT model of glaucoma, it was investigated 
whether reduction of retinal Aβ (a pathological species 
suggested to play a role in glaucomatous optic neuropathy) 
using different intravitreally injected therapeutic agents would 
reduce RGC apoptosis. The use of intravitreally administered 
DARC allowed repeated in vivo measurements of RGC stress 
over the course of 4 months, demonstrating a reduction in 
DARC count in response to the administration of treatment.  

(Guo et al., 
2007) 

Assessment of Rat and 
Mouse RGC 
Apoptosis Imaging in Vivo 
with Different 
Scanning Laser 
Ophthalmoscopes 

Intravitreally injected staurosporine was used to induce RGC 
death in both rats and mice. DARC was subsequently 
administered intravitreally and imaged in vivo. DARC was 
observed to perform similarly in both species, with the 
apoptotic inducer resulting in the appearance of fluorescent 
points following DARC administration. The percentages of 
histologically measured apoptotic points that were observed 
in vivo were similar between rats and mice (60% and 54% 
respectively). 

(Annelie 
Maass et al., 
2007) 

Real-time in vivo imaging 
of retinal cell apoptosis 
after laser exposure 

Using a laser to create retinal lesions in anaesthetised rats, 
apoptosis of retinal cells was assessed in vivo using DARC, 
imaging from baseline until 90 minutes post-insult. 
Fluorescent spots (indicative of apoptosis) were found to 
result from laser insult, predominantly located in the inner 
nuclear layer. 

(Schmitz-
Valckenberg 
et al., 2008) 

In vivo imaging of retinal 
cell apoptosis following 
acute light exposure 
 

Retinal apoptosis resulting from 2 hours of blue light damage 
in rats was demonstrated using DARC in vivo. No pathological 
retinal changes were detected immediately following light 
exposure, but DARC signal was observed 24 hours later, which 
was histologically confirmed as photoreceptor apoptosis. 

(Schmitz-
Valckenberg 
et al., 2010) 

Imaging multiple phases of 
neurodegeneration: a 
novel approach to 
assessing cell death in vivo 

Through DiI retrograde labelling of RGCs, PI labelling of 
necrotic cells, and DARC labelling apoptotic cells, the 
development of cell death in rat and mouse models of retinal 
pathology was imaged over the course of hours. 

(Cordeiro et 
al., 2010) 

Imaging in DRY AMD Histological imaging of intravitreally injected DARC was shown 
to label stressed cells in different layers of the retina within an 
ischaemic mouse model. The labelled layers were the inner 
nuclear layer, the outer nuclear layer, and the photoreceptor 
layer. 

(Normando 
et al., 2013a) 

A semi-automated 
technique for labelling and 
counting of apoptosing 
retinal cells 

A parametric-based image analysis technique was developed 
for the counting of DARC spots. This offered a faster and less 
labour-intensive alternative to manual counting. 

(Bizrah et al., 
2014) 

Unexpected low-dose 
toxicity of the universal 
solvent DMSO 

By measuring DARC signal in vivo, it was discovered that 
surprisingly low doses of DMSO (as little 5 µL of 1% 
concentration) were sufficient to induce retinal cell stress and 
apoptosis. 

(Galvao et 
al., 2014) 



Effect of the Ab 
Aggregation Modulator 
MRZ-99030 on Retinal 
Damage in an Animal 
Model of Glaucoma 

Using the Aβ aggregation modulator MRZ-99030, intravitreally 
administered DARC counts (imaged ex vivo) in the IOP-based 
Morrison model of glaucoma in rats were observed to reduce 
in response to treatment. This effect was observed to occur 
without any reduction to IOP. 

(Salt et al., 
2014) 

Direct optic nerve sheath 
(DONS) application of 
Schwann cells prolongs 
retinal ganglion cell 
survival in vivo 

Delivery of Schwann cells in a novel manner directly to the 
optic nerve (versus delivery via intravitreal injection) reduced 
RGC death in a partial optic never transection rat model. This 
effect was demonstrated by the in vivo measurement of DARC 
signal. 

(Guo et al., 
2014) 

Adenosine A3 receptor 
activation is 
neuroprotective against 
retinal 
neurodegeneration* 

Activation of the adenosine A3 receptor using 2-ClIB-MECA was 
demonstrated to be neuroprotective. This was demonstrated 
by treatment resulting in a significant DARC count reduction in 
a rat model of partial optic nerve transection. 

(Galvao et 
al., 2015) 

The retina as an early 
biomarker of 
neurodegeneration in a 
rotenone-induced model 
of Parkinson’s disease: 
evidence for a 
neuroprotective effect of 
rosiglitazone in the eye 
and brain* 

DARC was imaged repeatedly over the course of 60 days to 
identify the presence of a rat rotenone-induced Parkinson’s 
model. A significantly increased DARC signal in response to the 
administration of rotenone was observed to peak at 20 days 
into treatment. 
 
 
 

(Eduardo 
Maria 
Normando 
et al., 2016) 

Non-amyloidogenic effects 
of α2 adrenergic agonists: 
implications for 
brimonidine-mediated 
neuroprotection 

DARC was used to measure RGC apoptosis in a rat model of 
OHT at baseline, with and without treatment, 3 weeks, and 8 
weeks post-surgery. DARC counts in treatment groups could 
be statistically distinguished from non-treatment group, which 
was significantly different from the control group. 
 

(Nizari et al., 
2016) 

Topical Coenzyme Q10 
demonstrates 
mitochondrial-mediated 
neuroprotection in a 
rodent model of ocular 
hypertension* 

A rat model of unilateral OHT received doses of the antioxidant 
and known neuroprotectant coenzyme Q10 twice daily for 3 
weeks. DARC was administered after 3 weeks, prior to 
sacrifice. DARC spot count verified that the OHT model 
resulted in significantly increased cell stress than the control 
contralateral eye, and that CoQ10 treatment significantly 
reduced cell stress caused by OHT. 

(Davis et al., 
2017) 

Topical recombinant 
human Nerve growth 
factor (rh-NGF) is 
neuroprotective to retinal 
ganglion cells by targeting 
secondary degeneration 

In vivo imaging of DARC in a rat model of partial optic nerve 
transection revealed that topical application of recombinant 
human nerve growth factor reduced RGC apoptosis.  

(Guo et al., 
2020) 

 

 

Table 6: Pre-clinical DARC studies. Note that * after the paper title denotes the use of 776 nm fluorescent annexin A5, all 
other papers used 488 nm fluorescent annexin A5. 

 

5.1 Establishing DARC principle 

5.1.1 Early work and In vivo imaging 



In 2004, a series of experiments were carried out to measure a fluorescent annexin signal in 

vivo in rat and non-human primate (macaques) models of RGC death (Cordeiro et al., 2004). 

Recombinant human annexin A5, produced in BL21 E. Coli (Coxon et al., 2011), was 

conjugated with a 488 nm wavelength fluorophore (Alexa Fluor 488), and was then 

intravitreally injected. Utilising the 488 nm fluorophore meant that established fundus 

autofluorescence imaging equipment and protocols could be used as a starting point for 

DARC. The animal models used in this research (6) were selected to demonstrate the utility 

of DARC most effectively, including a well-established rat OHT model of glaucoma, optic 

transection (which selectively results in RGC death), and a non-human primate model of 

widespread retinal neuronal death, forming a strong foundation for the applicability of DARC 

to human glaucoma patients.  

Animals Number 
animals 

Model Model description Dose of 
DARC 

Imaging schedule 

Adult Dark 
Agouti rats 
(150 – 200 
g) 

18 Ocular 
hypertension 

Unilateral injection of saline into 
two episcleral veins 
(contralateral eye acted as 
control) 

2.5 µg of 
DARC in 5 
µL of PBS 

2, 3, 4, 8, 12, and 
16 weeks post-
surgery 

12 Optic nerve 
transection 

Unilaterally, the retrobulbar 
optic nerve was exposed, with 
nerve fibres transected 2-3 mm 
from the globe (contralateral eye 
acted as control) 

8 hours, 3, 7 and 
12 days post-
surgery 

15 Staurosporine-
induced 
apoptosis 

Intravitreal dose of 0, 0.125, 
0.25, 0.5, or 1 µg of 
staurosporine in 5 µL of PBS 

Immediately post-
administration, 
for up to 6 hours 

Macaque 
monkeys 

2 Under anaesthesia and 
paralysed, intravitreally injected 
with 2.5, 5, 7.5, 10 µg of 
staurosporine in 50 µL PBS 

25 µg of 
DARC in 
50 µL of 
PBS 

Immediately post-
administration, 
for at least 6 
hours 

Table 7: Experimental conditions used in Cordeiro et al. (2004). 

Animals had their pupils dilated while being held within a stereotaxic frame. A prototype Zeiss 

cLSO used a pair of mirrors to scan a focused spot produced by 488 nm argon laser across the 

retina of the animal. The fluorescence signal that resulted (which included light emitted by 

the Alexa Fluor 488 fluorophore) was optically focused onto a confocal aperture. A wide band-

pass filter with a short-wavelength cut-off of 521 nm reduced irrelevant light wavelengths. 

Retinas were imaged prior to the administration of DARC to act as a baseline, and at various 

timepoints following administration. Manual counting was performed by condition-blinded 

observers to quantify DARC spots, and validated by histological counts of annexin A5 

positivity. 

5.1.2 Verifying the DARC signal  

While annexin A5 labelling is a recognised marker for cell stress and death, the novel in vivo 

retinal application utilised in DARC technology required verification of the underlying 

principles. It was necessary to demonstrate that DARC-positivity was found in cells relevant 

to specific disease. However, as validation of cell type in the retina can only currently be 



performed histologically with staining to definitively identify different cells, the verification of 

the DARC signal has had to be performed in preclinical models. 

5.1.2.1 Validation of DARC Signal in Glaucoma  

In glaucoma, the key cell which is implicated is the RGC, and this was regarded as the target 

cell in which to perform an important assessment of annexin-specificity in experimental 

glaucoma models. These studies used retrograde labelling with DiASP applied to the superior 

colliculus to identify RGCs, as well as anti-caspase 3 antibody to confirm apoptosis. To 

accomplish this, following in vivo imaging, eyes were enucleated and fixed in 4% 

paraformaldehyde, with the retinas then dissected for histological analysis. Four radial cuts 

were made into retinas to flatten them, followed by either flat mounting on a microscope 

slide, or embedding in OCT and freezing to be sectioned at 7 µm thickness. 

Immunohistochemistry, summarised in Table 8, was used to label RGCs and cells undergoing 

caspase-dependent apoptosis. Fluorescent confocal laser scanning microscopy was used to 

image stained retinas, allowing precise control of the focal plane to restrict fluorescence 

measurements to the RGC layer. 

 

Fluorescence source Labelled species Application method 

DARC Stressed and dying cells In vivo intravitreal injection 

DiAsp  
((4-(4-(didecylamino)styryl)-N-
methylpyridinium iodide) 

Retinal ganglion cells In vivo superior colliculus injection 

Anti-caspase-3 Cells undergoing caspase-
dependent apoptosis 

Ex vivo post-mortem immunohistochemistry 

DAPI Cell nucleus Ex vivo post-mortem immunohistochemistry 
Table 8: Cell labelling methods used in experimental glaucoma models 

 

Comparing baseline images and/or control eyes with those in receipt of damage, the 

application of DARC was able to distinguish between health and disease through a significant 

increase in fluorescent spot counts. DARC-positively labelled RGCs were identified 

histologically in these studies, with a higher level of labelling in disease versus controls. This 

effect was observed in all three experimental models used in the study. Furthermore, the 

rates of detection of RGC apoptosis were substantially higher with DARC, when compared to 

other methods of apoptosis detection, owing to the externalisation of PS occurring very early 

in the apoptotic process.  

In the rat OHT model of glaucoma, the amount of DARC-detected apoptosis correlated 

strongly (R2=0.89) with a function of IOP and days post-OHT induction. This provided further 

evidence to support the suggestion based on in vitro results that the magnitude of OHT, and 

exposure time, determine neuronal death in glaucoma. 

The use of staurosporine as an apoptotic inducer resulted in a dose-dependent DARC signal. 

This finding provided a strong basis for the sensitivity of DARC in measuring conditions of cell 



stress, and was exemplary of its ability to not only detect the presence of disease, but also 

indicate severity on a granular scale. 

By overlaying confocal images from histological tissue samples with images captured using 

cSLO in vivo, colocalisation of fluorescent signals demonstrated that apoptosing (DARC and 

anti-caspase 3 labelled) RGCs (DiAsp labelled) were recorded in vivo at a cellular resolution. 

In identifying both the cell type labelled, and the apoptotic status, a strong foundation was 

formed for the potential for DARC to diagnose glaucoma in humans. 

 

5.1.2.2 Conclusions from early work in glaucoma 

Cordeiro et al. (2004) measured apoptotic neurons in vivo, and set the groundwork for the 

future of DARC by demonstrating three key abilities of the technology: repeatable 

administration, precise quantification of cell stress, and sensitivity to a broad range of 

apoptotic stages. As summarised in Table 9, these qualities of DARC could facilitate its use in 

multiple situations both in the clinic and in research. 

Ability Utility in disease assessment, 
diagnosis, and management 

Utility in assessment of novel 
treatments 

Repeat 
measurements 
of the same 
animal 

Pathology can be tracked as it 
evolves, revealing insights such 
as changes in rate of progression. 
Response to treatment can also 
be measured 

Facilitates more nuanced 
investigation of potential therapies, 
which for example may change in 
efficacy based on treatment duration 
or initial severity of pathology. Allows 
within-subjects statistical analysis 

Granular 
‘dose’ 
response 

The severity of the pathology can 
be estimated with a high degree 
of precision, revealing details 
regarding treatment dose 
requirements and response to 
treatment 

Small changes to pathological state 
can be detected, allowing more 
powerful statistical comparisons to be 
made in the assessment of treatment 
efficacy. 

Sensitive to PS 
externalisation 

By capturing early apoptotic 
stages, and continuing through 
to late apoptosis, a broad range 
of cell stress can be observed, 
potentially detecting 
pathological changes sooner  

Capturing a broad range of apoptotic 
events allows more data regarding 
RGC stress to be captured in a single 
DARC image, making subtle treatment 
effects easier to detect 

Table 9: The translatable elements of DARC in early work 

 

A rat model of glaucoma has been used to demonstrate that DARC can label apoptosing cells 

in vivo, an effect which was replicated with optic nerve transection and staurosporine 

administration. Indeed, the utility of DARC to investigate both retinal disease pathology and 

treatment efficacy in vivo would seem to be very promising, owing to the universal nature of 

measuring cell stress and apoptosis, integral aspects of disease. The applicability of DARC is 

limited only by the strength of disease models it is applied to. In order to broaden the horizons 



of DARC research, it would be essential to demonstrate DARC in the mouse, in order to take 

advantage of the many pathological mouse models available. 

Following from the ability of DARC to label the presence and severity of retinal pathology, it 

stands to reason that if said retinal pathology were to be therapeutically ameliorated, the 

DARC signal would be reduced. Aided by the ability to image the same animal multiple times 

at different timepoints, DARC may be able to provide precise insights into the efficacy of 

treatments for retinal diseases. In future experiments, DARC should therefore be used to 

investigate the magnitude of therapeutic intervention on apoptosis in retinal pathology. 

DARC images produce a large quantity of data, in vivo spot counts can number in the 

hundreds, and histological spot counts even more. While this high degree of fidelity in data 

allows for precise measurement of cell stress, it presents logistical issues in its quantification, 

which was achieved by manual counting in Cordeiro et al. (2004). The development of an 

automated counting method would be essential to enable timely assessment of data, not only 

in research, but also in potential clinical applications. 

 

5.1.2.3 Verifying the DARC signal in AMD models 

Animal models other than glaucoma, have also been studied over the years, specifically those 

related to AMD. The target cells identified in these models are in the photoreceptor and inner 

nuclear layers, where DARC signal has been shown histologically to stain these cells. Firstly, a 

laser model (Nd:YAG laser at λ = 532 nm) was created to induce retinal damage in 

rats.(Schmitz-Valckenberg et al., 2008) Annexin A5 positivity was demonstrated both in vivo 

and histologically in the inner nuclear layer following DARC. In another model of blue light 

phototoxicity, DARC was found to be able to detect apoptosis at 24 hours after exposure to 

light, which was histologically confirmed as photoreceptor apoptosis.(Schmitz-Valckenberg et 

al., 2010) In a mouse retinal ischaemic model, histological demonstration of annexin A5 

positivity in inner nuclear, outer nuclear and photoreceptor has been demonstrated following 

intravitreal administration in vivo of Alexa Fluor 488-annexin (Normando et al., 2013a). More 

recent work has identified that DARC staining in a rabbit model of wet AMD localises to 

endothelial cells (Corazza et al., 2020). 

 

 

5.2 Development of DARC technology 

DARC has continued to be developed since its initial demonstration in Cordeiro et al. (2004), 

to improve the underlying technology and broaden its applications. 

5.2.1 Comparison with TUNEL 

In order to establish DARC as a tool for use in the assessment of retinal cell stress through the 

PS dependent labelling of apoptosing cells, it was necessary to compare it to similar tools. A 

common histological marker for apoptosis, TUNEL, stains DNA fragments which are formed 



at the final stages of apoptosis. When compared with DARC labelling in a rat model of OHT, it 

was found that DARC count was far greater than the TUNEL count previously described in the 

literature (Guo et al., 2005). This is to be expected, based on the mechanisms of PS exposure 

occurring very early in the apoptotic process, and continuing to the final stages of apoptosis. 

This finding highlights the sensitivity of DARC, and places it in a strong position as a tool to 

detect retinal disease in its early stages. Annexin labels PS exposure, which occurs in apoptotic 

cells that can later recover to normal function (Kenis et al., 2010), meaning that DARC may be 

able to detect pathology before widespread cell loss is occurring – an extremely valuable asset 

in the prevention of permanent sight impairment. Moreover, PS externalisation is also 

regarded as a sign of cell stress (Monastyrskaya et al., 2009). 

5.2.2 Application in mice 

In order to apply the technology to a broader range of animal models, it was necessary to 

extend DARC usage to the mouse. Maass et al. (2007) ran a head-to-head analysis between 

mice and rats which were administered DARC in staurosporine-induced model of RGC death. 

The quantity of fluorescent points in both the rat and the mouse were sufficient to identify 

the presence of a toxic insult. Counting the DARC spots in both species also revealed similar 

results concerning the proportion of all apoptotic cells (identified histologically) that were 

labelled in vivo. 

It was noted that the older Zeiss cSLO (used in Cordeiro et al., 2004) was unable to acquire in 

vivo images in the mouse. This older equipment was less sensitive than the Heidelberg cSLO 

that replaced it, and it is likely that the smaller eye of the mouse prohibited the collection of 

sufficient light to form an image. Utilising the more recent Heidelberg Retina Angiograph II 

resulted in high quality imaging in both rodent species. 

Critically, the successful expansion of DARC to mice not only opened the door to new research 

opportunities, but also served as an additional demonstration of the robustness of DARC 

technology to label retinal cell stress. This further strengthened the argument for DARC use 

in humans. 

5.2.3 Automated counting methods 

Counting fluorescent spots in the large volumes of data produced by DARC can be time-

consuming to manually process, and subject to observer variability. Both of these 

shortcomings can be circumvented with the use of automated counting tools, making DARC 

faster and more reliable. 

Bizrah et al. (2014) developed a semi-automated DARC counting program which identified 

objects within the cSLO image and judged their status as a DARC spot based on parameters 

such as size and shape of the object. While achieving a good correlation between automated 

counts and manual cell counts (R2=0.96), this method was not ideal. A Bland-Altman plot 

revealed considerable variation between manual counts and automated counts, particularly 

when images contained few DARC spots (<100). It is cases where DARC spots are fewer in 

which accurate and reliable counting is most critical, as this can act as a cut off for diagnosis. 

Additionally, this counting method still required some user input to adjust for different 



lighting conditions at image acquisition, which thereby fails to exclude potential operator bias 

and the use of operator time. 

In later years, a convolutional neural network (CNN) based on template matching was 

developed for the fully automated assessment of DARC images (Normando et al., 2020). In 

addition to offering full automation of counting, the accuracy of this CNN based approach 

allowed for precise discrimination between stable and progressive or high risk eyes(Corazza 

et al., 2020; Normando et al., 2020). 

 

5.3 Using DARC to understand disease and treatment 

In addition to diagnosing the presence of disease, the precise and granular data produced by 

DARC analyses make it possible to draw nuanced conclusions regarding how cells behave in 

pathology and in response to treatment. Table 6 summarises published experimental studies. 

In vivo DARC assessment has provided real-time evidence of the efficacy of many 

neuroprotectant therapies. Guo et al. (2006) assessed the efficacy of modulating glutamate 

receptors (specifically NMDA receptors and group II mGluRs) in reducing neurodegeneration 

resulting from OHT or staurosporine-induced apoptosis in the rat. In vivo DARC counts 

demonstrated dose-dependent reductions in apoptosis resulting from treatment and 

identified greater therapeutic effect when combined treatments were applied. 

By taking advantage of DARC’s ability to be administered multiple times to the same animal, 

the effects of retinal damage resulting from harmful exposure to blue light were observed 

over the course of 24 hours in rats.(Schmitz-Valckenberg et al., 2010) By comparing images 

taken at baseline, immediately after exposure to harmful light, and one day later, the time 

course and severity of retinal apoptosis could be precisely quantified in each animal using 

within-subjects analysis. The use of such analysis allowed each animal to act as its own 

control, increasing the statistical power of the experiment. 

The universal solvent, DMSO, widely used in many applications for the administration of 

therapeutic substances, was discovered to be toxic at surprisingly low concentrations (Galvao 

et al., 2014). The high sensitivity of DARC to conditions of cell stress revealed that intravitreal 

administration of DMSO resulted in a dose-dependent increase in DARC count, down to as 

little as 1% DMSO delivered in 5 µL intravitreally to the rat eye. 

In assessing the efficacy of antioxidant coenzyme Q10 when applied to a rat model of OHT, 

the application of DARC was able to fulfil two functions. Firstly, it was able to demonstrate 

the severity of OHT-induced apoptosis resulting from the insult in the absence of treatment. 

Secondly, it was able to demonstrate that the application of coenzyme Q10 significantly 

reduced apoptosing cells in this model, providing further evidence for such a treatment to be 

applied in glaucoma. 

 

6 Development pathway to clinical trials 



The findings of successful in vivo applications of DARC provided strong evidence to support 

the use of such technology within humans. The main challenge here was to translate this 

technology for use in humans to determine its efficacy as a clinically useful tool.  

The ANX776 molecule produced from one batch GMP manufacturing run was used in both 

Phase I and 2 clinical trials (Corazza et al., 2020; Cordeiro et al., 2017; Normando et al., 2020). 

It was created by labelling a variant of the human annexin A5 molecule, rhAnnexin A5128 with 

the fluorophore Dy-776 (DY-776)(Cordeiro et al., 2017), illustrated in figure 6. ANX776 has a 

near infrared excitation wavelength, peaking at 771 nm, and an emission wavelength peaking 

at 793 nm. This is clinically significant as it is similar to the absorption and emission 

wavelengths of indocyanine green, a dye that is already well established for use in retinal 

angiography(Peiretti and Iovino, 2019). In addition to this, the use of wavelengths at the edge 

of the visible spectrum reduces patient discomfort as it is not perceived as visible light and 

has enabled ANX776 to be easily translated into clinical trials.  

 

 

 

 

 

 

Figure 6 Diagrammatic representation of a Dy-776-mal labelled Anx V128 molecule, with the annexin molecule in green and 
red and the Dy-776 represented by the blue (indicated by arrowhead)  

 

Although annexin A5 had been used in over 30 clinical trials (Table 1), it was always labelled 

with a radionucleotide. As ANX776 was labelled with DY-776, and had never been used in 

patients before, it was regarded as an Investigational Medicinal Product requiring full 

regulatory assessment before a clinical trial could begin. 



The development pathway required for clinical investigation of an IMP are particularly   

onerous in an academic environment, and was a real learning experience on the necessary 

precautions and red tape needed to enable a CTIMP (Clinical Trial of Investigational Medicinal 

Product).  

 

6.1 GMP Manufacture 

The scale-up under GLP and GMP of ANX776 was the first challenge faced in the development 

of DARC. Technical transfer of our laboratory-based protocols were needed to ensure 

reproducible and consistent levels of protein and conjugation. To this end, specifications of 

the drug substance and drug product were compiled based on comprehensive analytics which 

were used to characterise the purity and effectiveness of the molecule. For example, the use 

of in vitro assays to prove binding of ANX776 to PS in preference to phosphatidylcholine lipids 

were used in addition to red blood cell displacement assays to test potency of annexin -

binding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Assay to test ANX776 affinity for phosphatidylserine (red) compared to phosphatidylcholine (blue) lipids in the 
presence of 2 mM calcium. (B) Binding of ANX776 to 400 µM PC85%¬PS15% liposomes is calcium dependent. 

An important aspect of this part was establishing good Chemistry, Manufacturing and 

Controls (CMC) advice.  

Finding the most appropriate manufacturer was a big task, and unsuccessful in the beginning, 

causing significant delays in the project, but eventually, full GMP ANX776 manufacture was 

successfully completed in 2014, and an Investigational Medicinal Product Dossier (IMPD) 

 

-12 -10 -8 -6
0

5000

10000

15000

20000

25000

Phosphatidylserine

EC50 = 0.29 M

Phosphatidylcholine

Log10[Anx-776] (M)

A
n

x
7
7
6
 F

lu
o

re
s
c
e
n

c
e
 (

R
F

U
)

-6 -5 -4 -3 -2

0

20

40

60

80

100

EC50 = 131 M

Log10[Ca
2+

] (M)

[P
L

V
 B

o
u

n
d

 A
n

x
A

5
-7

7
6
] 

(%
)

[A]

[B]



finalised. The shelf-life of ANX776 was established as 3 years following a rigorous stability 

programme.  

 

6.2 Safety and Toxicology 

As part of the regulatory package required by MHRA, a comprehensive non-clinical safety and 

toxicology programme was performed, including dose-ranging and repeated dose studies. 

Again these were under GLP study conditions.   

Based on the toxicology studies conducted on the IMP (ANX776) as well as the components, 

Anx V128 and Dy-776, no indication of significant toxicological effects were observed in these 

studies. The No Observed Adverse Effect Level (NOAEL) was calculated to be 27-fold greater 

than the initial planned clinical dose of 0.1 mg. This formed part of the Investigators Brochure 

(IB) which was also completed. 

Finally, following the submission of the IMPD, IB, and clinical trial protocol for the CTA (clinical 

trial authorisation), and the Ethics and R&D submissions the first DARC clinical trial was able 

to commence in 2015.  

 

 

7 DARC Clinical Trials  

7.1 Phase I Clinical trial 

 

7.1.1 Study Design 

The phase I Clinical trial was a single-centre, open label study conducted at The Western Eye 

Hospital, Imperial College Healthcare NHS Trust (ClinicalTrials.gov number NCT02394613) in 

2015. Sixteen subjects were assessed: 8 healthy volunteers who were eligible according to 

strict criteria, and 8 glaucoma patients who were already under the care of the glaucoma 

team at The Western Eye Hospital. Glaucoma patients had to meet the inclusion criteria 

shown in Table 10 below to be eligible to participate in the study. These are highlighted in the 

table below (Table 10).  

 

Inclusion criteria 



No other ocular or systemic disease 

Evidence of progressive disease in at least one eye 

A minimum of three recent sequential assessments with  

• optic disc tomography (OCT), 

• retinal optical coherence tomography and  

• standard automated perimetry. 
Table 10: Inclusion criteria for Phase 1 Clinical Trial  

Progressive disease in the glaucoma subjects was defined by a significant negative slope in 

rate of progression in the retinal nerve fibre layer measurements at three diameters from the 

optic disc (3.5, 4.1 and 4.7mm) and Bruch’s membrane opening minimum rim width on an 

OCT.   

Eight healthy controls were recruited through hospital advertisement and were included if 

they had no systemic or ocular disease, no evidence of glaucoma on OCT, RNFL or visual field 

testing and normal intraocular pressures(Cordeiro et al., 2017).  

The subjects were sequentially enrolled and randomly divided into four different cohorts 

using a Storer study design to assess four different dosing regimens of ANX776 (single dose 

of 0.1mg, 0.2mg, 0.4 mg and 0.5mg). Two patients with glaucoma and two healthy 

participants were randomly allocated to each cohort electronically with one further patient 

with glaucoma and healthy subject allocated in reserve in case of an adverse event.  

The primary aim of the trial was to assess the safety, efficacy and tolerability of the DARC 

technique in humans. These assessments were carried out at regular intervals after the single 

injection of ANX776 was administered intravenously at short timepoints of 5, 15, 30, 60, 120, 

240 and 300 minutes, with a longer follow up at 30 days.  

7.1.2 Pharmacokinetics 

Serum samples taken at the short timepoints showed ANX776 was rapidly absorbed and 

eliminated from the body at a dose-dependent rate with a half-life between 10 and 36 

minutes with no accumulation. The 0.4 mg ANX776 dose had a half-life of 20.7 minutes.  

The trial showed a good safety profile of ANX776 with no recorded serious adverse effects 

and no patients withdrawing from the study. Six separate mild, self-limiting adverse events 

occurred that were thought to be unrelated to ANX776 (discomfort during phlebotomy, 

haematoma at cannulation site, influenza, metatarsal inflammation, dizziness and headache).   

 

7.1.3 Image capture and analysis 

Images were acquired from all subjects after pupillary dilation using a confocal scanning laser 

ophthalmoscope at baseline, and then 15, 30, 60, 120, 240 and 360 minutes after ANX776 

administration using the ICGA settings. The observed fluorescent puncta were identified as 

ANX776 positive-labelled cells and were visualised as hyperfluorescent spots on the retina of 



between 12-16 µm diameter. The approximate retinal area visualised was 78.73mm2 and the 

optimal dose of ANX776 to visualise these spots was found to be 0.4mg. The retinal images 

produced were analysed with blinding to both the dose of ANX776 and the glaucoma status 

of the patient.  

The near-infrared autofluorescent (NIRAF) image acquired at baseline was subtracted from 

each subsequent DARC image to remove non-specific autofluorescence and irrelevant 

features including the optic disc and blood vessels. The ANX776 positive-labelled spots were 

automatically counted for each image and the resulting DARC count was identified as the first 

appearance of new and single ANX776-positive labelled spots.  

The DARC count was found to be significantly higher in the glaucoma patients at all doses 

when compared to the healthy controls and even higher in those patients with more 

progressive glaucoma. This difference was most significant at 0.4mg dose of ANX776. This 

suggests a high DARC count could predict an increased rate of glaucoma progression and be 

prognostic of neurodegenerative activity, even 18 months prior to changes on OCT and visual 

field testing.  

A correlation between higher DARC count and increasing age was also found in the healthy 

subjects. This supports the association between apoptosis and ageing in addition to the 

progression of glaucoma and provides another avenue to study neurodegenerative diseases 

such as age-related macular degeneration (AMD), optic neuritis and Alzheimer- related 

disease.  

These preliminary results were found to be promising, and suggested that DARC was 

translatable from experimental studies. However, the small numbers of patients per dose 

meant this was more like a proof-of-concept study. It was concluded that DARC would need 

more robust testing if it was to be successfully validated.  

 

7.2 Phase 2 Clinical trial 

Following on from the promising results in Phase 1, it was recognised we needed to assess 

more patients with DARC. This was possible using the remaining ANX776 manufactured for 

the Phase 1 Clinical Trial, but the three-year shelf life meant we were limited in the number 

of patients and extent of the trial.  

7.2.1 Study Design 

The Phase 2 clinical trial of DARC started in 2017, and was again conducted at the Western 
Eye Hospital, recruiting patients with glaucoma and healthy volunteers using the same 
criteria as described in the Phase I clinical trial, but in addition patients with AMD, optic 
neuritis and Down’s syndrome (ISRCTN10751859). (Corazza et al., 2020; Normando et al., 
2020). 
 



The aims of this study were to test the efficacy of DARC in more patients than Phase 1 
(n=120) but using a single dose of ANX776 (0.4 mg) and to further assess safety and 
tolerability. 
 
To assess various conditions, patients were recruited into five different groups; healthy 
volunteers, patients with progressive glaucoma, age-related macular degeneration, optic 
neuritis (as a model for multiple sclerosis) and Down’s syndrome where the pathology is 
thought to be similar to Alzheimer’s disease(Cork, 1990). 
 
The distribution of patients in Phase 2 is shown in Figure 8 – in all, 113 patients received 
DARC.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Phase 2 Clinical Trial DARC Patients 

 
The specific inclusion and exclusion criteria used for the individual groups are detailed in the 
table below.  
 

 Inclusion Criteria Exclusion Criteria  



Glaucoma Progression in at least one parameter as measured by 

visual fields or OCT in at least one eye with a diagnosis 

of glaucoma (abnormal optic disc and/or visual field 

defect or both) 

Glaucoma suspect or ocular hypertensive (elevated 

IOP) 

AND proven to be able to perform reliable visual field 

testing using the HFA 640, central 24-2 program (full 

threshold 

AND were able to have good fundoscopy with 

assessment of their optic disc 

Uncontrolled I0P >24mmHg,  

Mean deviation in HVF testing worse 

than -12dB 

Diagnosed with angle closure/narrow 

angle glaucoma. 

 

AMD Either ‘dry’ or ‘wet’ AMD as defined by: early AMD 

mainly characterised by drusen, retinal pigment 

epithelium (RPE) pigment changes,  

Late AMD mainly characterised as geographic atrophy 

of the RPE (dry AMD)   

Neovascular (wet) AMD. 

 

Presence of choroidal neovascularisation 

 

Current/previous use for more than 30 

days of chloroquine, 

hydroxychloroquine, chlorpromazine, 

thioridazine, quinine sulfate, clofazimine, 

cisplatin, carmustine (BCNU), 

deferoxamine, amiodarone, isotretinoin, 

or gold.  

Optic Neuritis  Clinical diagnosis of optic neuritis affecting one eye 

within two years,  

Visual acuity in affected eye ≤ 6/12 at worst point with 

corrected vision in unaffected eye ≥ 6/6,  

No history of optic neuritis or other ocular disease in 

either eye prior to the episode of optic neuritis  

AND have proven to be able to perform reliable visual 

field testing using the HFA 640, central 24-2 program, 

to yield full thresholds,  

AND to have had good fundoscopy with assessment of 

their optic disc. 

No specific exclusion criteria  



Down’s 

syndrome  

Confirmation of a Down’s syndrome diagnosis as 

provided by parent or GP,  

Capacity to provide assent,  

Have previously participated in an invasive research 

trial with CIDDRG,  

Had no clinical diagnosis of dementia or other 

psychiatric illness,  

Had no evidence of serious cognitive decline or onset 

of dementia from historical records  

AND had no evidence of any eye disease.  

Clinical diagnosis of dementia or other 

psychiatric illness,  

Evidence of serious cognitive decline or 

onset of dementia from historical records 

or 

 Unable to give assent to the study,  

Unable to have a legal representative 

give full informed consent. 

Healthy 

Volunteers  

No ocular or systemic disease Evidence of any historical retinal eye 

disease 

Table 11: Inclusion and exclusion criteria for Phase 2 Clinical Trial  

 

All participants received a single intravenous dose of 0.4 mg of ANX776 (the optimum dose 

identified from the phase I trial), with the image acquisition procedure of the Phase I trial 

being followed.  

Initially, images were analysed by 5 blinded observers who manually identified the DARC 

spots from these images using the ImageJ (National Institutes of Mental Health USA) “multi-

point” tool. In all, 906 anonymised images were assessed in this way, with images randomly 

displayed on the same monitor and under the same lighting conditions. There was poor 

agreement between observers (Krippendorff’s alpha 0.51) with Kappa agreements ranging 

between 0.002 and 0.557 between pairs of observers. It was therefore decided to use a more 

robust and reproducible method to define DARC spots. Like Phase 1, the DARC count was 

defined as the number of ANX776-positive spots seen in each DARC retinal image after 

baseline spot subtraction to eliminate non-specific autofluorescence.  

The analysis of all the patient cohorts is incomplete, with final analysis on the Down’s 

Syndrome and Multiple Sclerosis patients still to be performed. 

 

7.2.2 Establishment of Automated CNN-aided algorithm for DARC Count  

The use of artificial intelligence (AI) and deep learning in the analysis of medical imaging has 

quickly become a leading interest worldwide(Pardue and Allen, 2018). Its use in retinal 

imaging has shown significant promise in analysing large datasets to classify conditions such 

as diabetic retinopathy and age-related macular degeneration to aid management (Hormel et 



al., 2021; Ting et al., 2019). Developing an innovative convolutional neural network (CNN), 

the use of deep learning was harnessed to create an automated method of DARC spot 

detection. (Normando et al., 2020). 

Initially a template matching approach was used to find candidate spots in each processed 

image. From these candidate spots, a CNN was used to determine which spots could be 

classified as DARC spots. CNN training was performed at spot level, being trained using the 

manual counts from only the healthy control eyes where 2 or more manual observers had 

indicated the presence of a spot within 30 pixels of each other – that is, spots from different 

observers were classified as the same spot if they were within 30 pixels (150 um) of each 

other, with only 50% of spots (58,730 spot candidates and 985 manual 2-agree spots) from 

control eyes used for training. Validation was then performed on the remaining 50 % control 

eyes and showed accuracy of 97%, with 91.1% sensitivity and 97.1% specificity. 

The Figure 9 below shows an overview of the process of analysing images to calculate the 

DARC count.  

 

Figure 9: Shows the steps involved in analysing an image with DARC technology using the CNN. The image is first optimised 
by aligning it to the baseline image and cropping any artefact. The light intensity is then standardised and any high-frequency 
noise removed. The candidate spots are then detected by applying a template made by combining 30x30 pixel images of the 
spots identified by manual observers. The thresholds were then set and filtered to be able to include all spots seen by manual 
observers. The CNN algorithm was then used to identify the DARC spots.   

 

7.2.3 Analysis of Glaucoma Cohort 

 

 The CNN-aided algorithm was then tested on the glaucoma cohort of patients, using only the 

images at baseline and 120 minutes, and using the rate of progression (RoP) to classify 

glaucoma patients. (Normando et al., 2020). In this post-hoc analysis, glaucoma patients were 

followed up for 18 months after DARC and RoPs were calculated from serial Spectralis OCT 

global retinal nerve fibre layer (RNFL) measurements at 3.5 mm from the optic disc. 

Progression was defined by a significant negative slope RoP greater than 1 μm/year (to allow 



for age-related change). (Wu et al., 2017) Of the 29 eyes with follow-up data, 8 were found 

to be progressive. To test the predictive value of DARC, maximal sensitivity (90.0%) and 

specificity (85.71%) were calculated with an AUC of 0.89 produced by the CNN. This was found 

to perform superiorly in contrast to the manual observer count which reported maximal of 

sensitivity (0.85%) and specificity of (71.43%) with AUC of 0.79. 

Using the CNN aided algorithm, the DARC count was found to be significantly (p = 0.0044) 

higher in patients progressing at 18 months (mean 26.13) compared to those who were stable 

(mean 9.71).  

Interestingly, no eyes classified as ‘stable’ had a CNN DARC count above 30. This suggests a 

DARC count of 30 could be applied as a threshold that could be used to separate those at risk 

of glaucoma progression within 18 months, as illustrated in Figure 10 below. This threshold 

may be useful in identifying those patients at greatest risk of progression in adaptive clinical 

PoC trials, where study population enrichment using biomarkers is often incorporated in the 

study design (Freidlin and Korn, 2014). The threshold of 30, is also important to define disease 

activity, such that patients with a DARC count above 30 clearly have active disease which 

results in significant progression 18 months later.  

 

 

 



Figure 10: Patients were classified according to a significant negative rate of progression slope greater than 1 μm/year on 

global retinal nerve fibre layer OCT measurements A significantly higher (p=0.0044) CNN DARC count was seen in the 

Progressing vs the Stable glaucoma group with all glaucoma patients having a DARC count >30 showing progression 18 

months after DARC was performed. 

The CNN DARC count was amongst several parameters used in this study, to look at 

prediction of progression at 18 months. These included baseline age, CCT, BP, visual field 

MD, VFI, average RNFL thickness and finally, topographically correspondent abnormal 

sectors on OCT RNFL and BMO-MRW imaging (Yang et al., 2020). Only the CNN DARC Count 

and the OCT RNFL and BMO-MRW sector parameter were found to be significantly 

predictive of progression. However, unlike the CNN DARC count, there was considerable 

overlap between the stable and progressing groups, with no clear threshold in the number 

of abnormal sectors that could be used to define those at greatest risk of progression. 

Nevertheless, the presence of predictive structural changes in the same eyes where the CNN 

DARC count was higher provides some degree of confidence and validation of the DARC 

results. 

 

7.2.4 Analysis of AMD Cohort and Development of New SRF 

The same CNN DARC algorithm described above was used to investigate whether DARC 

technology could predict the development of new subretinal fluid (SRF) in patients with 

AMD(Corazza et al., 2020).  

29 eyes were included using the inclusion criteria detailed in the table above as part of the 

Phase 2 clinical trial. All patients had OCT and DARC scans taken. The images were acquired 

with a cSLO as described above at 15, 120 and 240 minutes later. The baseline image was 

subtracted from the DARC image taken at 240 minutes to remove inherent auto fluorescent 

signals, and these anonymised images were used in the final analysis. Patients only had one 

DARC scan but multiple OCT scans as these were taken at every follow up visit, roughly every 

6 months for a follow up period of 36 months. In all 427 OCT scans were performed, with a 

total of 20,629 slices available for analysis. 

For the analysis of SRF on the OCT, a CNN was applied, due to the sheer number of OCT slices 

that needed annotation. This OCT SRF CNN was applied to the 20,630 OCT slices that were 

taken over the 36 month period from the 29 eyes. Patients who developed SRF that had not 

been present on the OCT in the earlier 6 month scan were identified as having new SRF.    

The DARC images from baseline are aligned with the corresponding series of OCT scans. Figure 

11 outlines the process of DARC and OCT image alignment, and Figure 12 explains each step 

of this analysis. Briefly, the location of each DARC spot defined by its coordinates, which after 

alignment with the OCT reflective baseline scan can then be easily located on corresponding 

OCT images at subsequent follow-up. Hence, if SRF was detected on subsequent OCT scans 

on follow-up, it was possible to see if a DARC spot at baseline was predictive of this.  



  

Figure 11: Automatic process for the analysis of neovascular AMD in Phase 2 Clinical Trial DARC Patients 

 

 

 

 

 



 

Figure 12: Explanation of the steps involved in AMD analysis, examples of DARC spots are highlighted in the first panel with 
red arrows. 

Of the 29 eyes, 7 converted to new SRF or neovascular AMD over the 36 months. 3 of these 

were diagnosed as active CNV at baseline (of a total of 11, the other 8 had SRF on OCT at 

baseline) and converted at 6 months and 18 months. Two eyes converted from early AMD at 

baseline at 12 months and 30 months, one converted from late AMD at 6 months and 1 from 

the previous CNV group at 18 months.  

The results showed that DARC was able to predict the development of new SRF. At 6 months, 

sensitivity of the DARC system was 83%, specificity was 90% with a PPV of 71% and NPV of 

95%. The PPV reached a peak of 86% at 30 months and remained above 70% at all time points. 

The results demonstrated a CNN DARC count of > 5 showed a statistically significant increased 

level of developing SRF when compared to those with a count of 5 or less. This was more 

apparent in the first 16 months of observation. The level of DARC appeared to correspond to 

disease activity, such that not only was a CNN DARC count > 5   predictive of future SRF 

formation, but the higher the DARC count, the greater the volume of SRF accumulation from 

baseline up to 36 months follow-up. 

This study is the first non-glaucoma clinical application of DARC. It is also linked to the 

mechanism of action previously elucidated in CNV, and discussed before, namely that the 

presence of DARC on endothelial cells is able to predict neovascular/vascular leakage activity.  

Similar to the clinical trials in glaucoma, the DARC CNN allows the analysis of a large number 

of images, in this case 20,000 OCT images, substantially reducing the workload needed in 

manual analysis. While AI models are being developed to identify AMD from OCT models, the 

DARC technology has the added benefit of being able to identify the progression to new 

neovascular AMD and SRF at a cellular level.  

 



7.2.5 Analysis of Expanding Geographic Atrophy in AMD Cohort  

Further analysis has also been performed in the AMD patients in the Phase 2 study with 
Geographic Atrophy (GA). 13 eyes were identified as having GA at baseline. All patients had 
only had one DARC assessment at the start of the study, but multiple OCT scans from follow 
up to 36 months. All images were anonymised before any analysis was performed. The DARC 
image obtained by subtracting the baseline NIRAF from the 240-minute DARC image captured 
at the level of the RNFL was used in this study, to eliminate intrinsic autofluorescence signal 
and identify true ANX776-positivity. An assessment of DARC technology in predicting the 
expansion of GA was performed using DARC baseline images and baseline and final follow-up 
OCT NIR reflectance images. The mean interval between baseline and final scans was 29.3  

5.0 months (SD). 
 
The area of GA was annotated on the first and last OCT NIR reflectance image captured for 
each eye using VGG Image Annotator (VIA;Visual Geometry Group, Oxford University). The 
annotation was independently performed by senior medical retina specialist (PC), according 
to the method described by Abdelfattah et al,(Abdelfattah et al., 2020) with the edge of the 
atrophic areas delineated with a mouse trackpad. Only eyes with a marked hyperreflective 
area and a pronounced demarcation edge of the atrophic area on the NIR image were 
included in the study. Annotated GA areas on baseline NIR reflectance images were created 
for each eye providing an original GA mask (Fig. 13A). Additionally, expanded baseline GA 
masks (Fig. 13B) were created by dilating the original GA mask using a disk kernel of size 50, 
and then subtracting the original mask from the dilated mask. Final GA masks were created 
to outline the area of atrophy in the final OCT NIR reflectance image (Fig. 13C), with a GA 
growth mask (Fig. 13D) obtained by subtracting the original baseline mask from the final GA 
mask. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 13: Visualisation of expanding GA and DARC. Masks of original baseline GA (A), expanded baseline GA (B), final GA (C), 
and GA growth (D) were created from NIR reflectance image for each eye. The expanded baseline GA area (B) was found to 



be strongly correlated to GA growth (D) (balanced accuracy score = 0.84)). A DARC density heatmap (E) was constructed from 
the CNN-identified DARC spots for each DARC image. An overlay of the DARC heatmap on the expanded baseline GA (F) shows 
the relationship of increased DARC density with expanding GA activity, with the DARC density inside the area significantly 
greater than outside (p = 0.0046).  

 

Baseline autofluorescence and DARC images (240 min) were aligned automatically using an 

affine transformation followed by a non-rigid B-spline transformation, as described 

previously.(Corazza et al., 2020) This was completed using multi-resolution alignment 

methods within SimpleITK (NumFOCUS, US) and a gradient descent optimiser. The reflectance 

image of the baseline and final Spectralis OCT scans of each GA eye were next aligned with 

the registered DARC image, by manual placement of fiducial markers on the cSLO 

autofluorescence and OCT reflectance images, then calculating and applying an affine 

transform. Once these images were aligned then a location on the 240-minute DARC image 

could be selected with the same location being identified in corresponding OCT NIR 

reflectance and annotated images outlining atrophic areas including the original and 

expanded GA mask images. Please refer to the Supplementary Information for individual eye 

data. 

The CNN DARC algorithm described before was used to identify DARC spots on baseline 

images. The distance from the center of a DARC spot and the nearest area of expanding GA 

was calculated using an Euclidian distance transform where all non-feature pixels are 

represented by a distance to the nearest feature pixel.(Borgefors, 1986) A heatmap of the 

DARC density was created using kernel density estimation (KDE) density map with radius 50 

(Parzen, 1962; Rosenblatt, 1956), enabling a smooth heatmap to be created estimating the 

probability density function from the finite number of detected DARC spots using a gamma 

correction for normalisation (Fig. 13E). To enable visualisation of relationship between 

expanded GA and DARC spots, the expanded GA mask was overlaid on each DARC density 

heatmap (Fig. 13F and supplement).  

The expanded baseline GA and GA growth areas were compared on a pixel-to-pixel basis using 

a balanced accuracy score per image.(Pedregosa et al., 2011) The mean balanced accuracy 

score, where 1.0 is perfect agreement, was found to be 0.84  0.13 (SD), showing a high 

correlation between expanded baseline GA and GA growth. (See Supplementary Information 

for more details).  

Comparison between distances of DARC spots and non-DARC areas to the expanded baseline 

GA area was calculated using Euclidian distances. The mean distance between a DARC spot 

and the expanded baseline GA per eye was found to be significantly lower compared to that 

of other pixels (Fig. 14A, p<0.0001, paired t-test). Moreover, the mean DARC distance to 

expanded atrophy was significantly associated with a large final GA area (>60,000 px), such 

that all eyes with a mean DARC distance less than 12 pixels developed large areas of final GA 

(Fig 14B, p = 0.014, Mann-Whitney). The DARC density inside the expanded baseline GA area 

in each eye was significantly greater than outside (Fig. 14C, p = 0.0046, paired t-test). In a 

similar way, the number of DARC spots in the expanded GA area was significantly associated 

with a large area of final GA (>60,000 px), such that all eyes with a DARC count greater than 



10 developed large areas of final atrophy. In other words, the level of DARC was predictive of 

GA activity, with a DARC count within this area >10 associated with increased expansion of 

GA up to 36 months later. Fig. 14D shows the DARC count log transformed after adding 1 

showing a significant increase in eyes with large final GA areas (p = 0.0035, Mann-Whitney, 

DARC count transformed). 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

Figure 14: DARC as a biomarker of GA activity. The proximity of DARC spots to the area of expanded GA was assessed using 
Euclidian distances. The mean distance between a DARC spot and the expanded baseline GA per eye (A) was found to be 
significantly (p<0.0001, paired t-test) lower compared to that of other pixels (Fig. 14A). The mean DARC distance to expanded 
baseline atrophy (B) was significantly (p = 0.014, Mann-Whitney) associated with a large final GA area (>60,000 px); all eyes 
with a mean DARC distance < 12 pixels (dashed line) developed large areas of final GA. The DARC density inside compared to 
outside the expanded baseline GA area per eye was found to be significantly greater (Fig. 14C, p = 0.0046, paired t-test). The 
DARC count in the expanded baseline GA area (D) was significantly (p = 0.0035, Mann-Whitney, log transformed) associated 
with a large area of final GA (>60,000 px): all eyes with a DARC count > 10 (dashed line) developed large areas of final GA. 

The assessment of DARC metrics in the expanded baseline GA area enables its projection of 

disease as indicated by the Final GA areas. These are the first results of DARC in GA, and 

suggests that DARC activity at baseline is predictive of final GA activity at a mean of 29.3 

months later.   

 

 

8 Future Directions  



Although the results reported so far for Phase 1 and 2 are encouraging, we recognize that it 

is only based on a small number of patients. This was primarily due to the limitations of only 

small amounts of ANX776 being available in the one batch GMP manufacturing run used to 

supply material for both Phase 1 and Phase 2 DARC trials. The opportunities afforded by the 

latest batch of new GMP ANX776 enables multisite and collaborations, with clinical trials 

already being planned around the world, and regulatory approval of DARC to be used in 

different countries, including Australia, where a trial is due to commence using DARC as an 

exploratory endpoint in May 2021. We hope to further validate our results with these larger 

prospective and longitudinal clinical trials, with strict protocols with respect to patient 

management. Although the clinical significance of DARC as a diagnostic is yet to be 

established, based on our results in glaucoma and AMD to date, it could be used as an 

exploratory endpoint and biomarker in clinical trials, as already approved by regulatory bodies 

discussed below. 

 

8.1 DARC as a Biomarker 

Up to now, DARC has only been assessed at a single time point in patients, providing a 

snapshot of disease activity. However, a singular biomarker level is often used in medicine for 

diagnostic and/or prognostic purposes. Examples of this include LDL cholesterol levels in 

coronary artery disease,(Field and Vasan, 2018) human Chorionic Gonatadotrophin in 

gestational trophoblastic disease,(Ning et al., 2019), and circular RNA CDR1as/ciRS-7 for solid 

tumours,(Zou et al., 2020) The Phase 1 and 2 clinical trials were designed to evaluate DARC in 

a cross-sectional analysis. As patients were able to be followed-up with conventional methods 

after undergoing a single DARC assessment, these studies have allowed analysis of the 

predictive powers of DARC to be a biomarker – hence in glaucoma to identify those at highest 

risk of progressive disease, and in AMD to predict those that go on to develop subretinal fluid, 

or at high risk of large progressive atrophy. 

The initial use of DARC as an exploratory endpoint (as MHRA, FDA and TGA have already 

approved for individual trials) will be important in proof-of-concept clinical trials assessing 

new therapies. In these cases, DARC can be used not only to assess drug efficacy by a 

reduction in the DARC count compared to baseline, but also to enrich patient 

populations(Kompella et al., 2020), as described below. 

DARC could be useful to stratify patients in clinical trials. It enables the identification of 

patients with rapid disease progression and therefore at higher risk. By assessing the rate of 

disease progression, patients can be classified into cohorts that will enable further 

investigation of the disease process, response to drugs treatments based on how quickly the 

disease was progressing and allow comparison to cohorts with slower disease progression.   

Figure 15 illustrates how DARC could be used to firstly enrich patient population and secondly 

evaluate drug efficacy in a hypothetical glaucoma drug trial. A similar process could be applied 

to neovascular AMD and GA. 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 15: Stratification of patients for glaucoma PoC trial  

 

 

Although preclinically we have shown good evidence that DARC can be used as a measure of 

treatment efficacy, we have still not performed these trials in patients. However, new Phase 

2b clinical trials are planned in glaucoma and AMD at Western Eye Hospital in 2021. 

 

8.2 DARC as a Diagnostic 

There is insufficient data at present to clinically validate DARC as a diagnostic in any disease. 

For glaucoma, we believe this would require a large, prospective Phase 3 trial with 

longitudinal follow-up and age-matched controls, repeated testing and a strict protocol 

regarding patient management. Currently, glaucoma clinical DARC results are based on small 

numbers of patients with a single DARC assessment and a narrow range of disease severity 

(in the Phase 2 trial, the MD was between -1.61-2.22 dB). Comparison of DARC to gold 

standard is imperative in this feat, although it may also be interesting to evaluate DARC with 

conventional risk factors such as IOP using a multivariable analysis.  



Moving forwards, we hope to obtain even more data on glaucoma patients, as Phase 2 had a 

small sample size. Moreover, previously patients were limited to a single assessment with 

DARC and we recognise the need to establish repeatability and test–retest metrics. In the 

future, we would hope to assess a wider spectrum of disease severity – as both Phase 1 and 

2glaucoma patients had relatively early disease. Until we perform further trials, it is not 

possible to compare DARC to existing gold standards such as visual fields and OCT for 

detecting glaucoma in clinical practice. 

Larger numbers are also anticipated in the AMD future trials which will be performed 

prospectively to establish the natural history of both wet and dry AMD. 

 

8.3 DARC AI 

In glaucoma and neovascular AMD we have shown the value of using a CNN algorithm to 

identify DARC spots. AI enables DARC to be scaled up for use in larger datasets with multiple 

applications and multiple sites. It also provides a rapid and objective measure of disease 

activity. This is increasingly important, not only because of the recognised poor agreement 

between clinicians using subjective tests, but also due the wider applicability of the 

technology in primary care settings.  

It is also hoped that as more DARC data is acquired from different patients and diseases, AI 

will enable not only spatial analysis specific to patterns of disease, but also cell classification 

based on the morphological staining characteristics of ANX776. Spatial patterns of staining 

we believe to be potentially useful in glaucoma and AMD, although this still needs to be 

demonstrated in larger trials. We have hypothesized that in glaucoma, this would be 

predominantly at the papillomacular bundle following the anatomical arrangement of RGC 

axons, in keeping with characteristic arcuate patterns of visual field defects (Normando et al., 

2013b). We have already used AI to correlate spatially DARC density and expanding GA (Figure 

13) clinically. Furthermore, we have applied automatic algorithms to analyse spatial 

distribution and cell morphology in preclinical models,(Davis et al., 2020; Guo et al., 2020, 

2014) which show translational potential to clinical studies.  

Many high street optometrists have the capability to carry out retinal examinations with OCT, 

SLO and fundus imaging and it has been recognised by the NHS that these commercial 

suppliers of primary ophthalmic care perform a vital function in diagnosis and referral into 

NHS specialist care. However, interpretation of these scans needs direct clinical intervention 

– and there are not enough ophthalmologists available to do this. This has led to retinal 

imaging manufacturers providing “modules” with automatic algorithm to help non-

specialists. The growth in AI in ophthalmology is very much to fulfil this need, although the 

accuracy of existing technologies is questionable for screening. As DARC identifies cellular 

levels of dysfunction, DARC AI would provide a objective measure of disease activity which is 

currently unavailable. 

 



8.4 Intranasal DARC 

At present, ANX776 is administered intravenously, which is an additional burden on clinical 

staff in hospitals. We already have a nasal version which would make the technology relatively 

non-invasive, especially compared to intravenous administration. It would also enable the 

technology to have a wider application in the outpatient and optometrist departments.  

The ability to perform intranasal DARC in the future in optometry, community and well-man 

clinics, is important in enabling the technology to be used in primary care. The preclinical data 

suggests the pharmacokinetics of the intranasal are similar to intravenous, so it will take 2 

hours for optimal retinal visualisation. Potentially, the nasal formulation could be dispensed 

by a pharmacist and self-administered before the patient attends for retinal imaging 

screening. 

 

8.5 Further Indications 

As the results from the Phase 2 clinical trial continue to be analysed, we hope to acquire more 

information about the application of DARC in early detection of dementia using results from 

the Down’s syndrome cohort. Similarly, we would hope to have the results from the multiple 

sclerosis/ optic neuritis cohorts soon.  

Following on from the results from preclinical studies, future work is also intended with 

clinical trials for DARC testing in Parkinson’s disease, diabetes mellitus, retinal dystrophies, 

optic neuropathies(Yu-Wai-Man et al., 2011) and cancer.  

The implications in early detection of these neurodegenerative conditions will not only allow 

early detection and intervention but also the ability to test and develop neuroprotective 

agents to prevent progression and the effect of current and future therapeutic agents on 

disease activity. These drugs could be tested in clinical settings, initially with glaucoma and 

AMD patients. Patients who are not responding to therapies could be detected earlier and a 

targeted treatment plan created. This will avoid patients continuing on ineffective medication 

that may not be required and reduce development of side effects while being more cost 

effective and patient cantered.  

 

8.6 Potential challenges and possible solutions 

The clinical results so far have been very encouraging, despite the relatively small number of 

patients and the post hoc analysis in glaucoma and AMD. An important aspect in the next 

steps of this technology, is the validation of these findings in prospective, multisite and larger 

clinical trials, where strict protocols will be devised to ensure standardisation of patient 

management and follow-up. This would be particularly useful in AMD patients where OCTA 

and FFA findings could help in classification of the CNV and dry AMD lesions.  

Until now we have assumed the stressed and apoptotic cells identified by DARC reflect the 

specific cells that are known to be affected in different disease. This has been confirmed by 



our preclinical studies, outlined in Table 6, where histological validation is possible, as this is 

not achievable in clinical studies. However, as we move into more patients and diseases, our 

hope is to classify the morphological staining characteristics of ANX776 into cell type. We also 

believe that the use of adaptive optics will help in this assessment, and similar methods to 

overcome depth resolution. 

Finally, the AI algorithms can be improved as the technology advances. The CNN can be 

affected by image intensity, and the use of intensity standardisation and augmenting the 

data by varying the intensity may be possible with a larger dataset. Moreover, the 

combination of spatial distribution on the retina and morphological staining patterns could 

enable more disease specific analysis in the future. 

 

9 Conclusions 

As discussed, the uses of DARC are widespread and as the exciting results from the clinical 

trials continue to be analysed, its potential as a marker of disease activity grows. However, 

there is still much work to be done, especially in validating its use clinically. 

DARC until earlier this year has received the majority of its funding from the Wellcome 

Trust. This has enabled DARC to get to Phase 2 in an academic setting. As DARC continues to 

develop, commercially-oriented funding through Novai Ltd has allowed DARC to continue on 

its journey, with the ultimate aim of helping patients to avoid functional disability through 

early identification and treatment.  
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