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Abstract

Colour fundus photography is the most frequently used imaging modality because it is non-invasive, well accepted by patients and above
all, because it allows documentation and automated analysis of the ophthalmoscopic examination. Colour fundus photography is
considered crucial for diabetic retinopathy management to identify disease and its progression in clinical practice. This article focuses on
automated computer-aided analysis of fundus digital photographs with special emphasis on microaneurysm dynamics. Together with
optical coherence tomography measurements of extracellular space and retinal thickness, both based on non-invasive procedures, this
technique allows close follow-up of the main changes in the diabetic retina. Determination of the activity of the retinal disease and
individual risk profiles using these non-invasive procedures contribute to personalised management of diabetic retinopathy by identifying
eyes at risk from vision-threatening complications, such as macular oedema and proliferative retinopathy.
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There are many advantages of using digital image analysis to quantify
the extent of retinal pathology in vascular diseases, diabetic retinopathy
(DR), age-related maculopathy and other conditions. The key benefits
include immediate viewing, image management systems that allow
disease progression to be monitored by reviewing sequential images
and patient education.

The resolution of the newest generation of ocular digital photographic
systems (at 4.000 pixels and higher) is similar to that of film. Digital
images can be displayed on a video screen as soon as they are
obtained, making it possible to detect and correct any error in the
photographic process immediately.

If the patient blinks, the focus is not perfect, or the flash is too intense,
additional images can be obtained at minimal expense. Additionally, the
wide use of digital systems makes it possible to use telecommunication
technology. Fundus and angiographic images are already being sent to
remote digital reading centres for clinical evaluation or research purposes.

Colour Fundus Images

Colour fundus imaging is the most frequently used imaging modality
because it is non-invasive, well accepted by patients and, above
all, because it allows the visible state of the retina to be recorded
at a particular point in time, allowing documentation and a deeper
and extended analysis.

After recording a particular retina visible state over time, a basic and

widely used technique is to evaluate the temporal sequence to identify
visible changes in the retina. Retinal lesions such as haemorrhages and
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exudates and their progression over time are important indicators of
retinal disease activity.

Fundus Camera Digital Imaging

Morphology of Lesions

Microaneurysm Location Identification

The location of each microaneurysm may be identified by automated
analysis, allowing for counting newly formed and disappearing
microaneurysms and the calculation of microaneurysm turnover.?

Hard Exudates
Automated analysis allows identification of changes and progression.® It is
an indirect measure of leakage and alteration of the blood-retinal barrier.

Vessel Diameter Irregularity

Irregularities in the regular shape of the vascular walls (arterioles and
venules) may be detected by automated analysis of digital images,
without being influenced by short-term changes in heartbeat, etc.

Vascular Occlusion
The relationship between the vascular tree density and sparsity is
clearly a potential method to detect vascular occlusion and may be
a useful indication for the use of anti-vascular endothelial growth
factor medication.**

Location of Lesions

Involvement of the fovea resulting in central visual acuity loss is well
detected by identifying lesions within the central 1,000 um diameter
circle of the posterior pole.
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Retinal Lesion Changes Over Time

This article focuses on automated computer-aided analysis of fundus
photographs to identify retinal changes occurring over time, especially
microaneurysm turnover.

Image Co-registration

A mandatory step for automatically comparing images is their
co-registration, one against the other. That is, one of the images needs to
be projected to the image space of the other, which acts as a reference
image. Following this procedure, both share a common reference making
it possible to establish a direct pixel-to-pixel correspondence.

To achieve the required image co-registration, it is necessary to identify
eye fundus natural landmarks, intrinsic fiducial marks and compute
the transformation matrix that, applied to one image, will project it
to the image space of the reference image.

Two major steps are involved in the above concept. One relates to the
identification and classification of the fiducial markers, while the other
relates to linking similar fiducial markers between any two images
to co-register.

A natural source for fiducial markers is the retinal vascular network,
an imprint for each human eye. Vessel characteristics, bifurcations and
crossovers make it possible to establish links between any two images
from the same eye. After finding the true links for several fiducial
markers, the respective transformation matrix can be computed. These
two steps are implemented using a proprietary technique while the
vascular network is segmented into contourlets, following an initial
approach of using differential geometry.’

Automated Monitoring of Diabetic Retinopathy
Progression - Microaneurysm Turnover

It is of fundamental importance to monitor disease progression in
specific patients and identify if they shows signs of rapid progression
and to which phenotype of progression they belong. Some patients
need special attention and timely intervention to avoid development
of DR complications, macular oedema or proliferative DR.

The main changes that occur in non-proliferative diabetic retinopathy
(NPDR) and need to be monitored are microaneurysm dynamics (their
formation and disappearance), vascular leakage with subsequent
oedema and hard exudates formation and capillary closure.

Visual function loss occurs characteristically late in DR because the
eye has a large functional reserve of vision and DR initially affects
the inner layers of the retina away from the photoreceptors. Therefore,
structural changes are detected in DR earlier than functional changes.
Evidence of structural changes need to be the focus to follow
progression in the earliest stages of DR.

One of the best candidates for non-invasive imaging of the eye fundus
is fundus digital photography because retinal cameras are widely
available and the data obtained may be supported and analysed by
computer-assisted procedures.

To identify progression it is essential to collect sequential series
of images and these images must be compared. The need for
co-registration of these sequences of images is, therefore, of great
relevance. By applying novel image co-registration procedures and
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Figure 1: Automatic Microaneurysm
Tracking Over Time

Each detected microaneurysm (MA) is colour coded as new, old or disappeared (based on
the proprietary co-registration algorithm.

Figure 2: Retmarker Software Automatically
Calculates Microaneurysm Formation and
Disappearance Rates

This patient had a microaneurysm (MA) formation rate of 5 MA/year over a
24-month follow-up.

automated comparative analysis software it is now possible to perform
reliable sequential comparisons of fundus digital photography images.

RetmarkerDR (Critical Health, Portugal) is software that is currently
available and is able to automatically detect changes occurring in
eye fundus digital images. This software compares successive Visits
to the reference image, in each eye, based on co-registration and
co-localisation of the changes (Figures 1 and 2).

Using fundus photography, microaneurysms and small haemorrhages
are the initial changes detected in the diabetic retina. Retinal
microaneurysms may be counted and this technique has previously
been suggested as an appropriate marker of retinopathy progression.*”
Retinal microaneurysms are important lesions of diabetic retinopathy
and even one or two microaneurysms in an eye should not be
regarded as insignificant.? When examining 1,809 patients in the United
Kingdom Proliferative Diabetes Study (UKPDS) cohort that had either
no retinopathy or microaneurysms only at study entry, the number
of microaneurysms were found to have a high predictive value for
worsening retinopathy at three, six, nine and 12 years after entry
into the study.® Similar findings were presented by Klein et al., who
looked at the relationship between retinal microaneurysms and the
progression of diabetic retinopathy over a four-year period.” In this
study the number of microaneurysms at the baseline examination
was positively associated with significant progression of retinopathy.
More recently, Sjelie et al. showed that microaneurysm counts were
predictive of an increased risk of retinopathy progression.™

Our studies have shown that it is not the absolute total number of

microaneurysms at a certain point in time that may provide the best
indication of retinopathy progression, but the rate of microaneurysm
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turnover in successive visits during a one- or two-year period. We
have demonstrated that it is possible to use microaneurysm turnover
computed from non-invasive colour fundus photographs as a
biomarker to identify patients at risk of progression to clinically
significant macular oedema (CSME).? A microaneurysm formation rate
of at least two microaneurysms per eye in eyes with mild NPDR and
diabetes type 2 also appears to identify patients at risk for progression
to CSME. In one recent study, with a 10-year follow-up of 113
eyes/patients, the percentage of false negatives (eyes that developed
CSME with a low microaneurysm formation rate) was 29.4 % (5/17)
and the percentage of false positives (eyes that did not develop CSME
with a high microaneurysm formation rate) was 8.3 % (8/96), resulting
in a sensitivity in predicting CSME development of 70.6 %. The high
negative predictive value for CSME (94.6 %, 88/93) indicates that a
low microaneurysm turnover, i.e. fewer than two microaneurysms
per year, identifies particularly well the eyes that are not expected
to progress to CSME within a 10-year period.

Differences between successive visits using microaneurysm counts
are less reliable than microaneurysm formation rates, which take into
account newly formed microaneurysms and give more accurate
information on activity of the retinopathy." Furthermore, we have also
found much better agreement between graders when determining
microaneurysm turnover than in microaneurysm counting alone.’

Recently, Sharp et al.” found that the microaneurysm turnover varied
widely among eyes of the same retinopathy level; this is consistent
with our findings. Microaneurysm turnover has been shown in our
studies to vary among eyes classified with the same retinopathy
level.® Particularly relevant and of major interest is the finding that
patients who have higher microaneurysm turnover values go on
to develop CSME and show more rapid retinopathy progression,
particularly in association with poor metabolic control demonstrated
by higher haemoglobin A1c values. Therefore, microaneurysm
turnover appears to be a distinctive characteristic that indicates
activity of disease and rapid progression in eyes with apparently
similar retinopathy level.

A more recent study, using automated analysis of digital fundus
photographs with the RetmarkerDR software, confirms our initial
observations and demonstrates that automated analysis of fundus
digital images is extremely promising in determining DR progression.
Furthermore, it is an easy to use non-invasive tool to predict
development of CSME. In the Caldiret study, co-ordinated by Munich
University, a group of 290 eyes were followed by fundus photography
for five years. It was possible to compare the 49 eyes that did develop
CSME over the study period with the 241 eyes that did not develop CSME
in the same five-year period.™ In this study, an increased microaneurysm
formation rate was confirmed to be clearly associated with the
development of CSME. Values of microaneurysm formation rate
greater than two per year in this early stage of retinopathy were
present in 71.4 % of the eyes that developed CSME. In clear contrast,
the eyes that did not develop CSME during the period of the study
showed a microaneurysm formation rate of less than two per year in
71.8 % of the cases.

Identification of Risk Profiles Using
Non-invasive Procedures

To evaluate progression of NPDR it is necessary to be able to
closely follow any significant changes in the three major features
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of NPDR: microaneurysms, alteration of the blood-retinal barrier
and capillary closure.

Microaneurysms are a sign of vascular disease and their formation
and disappearance, i.e. their turnover rate, appear to be the best
indicators of disease activity. In the initial stages of NPDR a
microaneurysm formation rate of two or more per year is a predictor
of progression and the development of macular oedema.™

Capillary closure is a relevant step in the retinal vascular disease
process that leads to progressive ischaemia and formation of
preferential channels inducing remodelling of the retinal circulation.
The presence of ischaemia is a necessary condition in the development
of proliferative retinopathy. The development of capillary closure may
be identified using colour fundus photography by determining the rate
of microaneurysm disappearance or by changes in the same eye in
the branching pattern of the arterioles and their density in the macula.

Alterations of the blood-retinal barrier cannot be identified by colour
fundus photography but may be identified using another non-invasive
method, optical coherence tomography (OCT).* Measurements of
retinal thickness and changes in the retinal extracellular space resulting
from focal alterations of the blood-retinal barrier occurring in the initial
stages of NPDR can be performed and show the degree of breakdown
of the blood-retinal barrier and its change over time. Work in progress
in another group is also focusing on the ganglion cell layer using OCT to
determine ganglion cell loss as an indicator of ischaemia.”

Incorporating information about progression risk can be difficult in
clinical practice but is an objective that must be pursued if we want to
improve management of DR and prevent the development of the major
complications of DR: macular oedema and proliferative retinopathy.

Creation of a progression profile starts with establishing an adequate
baseline. The first step is clinical assessment and documentation of
patients with diabetes, identifying the presence of NPDR in its initial
stage (equivalent to Wisconsin classification <43). This baseline should
include digital fundus photography with at least two fields, one centred
on the fovea and the other on the optic disk and OCT with central retinal
thickness measurements and an optical density baseline and best
corrected visual acuity obtained, preferably using Early Treatment
Diabetic Retinopathy Study (ETDRS) procedures.

Subsequent testing should include the same procedures after six
or 12 months and repeated again 24 months after the collection
of the baseline. Automated computer-aided analysis of the fundus
photographs will give the rate of progression of retinal vascular disease.
The rate of formation of new microaneurysms indicates activity of
retinal disease with the rate of disappearance of microaneurysms
indicating the occurrence of capillary closure. Changes in OCT will
monitor alteration of the blood-retinal barrier and how the retinal
vessels are responding to changes of metabolic control in an individual
eye. The next step is to develop a risk profile based on the patient’s
ocular phenotype of progression and non-ocular risk factors.

Determination of the activity of the retinal disease and individual risk
profiles using non-invasive procedures are expected to contribute
decisively to better personalised management of diabetic retinopathy
and prevent vision-threatening complications — macular oedema and
proliferative retinopathy.
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Automated Computer-aided Analysis of

Fundus Digital Photographs in Diabetic
Retinopathy Screening

The development of systematic programmes of screening for
retinopathy has been identified as an urgent healthcare need. Studies
have indicated that the severity of vision loss due to diabetes is
largely due to lack of screening.™

We have developed and evaluated a novel two-step approach that
automatically screens colour fundus photographs in patients with the
use of sequential examinations from the same patient to analyse
the evolution of the disease in that patient.” The automated
grading system, RetmarkerSR consists of software earmarking
microaneurysms and ‘red-dot-like” vascular lesions. The system
includes a co-registration algorithm that allows comparisons between
different screenings for the same eye in the same retinal location. In a
first-step single analysis, the system generates one of two possible
outputs — ‘disease’ or ‘'no disease’. The ‘disease’ category includes
images where vascular lesions are found in the central macula that
correspond to level 35 and above of the ETDRS scale, including

Computer-aided Analysis of Fundus Photographs

maculopathy, advanced non-proliferative retinopathy and proliferative
retinopathy. In the one-step analysis, the algorithm detects the
presence of red-dot-like lesions in fields 1 and 2 (field 1 is centred
on the optic disc and field 2 is centred on the fovea). The algorithm
combines this initial analysis with a second analysis that compares two
different and consecutive examinations for the same patient from
two successive screenings with an interval of approximately one year.
The images from the field centred on the macula are co-registered
to complete a difference analysis that will indicate disease activity in
the central 3,000 um diameter circle of the macula. The results show a
clear improvement over currently available fully automated screening
algorithms, with a sensitivity of 95.8 % and a specificity of 63.2 %.
RetmarkerSR was shown to identify urgent cases for referral and
will therefore allow the burden of manual grading to be reduced. This
two-step analysis shows a clear improvement in specificity over other
available automated systems.*#' The integration of this technique into
a yearly screening programme is expected to result in a progressive
decrease in the burden of manual grading by safely decreasing the
number of false-positive results to be manually graded, with economic
advantages, making DR screening more feasible. B

Bernardes R, Nunes S, Pereira |, et al., Computer-assisted 8. Kohner AM, Stratton IM, Aldington SJ, et al. for the UK 15. Cunha-Vaz J, An integrated perspective on diabetic retinopathy
microaneurysm turnover in the early stages of diabetic Prospective Study Group, Microaneurysms in the in type 2 diabetes: 10.4 Characterization of retinopathy
retinopathy, Ophthalmologica, 2009;223:284-91. development of diabetic retinopathy (UKPDS 42), phenotypes. In: Cunha-Vaz J (ed), Diabetic Retinopathy,

Nunes S, Pires |, Rosa A, et al., Microaneurysm turnover is a Diabetologia, 1999;45:1107-12. Singapore: World Scientific Publishing, 2010;296-300.
biomarker for diabetic retinopathy progression to clinically 9. Klein R, Meuer SM, Scot E, et al., The relationship of retinal 16. Bernardes R, Santos T, Serranho P, et al., Noninvasive
significant macular edema: findings for type 2 diabetics with microaneurysm counts to the 4-year progression of diabetic evaluation of retinal leakage using OCT,

nonproleferative retinopathy, Ophthalmologica, 2009,223:292-7. retinopathy, Arch Ophthalmol, 1989;107:1780-5. Ophthalmologica, 2011;226:29-36.

Hejlesen O, Ege B, Englmeier K-H, et al., TOSCA imaging — 10. Sjelie AK, Klein R, Porta M, et al., Retinal microaneurysm 17. Byeon SH, Hwanf Chu Y, Lee H, et al., Foveal ganglion cell
developing Internet based image processing software for count predicts progression and regression of diabetic layer damage in ischemic diabetic maculopathy. Correlation
screening and diagnosis of diabetic retinopathy, retinopathy. Post-hoc results from the DIRECT Programme, of optical coherence tomographic and anatomic changes,
Stud Health Technol Inform, 2004;107(Pt 1):222-6. Diabet Med, 2011,28(3):345-51. Ophthalmology, 2009;116(10):1949-59.

Parsons-Wingerter P, Radhakrishman K, Vickerman M, Kaiser 11. Torrent-Solans T, Duarte L, Monteiro R, et al., Red dots 18. Javitt JC, Aiello LP, Chiang Y, et al., Preventive eye care in
P, Oscillation of angiogenesis with vascular dropout in counting on digitalized fundus images of mild people with diabetes is cost-saving to the federal

diabetic retinopathy by VESsel GENeration analysis (VESGEN), nonproliferative retinopathy in Diabetes type 2, government. Implications for health-care reform,

Inv Ophthalm, 2010;51(1):498-507. ARVO Meeting Abstracts, 2004,45:2985. Diabetes Care, 1994,17(8):909-17.

Englmeier K-H, Schmid K, Hildebrand C, et al., Early detection ~ 12. Sharp PF, Olson J, Strachan F, Hipwell J, Ludbrook A, 19. Oliveira C, Cristovao L, Ribeiro M, Faria Abreu J, Improved
of diabetes retinopathy by new algorithms for automatic O'Donnell M, Wallace S, Goatman K, Grant A, Waugh N, automated screening of diabetic retinopathy,

recognition of vascular changes, Eur J Med Res, 2004,9:473-8. McHardy K, Forrester JV, The value of digital imaging in Ophthalmologica, 2011; [Epub ahead of print].

Klein R, Klein B, Moss SE, Cruickshanks KJ, The Wisconsin diabetic retinopathy, Health Technol Assess, 2003;7:1-119. 20. Usher D, Dumsky M, Himaga M, et al., Automated detection
Epidemiologic Study of Diabetic Retinopathy. XV. The long-term  13. Lobo CL, Bernardes RC, Figueira JP, et al., Three-year of diabetic retinopathy in digital retinal images: a tool for
incidence of macular edema, Ophthalmology, 1995;102:7-16. follow-up of blood retinal barrier and retinal thickness diabetic retinopathy screening, Diabet Med, 2003;21:84-90.
Csaky KG, Richman EA, Ferris FL, Report from the NEI/FDA alterations in patients with type 2 diabetes mellitus and mild 21. Abramoff RJ, Russell SR, Folk JC, et al., Automated early
Ophthalmic Clinical Trial Design and Endpoints Symposium, nonproliferative retinopathy, Arch Ophthalmol, 2004;122:211-7. detection of diabetic retinopathy, Ophthalmology,

Invest Ophthalmol Vis Sci, 2008;49:479-89. 14. Ulbig M, et al., Personal communication, 2011. 2010;6(117):1147-54.

EUROPEAN OPHTHALMIC REVIEW

107






	EU_Ophthal_Cover
	EU_Ophthal_IFC1
	EU_Ophthal_89
	EU_Ophthal_90
	EU_Ophthal_91
	EU_Ophthal_92
	EU_Ophthal_93
	EU_Ophthal_94
	EU_Ophthal_95
	EU_Ophthal_96
	EU_Ophthal_97
	EU_Ophthal_98
	EU_Ophthal_99
	EU_Ophthal_100
	EU_Ophthal_101
	EU_Ophthal_102
	EU_Ophthal_103
	EU_Ophthal_104
	EU_Ophthal_105
	EU_Ophthal_106
	EU_Ophthal_107
	EU_Ophthal_108
	EU_Ophthal_109
	EU_Ophthal_110
	EU_Ophthal_111
	EU_Ophthal_112
	EU_Ophthal_113
	EU_Ophthal_114
	EU_Ophthal_115
	EU_Ophthal_116
	EU_Ophthal_117
	EU_Ophthal_118
	EU_Ophthal_119
	EU_Ophthal_120
	EU_Ophthal_121
	EU_Ophthal_122
	EU_Ophthal_123
	EU_Ophthal_124
	EU_Ophthal_125
	EU_Ophthal_126
	EU_Ophthal_127
	EU_Ophthal_128
	EU_Ophthal_129
	EU_Ophthal_130
	EU_Ophthal_131
	EU_Ophthal_132
	EU_Ophthal_133
	EU_Ophthal_134
	EU_Ophthal_135
	EU_Ophthal_136
	EU_Ophthal_137
	EU_Ophthal_138
	EU_Ophthal_139
	EU_Ophthal_140
	EU_Ophthal_141
	EU_Ophthal_142
	EU_Ophthal_143
	EU_Ophthal_144
	EU_Ophthal_145
	EU_Ophthal_146
	EU_Ophthal_147
	EU_Ophthal_148
	EU_Ophthal_149
	EU_Ophthal_150
	EU_Ophthal_151
	EU_Ophthal_152
	EU_Ophthal_153
	EU_Ophthal_154
	EU_Ophthal_155
	EU_Ophthal_156
	EU_Ophthal_157
	EU_Ophthal_158
	EU_Ophthal_159
	EU_Ophthal_160
	EU_Ophthal_IBC1
	EU_Ophthal_Cover



