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Preface

One important aim of future medicine should be to detect diseases at a stage
when there are only minor or no manifestations of its symptoms. In such
cases, an early therapy can avoid severe consequences of the disease and
extend the lifetime without deficits in function. This type of medicine is
called preventive medicine.

In olden times, the eye was considered a gateway to medical wisdom.

The evaluation of the retina and optic nerve head might be an important
cornerstone in preventive medicine. The vasculature, the neurons and axons
of the retina, and the optic nerve show early symptoms of some systemic
diseases like arterial hypertension and diabetes and neurodegenerative dis-
eases like Alzheimer’s. Retinal cells, neurons, and vessels serve as well-
evidenced surrogate parameters for early detection of diseases, predicting the
risk of fatal events and monitoring the effect of therapy.

As the retina is very well accessible by novel optical methods, morpho-
logical and functional changes become visible in early stages of systemic
diseases.

Tele-ophthalmology involves imaging of the retina and the optic nerve of
patients from remote locations combined with a telemedical assessment of
these images by expert ophthalmologists using computer-aided image analy-
sis systems. The benefit of tele-ophthalmology is that it involves transport of
only data and images and does not require the transport of subjects.

Thus, tele-ophthalmology might become an important tool for providers
of preventive medicine to detect early signs of systemic diseases related to
metabolism, vessels, and neuronal tissues. Early knowledge of changes in the
retina helps to evaluate the risk of severe diseases and to adopt a suitable
therapy.

In addition, tele-ophthalmology can be used to screen people for vision-
threatening diseases like AMD, glaucoma, and trachoma. Early therapy in
AMD, diabetic retinopathy, and glaucoma reduces the risk of visual
impairment.

To be most effective, tele-ophthalmology should use latest technologies in
imaging and information processing.

The overall aim of this book is to describe (1) clinical applications of tele-
ophthalmology and (2) novel methods used in tele-ophthalmology by experts
in the field.

The book Tele-Ophthalmology in Preventive Medicine targets medical
care providers interested in tele-ophthalmology.
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Preface

The book gives an overview of medical applications, methods, and novel
technologies in tele-ophthalmology especially in the area of preventive medi-
cine. It also gives future prospects for methods of detecting early signs of
neurodegenerative diseases in the retina and describes innovative projects of
interdisciplinary cooperation in preventive medicine. In addition, a major part
of the book is devoted to novel imaging methods and latest information tech-
nologies like mobile communication and Web 2.0 applications in
tele-ophthalmology.

Erlangen, Germany Georg Michelson, MD
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Prevalence of Retinal
Microangiopathic Abnormalities
and Optic Nerve Atrophy

in Normotensive, Nondiabetic,
“Healthy” Subjects Gained

by a Retina Check of the Tele-
ophthalmic Consultation Service
Talkingeyes®

Georg Michelson and Johannes Wolz
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in normotensive and nondiabetic populations. The
origin of these changes in normotensive or non-
diabetic subjects is not fully understood, but is
favoured by several factors, including elevated
blood lipids, smoking and lack of exercise.
Previous studies have shown that arteriolar nar-
rowing and arteriovenous nicking are related to
increasing age. This was documented in mixed
populations containing hypertensive and/or dia-
betic subjects.

In our study we investigated the prevalence of
focal arteriolar narrowing, focal and generalized
arteriolar narrowing, arteriovenous nicking and
optic nerve atrophy in a group of nondiabetic,
normotensive subjects without any systemic or
ocular disease. The Tele-ophthalmic Consultation
Service Talkingeyes® performed the photogra-
phy of the posterior pole and the documentation
of reported relevant information of existing oph-
thalmic, internal or neurological diseases. The
tele-ophthalmic evaluation of retina and optic
nerve head morphology was performed by an
experienced eye doctor. The service was per-
formed in institutions without ophthalmic exper-
tise (Table 1.1).

1.2 Purpose

To examine the prevalence of “simple” optic
nerve atrophy, retinal microvascular narrowing
and arteriovenous nicking in a normotensive, non-
diabetic, “healthy” population gained by the Tele-
Ophthalmic Consultation Service Talkingeyes®.

1.3 Methods

1.3.1 Study Population

This report is based on examinations of over
9,400 men and women gained by the Tele-
Ophthalmic Consultation Service Talkingeyes®
[3-7] within the years 2007-2012. All partici-
pants underwent a profound interview document-
ing information of general medical, ocular
medical and family history. By this interview
age, gender, presence of arterial hypertension,

diabetes mellitus or any other systemic disease
(such as kidney damages, cardiac infarction,
coronary artery bypass) and incident stroke were
reported.

For the analysis we selected N=1,662
“healthy” individuals aged 41-90 years without
arterial hypertension, diabetes mellitus or any
other systemic or ocular disease or stroke or heart
infarction in medical history. Patients with nico-
tine abuse, with one eye missing or with retinal
images that were not evaluable due to the poor
image quality were excluded. N=785 partici-
pants were male (47 %), while N=877 were
female (53 %). The age ranged from 41 to
89 years.

Systemic hypertension was defined as reported
systolic blood pressure higher than 140 mmHg or
a diastolic blood pressure higher than 90 mmHg
and/or taking antihypertensive medication. Blood
pressure values were documented as reported
values. Diabetes was defined as reported HbAlc
value higher than 6 % and/or taking antidiabetic
medication.

1.3.2 Procedures

The telemedical evaluation by the Tele-Ophthalmic
Consultation Service Talkingeyes® was validated
by comparing the diagnoses gained by the tele-
medical approach versus a regular ophthalmologi-
cal examination with dilated pupils [8, 9].

The Tele-Ophthalmic Consultation Service
Talkingeyes® served as virtual telemedical con-
sultant in institutions without ophthalmic exper-
tise documenting general and ocular medical
history, visual function and retina and optic nerve
head morphology. The used software (MedStage,
Siemens, Talkingeyes and more) is browser-
independent running at PC, tablets and smart-
phones. All imaging techniques can be used.

In this study digital retinal images of both
eyes were taken with a 45° non-mydriatic colour
fundus camera (KOWA NM-45, non-mydriatic-
alpha) centred on the papilla of the optic nerve
(Fig. 1.1). Pupils were not dilated. After com-
pleting the medical interview (Tables 1.2, 1.3,
1.4 and 1.5), selected clinical images of the
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Fig. 1.1 Image acquisition by a non-
mydriatic fundus camera (Reprinted with
permission from Talkingeyes&more GmbH)

Table 1.2 MedStage:

Enter new participant data
Salutation
Last Name
First Name

Date of birth

(DD/MM/YYYY)

Year of birth

Street
Posteode
City

Country

Reprinted with permission from Talkingeyes&more GmbH

date entry of a new patient

Test

Test

| 22.11.2000

| street
| 99999
o

country

Language for

communication

Phone (daytime)

Phone (evening)

Email

Login

Password

Email when result is

ready?

Result delivery

! english -

| testtest

| avamazagw

|I'|O -

| Internet download

L
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Table 1.3 MedStage: general medical history part I

Registration Medical History 1/3

Next appointments Test Test

Tasklist Standard

Yy
1. Age and Gender

Date of birth (DD/MM/YYYY) 2201172000

Gender

2. Coronary Heart Diseases (CHD)

Cardiac infarction ne - in year:

Balloon angioplasty no > in year:

Bypass surgery no 1 in year:

3. Stroke

Did patient suffer a stroke? no - in year:

4. Carotid Surgery

Did patient have a carotid surgery? | © ¥ in year:

5. Stress-related problems

in the chest no =

Constrictive chest pain and shortness of breath during physical

exertion or angina pectoris

no -

in the legs

Atherosclerosis in the legs, peripheral arterial disease (PAD)

Reprinted with permission from Talkingeyes&more GmbH

anterior, the posterior segment or other modali-
ties were uploaded in the electronic patient chart
(Table 1.6) followed by a telemedical evaluation
by an experienced eye doctor. Tables 1.2, 1.3,
1.4 and 1.5 depict the data entry formulas and
Table 1.6 the formula to upload images. All
images were stored on a server using the web-
based software MedStage. The medical evalua-
tion of the colour fundus images and other
images was done through telemedical analysis
(Fig. 1.2). Figure 1.2 showed the standardized

6. Blood Pressure

What is the patient's blood

mmHg
pressure?

Does patient suffer from raised

ne - since:

blood pressure?

If yes, start of treatment for

hypertension
Medication to lower blood pressure

8. Blood Sugar (Glucose)

Does patient suffer from raised

no b since:

blood sugar?

If yes, start of treatment for

diabetes
What is the patient's HbA l¢ level? o

Complications of diabetes - since:

Diabetic retinopathy - since:

Polyneuropathy > since:

Kidney diseases > since:

procedure of the medical evaluation. Each fun-
dus image was evaluated by an experienced oph-
thalmologist using a standardized protocol with
defined criteria, namely, focal arteriolar narrow-
ing, focal and generalized arteriolar narrowing,
arteriovenous nicking and optic nerve atrophy.
The evaluation of the images was facilitated by
the options to zoom the images and to examine
them in different aspects (colour image, red-free
image and green channel image). “Simple”
optic nerve atrophy was defined as a partly or
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Table 1.4 MedStage: general medical history part I

Reprinted with permission from Talkingeyes&more GmbH

completely atrophic optic nerve head with a pale  emergency within 2 h. The medical report was avail-

rim, but no cupping. able by html- or pdf-format by the medical doctor or
The tele-ophthalmological evaluation was by the patient using ID and a password. Figure 1.3

performed within three working days, in case of depicts the scheme of the complete procedure.
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Table 1.5 MedStage: ocular medical history and visual acuity, IOP

TR

o [

Reprinted with permission from Talkingeyes&more GmbH
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Table 1.6 MedStage: upload of images examination number: FAU-2014-01-10-01-TT
Examination Number: FAU-2014-01-10-01-TT

Important notice: You can upload only images of type PNG (24 bit color images with lossless compression) or JPEG (24 bit color images with

lossy compression)!

Images RIGHT Eye (OD)

Fundus images - Right eve (OD)

15t fundus image

Not yet uploaded

2nd fundus image

Not yet uploaded

3rd fundus image

Not yet uploaded

Upload image ...

Other eve ima “T. Angi

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Upload image ...

ages anterior segment - Right eve (OD

.) - Right Ev.

Images LEFT Eye (0S)

Fundus images - Left eve (0S)

1st fundus image

lot yet uploaded

2nd fundus image

lot yet uploaded

3rd fundus image

Not yet uploaded

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Images anterior segment - Left eve (0S)

Other eve images (OCT, Angiogram. ...) - Left eve (OS)

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Upload image ...

Finalize and release images for assessment - after this step, no more images can be added.

Back - further images may be added later.

Reprinted with permission from Talkingeyes&more GmbH

1.3.3 Statistical Analysis

Statistical analysis was performed with SPSS
Vol. 20.0 and 21.0. We divided the study group
into decades of age (41-50 years, 51-60 years,

61-70 years, 71-80 years, 81-90 years). The
prevalence of optic nerve atrophy, focal arteriolar
narrowing, focal and generalized arteriolar nar-
rowing, arteriovenous nicking, retinal microin-
farcts and retinal haemorrhages was calculated
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Ta IS e OF1 Raieaten

Fig. 1.2 Standardized
medical evaluation of a fundus
image (Reprinted with
permission from
Talkingeyes&more GmbH)

Fig. 1.3 Scheme of complete telemedical
procedure (data and image acquisition,
tele-ophthalmological evaluation, report
generation) (Reprinted with permission
from Talkingeyes&more GmbH)

for each decade. A square regression model was
used to find a correlation between the prevalence
of retinal microvascular abnormalities and age.
For the analysis only the evaluation of the image
of the right eye was used.

1.4  Results

In the examined group we found no retinal micro-
infarcts or retinal haemorrhages. The prevalence
of focal narrowing, generalized narrowing, arte-
riovenous nicking and optic nerve atrophy in
healthy subjects is strongly age related. Figure 1.4

shows the age dependencies. The correlation

coefficients were for optic nerve atrophy
R2=0.983 (p=0.017), generalized arteriolar nar-
rowing R2=0.92 (p=0.07), focal arteriolar nar-
rowing R2=0.963 (p=0.037) and arteriovenous
nicking R2=0.983 (»p=0.017). The prevalence of
optic nerve atrophy rose from 0.8 % in the 4th
decade to 15.2 % in the 8th decade (factor 19),
the prevalence of generalized arteriolar narrowing
from 3.5 % in the 4th decade to 15.2 % in the 8th
decade (factor 4.3), the prevalence of focal
arteriolar narrowing from 10 % in the 4th decade
to 36 % in the 8th decade (factor 3.6) and the
prevalence of arteriovenous nicking from 2 % in
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Fig. 1.4 The prevalence of
“simple” optic nerve atrophy

Prevalence of retinal microvascular
abnormalities by age in the control group

and retinal microvascular 40 -
abnormalities in healthy i Optic nerve atrophy
subjects by decades 35
H Arteriovenous nicking
30
B Focal and generalized arteriolar
narrowing
X 25
'g B Generalized arteriolar narrowing
€ 20 . .
= B Focal arteriolar narrowing
8
a 15
10
5
0 .
41-50 51-60 61-70 71-80 81-90
Age in years
Prevalence of retinal microvascular
abnormalities by age in the control group
40
35 ///.\’
30
2 /
2 /
[0]
% 20 X
>
215
10
5 §

41-50

—&— Focal arteriolar narrowing
—#— Optic nerve atrophy

51-60 61-70

Age in years

71-80 81-90
—ill— Arteriovenous nicking

—>— Focal and generalized
arteriolar narrowing

—¥— Generalized arteriolar narrowing

the 4th decade to 9 % in the 8th decade(factor
4.5). Table 1.1 shows detailed information about
the prevalence of focal arteriolar narrowing, focal
and generalized narrowing, arteriovenous nicking

and optic nerve atrophy by decades. The age
dependency of optic nerve atrophy, arteriovenous
nicking and focal arteriolar narrowing was sig-
nificant at p<0.05.
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1.5 Discussion

The technique used by the Tele-Ophthalmic
Consultation Service Talkingeyes® to diagnose
telemedically optic nerve atrophy or abnormali-
ties of retinal vessels was validated by a compar-
ative observational study including N=47
hypertensive and/or diabetic subjects. In this
study the fundus was judged ophthalmoscopi-
cally and subsequently by the telemedical
approach. The reliability of the two diagnostic
methods was then calculated. The largest concor-
dance of the two diagnosis methods was achieved,
in descending order, for stage of hypertensive
retinopathy, retinal bleeding, stage of diabetic
retinopathy and the optic nerve head findings. It
was concluded that the tele-ophthalmic approach
achieved good results as compared to the oph-
thalmoscopic judgement in relation to retinopathy
assessment criteria [10, 11].

1.5.1 Optic Nerve Atrophy

In the presented study we found a prevalence of
optic nerve atrophy in 0.8 % of normotensive,
nondiabetic, “healthy” subjects aged 41-50 years
and a prevalence up to 15.2 % in subjects aged
81-90 years.

In the literature there is no data about the prev-
alence of optic nerve atrophy in healthy subjects.
Only prevalences of microangiopathic lesions and
glaucomatous optic nerve atrophy in healthy sub-
jects were reported [8, 9, 12, 13]. In a former
study of our group [8], we examined telemedi-
cally in 19.294 Caucasians the retina and the optic
nerve head in respect to microangiopathic changes
and glaucomatous optic nerve atrophy using the
above-described technique. Glaucomatous optic
nerve atrophy was diagnosed when specific glau-
comatous morphological alterations of the optic
nerve head were present. In this study the reported
prevalence of glaucomatous optic nerve atrophy
in the different age groups was 0.07 % (45—
49 years), 0.40 % (50-54 years), 0.45 % (55—
59 years) and 0.82 % (60-64 years) [9].
Comparing the found prevalence of ‘“‘simple”
optic nerve atrophy with the reported preva-
lence of glaucomatous optic nerve atrophy, the

prevalence of ‘“simple” optic nerve atrophy is
lower by factor 10.

1.5.2 Retinal Microangiopathic
Abnormalities

In the Beaver Dam Eye Study, the
Atherosclerosis Risk in Communities Study
and the Cardiovascular Health Study, prevalences
of microangiopathic changes in healthy subjects
were reported.

We found in healthy normals a prevalence of
4.3 % of arteriovenous nicking. In the Beaver
Dam Eye Study, nondiabetic subjects including
hypertensive individuals with a mean age of
62 years were examined. In this study Klein et al.
investigated a cohort of 4,311 nondiabetic indi-
viduals aged 43—84 years [14, 15]. Retinal images
were taken with a 30° stereoscopic colour fundus
camera centred on the optic disc and the macula
and additionally with a non-stereoscopic colour
fundus camera focusing temporal to but including
the fovea of each eye [16]. They found in normo-
tensive subjects focal narrowing in 11 % and
arteriovenous nicking in 2 %.

In the Atherosclerosis Risk in Communities
Study, 8,772 nondiabetic subjects including
hypertensive individuals aged from 51 to 72 years
with a mean age of 59.5 years were examined.
Pictures of 8.772 individuals [17] which included
hypertensive subjects were assessed in their anal-
ysis. For retinal imaging a 45° fundus camera was
used and centred between the optic disc and mac-
ula of one randomly selected eye [18-20]. They
found in normotensive subjects focal narrowing
in 4.5 % and arteriovenous nicking in 4.6 %.

In the Cardiovascular Health Study, 2,050
nondiabetic subjects including hypertensive indi-
viduals with a mean age of 78.5 years were
examined. In this study, a cohort of 2,050 nondia-
betic subjects aged 69—97 years was examined,
including hypertensive individuals and a small
group of stroke patients [21]. Retinal photo-
graphs were taken with a 45° fundus camera from
one randomly selected eye and centred between
the optic disc and macula. They found in normo-
tensive subjects focal narrowing in 6.1 % and
arteriovenous nicking in 5.9 %.
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We found similar results. In our study the
prevalence of arteriovenous nicking was 4.3 %,
compared to 2 % in the Beaver Dam Eye Study,
4.6 % in the Atherosclerosis Risk in Communities
Study and 5.9 % in the Cardiovascular Health
Study. In focal narrowing our data differ from
published data from other groups. We found a
prevalence of focal arteriolar narrowing in 21 %
of nondiabetic, normotensive, “healthy” subjects.
The higher prevalence of focal arteriolar narrow-
ing found in our study compared with the results
of previous studies may be due to a higher aver-
age age in our study group and a different grading
of the retinal images. The differences might be
caused by higher mean ages.

Conclusion

The tele-ophthalmic technique Talkingeyes®
allowed the telemedical evaluation of the ante-
rior part of the visual pathway using data of
the medical history, visual function and
images of the retina and optic nerve head mor-
phology. We found that the prevalence of
microvascular alterations and optic nerve atro-
phy in healthy subjects was strongly age
related. The prevalences of retinal microangi-
opathic changes in the retina and optic nerve
head in different decades of age ranged for
focal narrowing from 10 to 36 %, for general-
ized narrowing from 3 to 15 %, for arteriove-
nous nicking from 2 to 9 % and for “simple”
optic nerve atrophy from 0.8 to 15 %. Thus, a
telemedical evaluation of patient in respect to
optic nerve pathology or microangiopathic
changes should refer to age-related preva-
lences of healthy controls.
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2.1 Diabetic Retinopathy
and Its Prevalence

Diabetic retinopathy (DR), one of the major and
long-term microvascular complications of diabe-
tes, is the most common cause of vision loss and
blindness in the working-age adults in industrial-
ized countries. DR has been independently asso-
ciated with increased mortality [1], heart disease
[2], and kidney disorders [3]. It is well estab-
lished that the onset and progression of DR are
significantly associated with three key risk fac-
tors: longer duration of diabetes, poor glycemic
control and increased blood pressure. The World
Health Organization (WHO) announced that 347
million people worldwide had diabetes in 2012
and in 2030, diabetes will be the 7th leading
cause of death [4]. With the increased prevalence
of Type 1, and especially Type 2 diabetes, it is
anticipated that the impact of vision impairment
and blindness associated with DR will invariably
increase in the coming decades.

On the other hand, diabetic retinopathy is a
treatable disease throughout its progression.
Though it is irreversible, the blindness risk can be
reduced by early DR recognition, routine refer-
ral, regular follow-up examination and prompt
treatment. According to the WHO, evidence-
based treatment can significantly reduce the risk
for blindness, and clinical studies have also
shown that appropriate treatment can reduce it by
more than 90 % [5]. Especially for diabetic
macular oedema (DME), early intervention can

G. Michelson (ed.), Teleophthalmology in Preventive Medicine, 15
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significantly reduce severe visual loss by 50 % at
5 years. According to the recommendation from
the WHO, diabetes patients should take annual
eye examination for promising early-stage diag-
nosis of DR.

For society, the cost of diabetes management
is a big burden. It is estimated the number of dia-
betes patients will increase to 44.1 million. The
diabetes-related health expenditure will achieve
up to US$171 billion [6, 7]. Therefore, early-
stage DR detection and treatment based on
guideline-recommended care will not only bene-
fit patients but also reduce the economic burdens
on society.

Timely diagnosis and evidence-based treat-
ment for diabetes patients are important for pre-
venting vision loss. However, the current society
faces the conflict of increasing number of diabet-
ics and decreasing number of ophthalmologists.
Traditional eye fundus examination using oph-
thalmoscope or biomicroscopy must be con-
ducted in clinics by ophthalmologists or in an
acute eye care service model, which is difficult to
be extended for DR prevention. And how to
approach remote or rural areas which lack oph-
thalmologists is another issue.

In the past decade, there is a general agree-
ment that digital colour fundus photography
has obvious advantages compared to traditional
ophthalmoscopy in diabetic retinopathy diagno-
sis. Digital fundus images are easy for storage
and transmission and, therefore, can facilitate
remote DR diagnosis. And with the rapid devel-
opment of telemedicine and telehealth, digital
fundus imaging and image-based diagnosis can
be easily combined with the telehealth service
model for expanding the service area of oph-
thalmologists that traditional approaches can-
not reach. Therefore, tele-ophthalmology could
be a potential and cost-effective method for eye
care and DR-related service.

This chapter will focus on colour fundus
image-based DR detection and DR screening by
morphological features from the images and
introduce the current progress of DR screening
programmes based on colour fundus image
grading.

2.2  DRPathological Features

on Colour Fundus Images

Diabetic retinopathy usually causes damage to
microvascular vessels in the retina and further
causes bleeding and fluid leakage.

Microaneurysms (MAs) present in the retina
due to high sugar levels in the blood and are
swellings of capillaries caused by capillary
occlusion and vessel wall weakening. On colour
fundus images, MAs morphologically appear as
small roughly circular red objects with consistent
size. They have similar pixel intensity (colour) to
the blood vessels. MAs are the earliest symptom
of DR disease.

Haemorrhages (HMs) are caused from abnor-
mal bleeding, meaning an ischaemic retina (loss
of oxygen). On a colour fundus image, HMs’
pixel intensity is similar as that of blood vessels.
The haemorrhages in their morphological shapes
can appear as dot-and-blot HMs or large HMs.
Large retinal haemorrhages (as flame-shaped
HMs) are usually caused by abnormally fragile
retinal blood vessels and represent a symptom of
advanced disease. If HMs appear at the macular
region, they may interfere with vision. When a
vitreous haemorrhage happens, it can cause sud-
den loss of vision in the worst situation, while the
macula is damaged.

Exudates (EDs) appear as yellow or white
structures with variable shapes in the retina. They
are caused by leakage of lipid and proteins from
damaged vessels and indicate increased blood
vessel permeability. EDs can be further catego-
rized as hard exudates (HEs), which have well-
defined boundaries, and soft exudates (SEs),
which have unclear boundaries. When exudates
approach the macular region, they are associated
with the risk of macular oedema. When exudates
enter the macular centre, they are considered as
sight-threatening lesions.

Neovascularizations (N'Vs) are caused by new
blood vessel growth due to extensive lack of oxy-
gen in retinal capillaries because of capillary clo-
sure. NVs appear as wheel-like networks and are
usually located at the connection of vascular
branches. They are weak and ruptured and
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Fig.2.1 Microaneurysms, haemorrhages and exudates in a colour fundus image

thereby able to cause loss of vision. For DR eval-
uation, commonly they can be grouped as NVs
on the disc (NVD) and NVs elsewhere (NVE).

Besides the above-mentioned pathologies,
cotton wool spots (CWS), venous beading (VB),
pre-retinal haemorrhages and vitreous haemor-
rhages can be viewed in the different stages of
DR progression. The emergence of neovascular-
izations, pre-retinal haemorrhages and vitreous
haemorrhages can be considered a high-risk level
of DR progression. Figure 2.1 illustrates the mor-
phological and colorific characteristics of MAs,
HMs and EDs in a colour fundus image.

2.3  DRLevel Grading Standards

2.3.1 International Standard

Most of DR grading standards used in the DR
screening programmes were based on the Early
Treatment Diabetic Retinopathy Study (ETDRS)
and Wisconsin Epidemiology Study of Diabetic
Retinopathy publications [8].

In 2001, the American Academy of Ophthal-
mology (AAO) launched the Global Diabetic
Retinopathy Project to promote the development
of a common clinical severity scale for DR and
DME [9]. Later, the International Clinical Diabetic

Retinopathy and Diabetic Macular Oedema Disease
Severity Scales were recommended by AAO for
clinical practice. The International Severity Scales
proposed five levels for grading of DR and 4 levels
for grading DME based on the risk of DR progres-
sion. The classification standard allowed clinically
important grades of retinopathy and allowed non-
ophthalmologists, as optometrists and primary care
physicians, attend DR screening. The international
DR and DME severity scales are summarized in
Table 2.1.

The AAO recommended, for Type I diabetes,
first eye examination should be within 3-5 years,
and the follow-up should be yearly after the first
examination. For Type II diabetes, annual eye
examination was recommended [10].

2.3.2 UK NSC Standard

The UK is another country conducting large-scale
and community-based DR screening programmes.
From 1990 to 2002, the UK adopted the European
guidelines as DR grading system [11]. After 2003,
the National Screening Committee (NSC), UK,
introduced a new NSC grading system for digital
photography-based DR screening [12]. Table 2.2
gives a summary about the levels of DR and DME
in the grading system. The NSC grading standard
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Table 2.1 International clinical DR disease and DME disease severity scales

Disease severity level Description

DR

No apparent retinopathy No abnormalities

Mild NPDR MAs only

Moderate NPDR More than just MAs but less than severe NPDR
Severe NPDR Any of the following:

Extensive (>20) intraretinal HMs in each of 4 quadrants
Definite VB in 2 more quadrants
Prominent IRMA in 1 more quadrant
No signs of PDR
PDR One or more of the signs of:
Neovascularizations
Vitreous/pre-retinal HMs

DME

DME apparently absent No apparent retinal thickening or HEs in posterior pole

Mild DME Retinal thickening and HEs in posterior pole but distant from the centre of the macula

Moderate DME Retinal thickening or HEs approaching the centre of the macula but not involving the
centre (500 pm radius of macular centre)

Severe DME Retinal thickening or HEs involving the centre of the macula (500 pm radius of

macular centre)

DR diabetic retinopathy, DME diabetic macular oedema, MAs microaneurysms, HMs haemorrhages, HEs hard exu-
dates, NPRD non-proliferative diabetic retinopathy, PDR proliferative diabetic retinopathy, VB venous beading, IRMA
intraretinal microvascular abnormalities

Table 2.2 UK NSC retinopathy grading standard

Retinopathy stage Description

DR

RO: none DR No visible DR

R1: background DR MAs, HMs, any exudates not with the definition of maculopathy

R2: pre-proliferative DR VB, venous loop or reduplication, IRMA multiple deep, round or blot HMs

R3: proliferative R3a: (active) NVD, NVE, pre-retinal or vitreous HM, pre-retinal fibrosis + tractional

retinal detachment

R3s: (stable posttreatment) evidence of peripheral retinal laser treatment and stable
retina from photographs at discharge from the Hospital Eye Service

DME

MO: no visible DME Absence of any M1 features

M1: DME Exudates within 1 DD of macular centre, circinate or group of exudates with the
macula retinal thickening with 1DD of the macular centre (if stereo available), any MA
or HM within 1DD of the centre of the fovea only if associated with a best VA of <=
6/12 (if stereo unavailable)

Photocoagulation (P) Evidence of focal/grid laser to macula, evidence of peripheral scatter laser

Unclassifiable (U) Ungradable

UK NSC United Kingdom National Screening Committee, DR diabetic retinopathy, DME diabetic macular oedema,
MAs microaneurysms, HMs haemorrhages, VB venous beading, NVD neovascularizations on the disc, NVE neovascu-
larizations elsewhere, VA visual acuity, I[RMA intraretinal microvascular abnormalities, DD disc diameter

was defined based on the ETDRS grading stan- defined. An unclassifiable (ungradable) category
dard. The major difference from the international ~was also added in the standard.

standard is that for proliferative DR, two levels, Another difference is the NSC standard that also
R3a (active) PDR and R3s (stable) PDR, are defines grading pathway for DR screening. That is,
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Table 2.3 A simplified version of the Wisconsin grading system for classifying DR (Australia)

Retinopathy stage
DR

Minimal NPDR
Mild NPDR
Moderate NPDR
Severe NPDR
PDR

High-risk PDR

Description

MA only

vitreous/pre-retinal HM
Advanced PDR

MA and one or more of: retinal HM, HE, CWS, but not meeting moderate NPDR

HM/MA in at least one quadrant and one or more of: CWS, VB, IRMA

HM/Ma in all four quadrants, IRMA in one or more quadrants, VB in two or more quadrants
Any of: NVE, NVD, vitreous/pre-retinal haemorrhage

Any of: NVD>1/4-1/3 disc area, or with vitreous/pre-retinal HM, or NVE > 1/2 disc area with

High-risk PDR with traditional detachment involving the macula or vitreous haemorrhage

obscuring ability to grade NVD and NVE

DME
Macular oedema

Clinically
significant macular with adjacent retinal thickening
oedema (CSME)

Retinal thickening within two disc diameters of macular centre
Retinal thickening within 500 pm of macular centre or HEs within 500 pm of macular centre

DR Diabetic retinopathy, MAs microaneurysms, HMs haemorrhages, VB venous beading, NPRD non-proliferative dia-
betic retinopathy, CWS cotton wool spots, NVD neovascularizations on the disc, NVE neovascularizations elsewhere,
IRMA intraretinal microvascular abnormalities, PDR proliferative diabetic retinopathy

firstly, all images are graded by a certificated pri-
mary grader. Then, the images will be graded by a
certificated secondary grader who does not know
the grading results from the primary grader. If the
results from them are in disagreement, an arbitrator
(retinal specialist) will grade the images and his
decision will be used as the final ones.

2.3.3 Other Standards

The standards used by other countries as France,
Australia, etc. are usually modified or simplified
versions based on the ETDRS and Wisconsin grad-
ing systems. They are quite similar to the interna-
tional standard but may have a minor difference.

Table 2.3 gives a standard recommended by the
National Health and Medical Research Council,
Australia.

2.4 DRScreening by

Morphological Means

As above-mentioned standards, morphological
means based on the shape and colour characteris-
tics of DR pathologies are common methods
used for DR screening. In a DR screening

programme, several key factors should be con-
sidered. They are the eye examination method,
role of medical staff, pathology identification
method, DR grading standard and structure of
screening network.

Conventional eye fundus examination meth-
ods, such as using indirect ophthalmoscope or slit
lamp biomicroscopy on dilated eyes by ophthal-
mologists, have been proved effective for detect-
ing retinopathy [13], but direct ophthalmoscopy
by GPs for DR detection are less effective [14].
The limitation of the conventional methods is it is
hard to offer a population-based DR screening. In
the past decade, fundus photography, especially
digital fundus imaging, has been proved be able to
provide effective fundus examination as a role in
DR screening [15-17]. Mydriatic fundus cameras
on dilated eyes were used at the early stage. New
non-mydriatic cameras without eye dilation have
been commonly accepted now. Dilation is only
provided for small pupil eyes if non-mydriatic
imaging is not successful.

For DR screening, digital fundus camera has
been proved its advantages [18], especially for
providing excellent quality. The instant image
acquisition with immediate image quality assess-
ment can potentially reduce the technical failure
rate for fundus imaging. And the digital images
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can make their storage and transmission much
easy compared to the conventional eye fundus
examinations. In the following, digital fundus
imaging role in DR screening programme is
emphasized.

For DR screening by using digital fundus cam-
era, technically, a patient should undergo visual
acuity measurement and fundus photography. 45°
or 50° fundus cameras are commonly used for the
fundus imaging in a darkened room. Several fun-
dus images of each eye of the patient will be taken
according to different DR screening standards. In
the early stage of the DR screening programmes,
most standards recommended five-field or three-
field images (one is macula centred, one optic disc
centred and one temporal to the macula) per eye
[19, 20]. In the recent years, two-field imaging
rule (macula centred and disc centred) has been
accepted by most screening programmes [21].

Most screening standards recommend immedi-
ate image quality assessment after image acquisi-
tion. The French Association for the Study of
Diabetes and Metabolic Diseases (ALFEDIAM)
standard recommends five image quality levels:
(1) excellent; (2) good definition of most retinal
details; (3) definition limited, difficult to assess;
(4) only gross detail visible; and (5) not gradable
[19, 22]. UK NSC defines three image quality lev-
els: (1) good, (2) adequate and (3) inadequate
(ungradable). If the image quality is not satisfied,
the imaging process can be repeated immediately.

Medical staff involving a DR screening pro-
gramme can be simply categorized into two
types. One is technician staff (or screeners) for
taking fundus images by using digital fundus
cameras. Through a training process, nurses,
orthoptists, optometrists, etc. can fully undertake
the role. Another kind of staff for DR screening is
image grading staff, who undertake the task of
reading fundus images, identifying pathologies
and grading DR levels. Ophthalmologists are
best persons for undertaking the DR grading task.
However, because of lack of ophthalmologists, in
a large-scale DR screening programme, other
medical staff can be trained and undertake the
image grading task. In UK NSC recommended
screening system, the image grader’s role and
image grading pathway are set up. Certificated

primary and secondary graders and arbitrators
(eye specialists) play the grading roles in the
defined image grading workflow. There were
other studies which aimed at evaluating other
clinical staff, as orthoptists, optometrists and
GPs, for taking the grading task. For example, the
California state-wide DR screening programme
has included optometrists in its image reading
system, who could review the patient’s images as
the same responsibility as ophthalmologists [23].
A recent study in Spain showed that GPs after
adequate training could give high-level accuracy
by using non-mydriatic photography for screen-
ing diabetes patients and refer the DR patients
identified to ophthalmologists [24]. In Victoria,
Australia, 45 orthoptists attended the DR image
grading performance evaluation by using 36
digital images. A performance with the mean
sensitivity of 86 % and specificity of 91 % for
identifying abnormalities in the images was
achieved [25]. Although the studies indicated
that GPs, orthoptists, etc. could potentially act as
graders in DR screening programmes after good
training process, there are arguments that the
ophthalmologist’s role in DR image grading
should not be reduced.

Image grading process usually includes identi-
fying pathologies on colour fundus images and
grading DR levels according to DR grading stan-
dards. Morphological features related to DR, as
MAs, HMs, EDs, VB and NVs, are commonly
identified by an image grader in an image reading
phase. DR disease level can be graded according
to the currently recommended DR grading stan-
dards, such as the international DR disease sever-
ity scales, UK NSC standard, etc. The screening
results sent back to the GPs or screeners can
include the severity of DR and advice for the
referral/no referral of a patient for further exami-
nation or treatment or a follow-up examination in
a defined interval. Basic criteria of a DR screen-
ing programme should target at providing suffi-
ciently high sensitivity (true positive rate) and
specificity (true negative rate). The high sensitiv-
ity can ensure that the patients with DR (as DR
level above moderate NPDR or sight-threatening
retinopathy) are not missed for referral and treat-
ment. The high specificity, on the other hand, can
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ensure that the diabetes patients without reaching
the level of referral are not referred. The UK NSC
grading standard recommends 80 % sensitivity
and specificity for DR screening programme [12].

Several solutions can be used to construct a DR
screening network. One solution is to locate the
fundus cameras in fixed community centres and let
them be operated by trained health providers for
image scanning. Another solution is to mount the
fundus cameras on mobile vans for serving remote
or rural areas. These two solutions also can be
combined as a hybrid service model. A grading
centre linked with the screening sites play an
important role of image grading. Data transmis-
sion between the grading centre and screening
sites with an efficient and secure mode becomes
especially important for providing instant infor-
mation feedback. With the universal application of
the Internet in remote and rural areas, Internet-
based patient information transmission can bridge
the grading centre and screening sites efficiently.
Especially, a specially designed tele-ophthalmol-
ogy system will provide great convenience for a
DR screening programme [26].

A tele-ophthalmology, which links a grading
centre to its surrounding DR screening sites, can
easily implement a DR screening workflow as the
steps of: (1) the primary health providers scan
patient’s fundus images and transmit the images
with the patient’s other medical information and
eye examination results to the grading centre
[27]; (2) the eye grading experts (ophthalmolo-
gists or graders) read the images and grade the
images according to a grading standard; (3) the
grading results are transmitted back to the corre-
sponding screening sites; and (4) the health pro-
viders inform the results to the patient and
instruct for follow-up examination or treatment.
In a tele-ophthalmology system, technically, the
efficiency of the transmission of image is one of
important factors. The original image size of the
fundus image can be 1 Mbytes to several Mbytes
depending on the resolution and dimensions of
the image. Image compression method can be
applied for the convenience of the image
transmission through the Internet.

The telemedicine service model for DR
screening programme can greatly save the

ophthalmologists’ or graders’ time and let them
provide efficient services to the patients living in
a vast area. This service model has been imple-
mented in some countries.

2.5 DR Screening Programmes

in the World

DR screening programmes have been developed
and practiced in some countries [28-30].

In France, the French National Health
Authority recommended an annual examination
of the eyes on diabetes patients without examina-
tion before or no mild retinopathy [31]. Two-field
image scanning (macular centred and disc cen-
tred) was recommended. The French ALFEDIAM
standard, which is quite similar to the interna-
tional DR severity scales, was used for DR level
classification [32].

In early 1990s, the DR screening programmes
in France were practiced by using slit lamp biomi-
croscopy on dilated eyes. In France, the lack of
qualified manpower (absence of optometrists)
was a key problem for performing a wide DR
screening, especially organizing an efficient and
cost-effective DR screening programme [33]. In
February 2002, the first DR screening centre by
using telemedicine technique was set up in Paris.
The orthoptists in the centre used a non-mydriatic
fundus camera to take images for diabetes patients
referred by GPs. The images were sent to a grad-
ing centre for DR grading. In 18 months, a total of
912 DR examinations were performed [19]. In
June 2004, an ophthalmological diabetes tele-
medicine network “Ophdiat” was created in the
fle-de-France area [34]. Seven hospitals, 11 pri-
mary healthcare centres and 2 prisons joined the
DR screening programme. An average of seven
ophthalmologists in the grading centre supported
the DR grading task. From June 2004 to December
2009, 38,596 patients (in 51,741 examinations)
were screened. Of the screening examinations,
13,726 (26.55 %) were referred to ophthalmolo-
gists. Through the screening programme, the tele-
medicine system has shown its reliability for
providing one grading centre and multiple screen-
ing sites service model in a vast area.
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An early DR screening programme in the USA is
the Diabetes 2000 launched in 1990, which aimed at
in 10 years eliminating preventable diabetes-related
blindness in 2000 through early DR detection and
treatment [35]. With the high prevalence of diabe-
tes in the USA, the American Diabetes Association
and AAO recommended annual eye examination
for Type I and Type II diabetes patients. However,
a high number of patients without access to annual
DR screening existed in the USA [36]. It was esti-
mated that half of diabetes patients attended the DR
screening still through a traditional referral method
by primary health providers. In 2011, a study
showed establishing nationwide DR screening pro-
grammes was still a challenge [36] and new ideas
to improve patient’s compliance were needed. The
role of telemedicine methods in DR screening pro-
grammes was discussed and practiced in the USA
in the past decade. A telemedicine project in the
University Pittsburgh Medical Center clinics graded
706 diabetes patients and demonstrated the success
of the registration, imaging and grading workflow
process. It has been shown the system could pro-
vide adequate screening and increase patient treat-
ment compliance [37]. In California, a California
HealthCare Foundation (CHCF)-supported telereti-
nal screening project EyePACS was set up in 2005,
which used a web-based service model for patient
DR image scanning (primary care providers at clin-
ics) and image reading (ophthalmologists at reading
centres) and grading result reporting. In 2005—
2006, 3,562 cases were recorded. Later, the screen-
ing network was expanded to over 120 primary
care sites [38]. In 2007, based on the pilot project,
CHCEF launched the Expanding Access to Diabetic
Retinopathy Screening Initiative DR screening pro-
gramme. At the end of 2010, over 53,000 cases had
been screened [39].

The UK is one of the earliest countries starting
DR screening programmes nationwide. Systematic
DR screening by using digital fundus cameras in the
UK has been practiced for 10 years. Before 2003,
UK programmes used a descriptive DR grading sys-
tem based on the Europe DR screening protocol.
From 2003, the UK NSC recommended NSC grad-
ing system for UK national DR screening pro-
gramme. Later, a new DR screening pathway based
on the grading system, which used primary and
secondary as two-level grading and an arbitrator as

arbitration in another level if necessary, was intro-
duced [40]. In the UK, the grading standards among
Scotland, Wales, England and North Ireland had
minor difference, but the basic principles were the
same. For example, in Scotland, single photography
per eye was used, but in Wales and England, two-
field images per eye were adopted. In 2002, Scotland
started its first national DR screening programme.
150,000 diabetes patients participated in the annual
eye examination [41]. Wales also started its national
DR screening programme in 2002 [42, 43]. In 2006,
96 screening programmes started in England [44],
which covered 350,000 people. The English national
screening programme aimed at offering DR screen-
ing for all diabetes patients over the age of 12 years.
In 20102011, the English screening programmes
screened 1,790,000 patients among 2,260,000
patients offered for DR screening, reaching a nation-
wide uptake of 79 % [21]. Till the year 2012, England
had set up more than 80 local programmes.

In Australia, the NHMRC recommended that the
people with diabetes should attend annual or bien-
nial eye examinations. The early Australian DR
studies include Newcastle NSW study (1977-
1988), Blue Mountain Eye Study (1992-1993),
Melbourne Visual Impairment Project (1993-1994)
[45] and Victorian township DR screening [46]. In
2003, a nationwide AusDiab study was performed
in Australia. 11,247 adults were recruited for the
DR screening. A simplified version of the Wisconsin
grading system (Table 2.3) was adopted for DR
level grading. 15.3 % of diabetes people had identi-
fied with DR [25].

In Bahrain [47], the first telemedicine-based
DR screening programme was set up in 2003.
From 2003 to 2009, six DR screening units were
established for accumulatively 17,490 diabetes
patients screened. Of the patients, 20.4 % were
diagnosed with DR.

2.6 Validity of DR Screening

Programmes

The validity of a screening programme can
include the following factors: the quality of
image acquisition, quality of image grading,
efficiency of image grading result feedback and
effectiveness of entire screening system.
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In an Australian Kimberley DR screening pro-
gramme in 2001, 680 images were selected and
scored as excellent, adequate and inadequate for
evaluating the acquired image quality. It has
shown that over 90 % of photographs were excel-
lent or adequate quality [48]. In the AusDiab
study (2003) in Australia, the high degree of
agreement between the first and second grading
of DR (k=0.732, unweighted) was achieved [25].

In the French telemedicine DR screening pro-
gramme Ophdiat, a 5-year (2004-2009) experience
on it summarized that telemedicine was a well DR
screening method when our society was facing the
prevalence of diabetes and the lack of ophthalmolo-
gist [32]. Through the telemedicine system, 93.9 %
of the images could be graded on the same day. After
introduction of the double regrading mechanism
(each month, 5 % of patients in previous month are
selected for regrading and may be judged by a senior
ophthalmologist if there is disagreement) in 2008,
the quality assurance of the image grading was fur-
ther improved. In the 5-year Ophdiat project, the
validity of screening programme has been shown. A
total of around 73 % of all diabetes patients were
graded as non-DR or mild DR. In 2008, 51.86 % of
the patients attended annual examination. In the
5 years, the number of screening examinations
increased steadily each year. These indicated the
acceptance of the telemedicine DR screening by
patients, ophthalmologists and GPs. From the 5-year
experience, it concluded that both patients and oph-
thalmologist benefited from the Ophdiat system for
efficiency and time saving [32].

In the UK, a study [49] reported the diabetes-
related blindness decreased while the national DR
screening programme had been implemented for
5 years in the Leeds metropolitan area. It showed
the DR screening programmes with good control of
systemic factors could greatly decrease the preva-
lence and incidence of DR, thereby reducing sight
loss in diabetics. In Bristol and Weston (UK) DR
screening programme, a prospective audit was per-
formed on 213 image sets graded by six primary
graders. An expert grader regraded all images. The
audit result demonstrated a good interobserver
agreement (better than the audit standard 80 % in all
the categories). It meant the acceptable level of DR
grading quality and accuracy from the primary
graders [50]. The UK NSC grading standard

recommends primary-secondary-arbitrator grading
(universal and independent regrading) rule. A study
was performed to evaluate the additional utility of
universal regrading. 2,716 people with no DR
graded by the primary graders were regraded by the
secondary graders, and the disagreements were
judged by the arbitrators. The universal regrading of
normal images from the primary and secondary
graders achieved 86.25 % concordance. It has
shown the primary-secondary-arbitrator grading
rule enhances the accuracy of DR detection [51]. In
the NSC screening programmes, all graders were
required to attend the national “Test and Training”
set regularly. The NSC also made quality control
standards and requested all screening programmes
need to submit annual reports for data analysis and
comparison. All these means helped to keep the
quality assurance of the screening programmes.

In Bahrain’s DR screening programme [47], a
1-year pilot project was initiated in one primary
care unit for validating the telemedicine-based DR
screening service model. After the effectiveness
and feasibility were confirmed, a nationwide
screening programme (siX screening units) was
established and moved forward. A similar manner
of going from pilot project (2005-2006) to a com-
plete DR screening programme (120 primary care
sites) was used in California DR screening [38]. At
the end of 2008, 34,100 cases had been screened.

The programmes indicated that for a network-
based screening model, an initial investment in
professional and material resources was needed.
It could attract primary care providers to attend
the screening programmes with minimal effort
and resources but increase patients’ compliance.
The attendance of the primary care providers and
the compliance of the patients could improve the
validity of the screening programmes greatly.

Cost-Effectiveness of DR
Screening Programmes

2.7

The cost associated with DR screening is of para-
mount importance for promoting screening pro-
grammes in vast regions, especially in remote
and rural areas. In screening programmes, besides
ophthalmologists, image graders and the type of
equipments, the participation of GPs, primary
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health providers and nurses is also important to
promise the cost-effectiveness. The service
model of combining digital image cameras serv-
ing in fixed healthcare centres or in mobile vans
with a telemedicine network has the potential to
deliver cost-effective, accessible screening to
urban and rural populations with diabetes.

In early 2000, a cost-effective simulation study
on Type II diabetes patients showed that annual
DR screening for Type II diabetics without previ-
ous DR detection might not provide cost-effective-
ness. However, every third year screening for the
diabetics with good glycemic control would be
more cost-effective [52]. But UK’s simulation
model [53] (in 2002) on screening policy evalua-
tion and relationship evaluation between cost-
effectiveness with screening strategies gave a
different result that there was not much cost-effec-
tiveness while screening less than once a year. On
the other hand, the simulation result indicated that
systematic screening could provide the prevention
of 50 % of the sight years lost caused by DR and
showed more cost-effectiveness to screening out-
side an ophthalmic clinic. Now, an accepted view
is that early detection and evidence-based treat-
ment of DR can be cost-effective for preventing
diabetes-related blindness [54, 55]. And system-
atic DR screening programme has been shown to
be effective [56]. In the UK, nationwide DR
screening has met its objectives that at least 80 %
of eligible diabetes patients would be screened,
recommended by the UK NSC.

The effectiveness of telemedicine system
applied in DR screening programmes was dis-
cussed. A comparison on a tele-ophthalmology
system using non-mydriatic camera with a clinic-
based ophthalmoscopy examination by pupil
dilation on PDR detection has shown that the
tele-ophthalmology system was less costly and
more effective. It is particularly cost-effective
for preventing sight-threatening DR and vision
loss [57]. A cost-effective study based on an
Indian rural telemedicine DR screening project
[58] reported that the 1-off (screening offered
once) screening programme was cost-effective
compared with no screening. Based on the regu-
lar intervals and sufficient screening coverage,
screening every 2 years was also cost-effective.

An analysis report about California’s EyePASC
programme showed that telemedicine DR
screening is a cost-effective approach. In 2007,
the analysis indicated that each patient served
in the system could contribute state cost sav-
ings with $2,500 over the patient’s lifetime [23].
Considering some changes as increased cases,
follow-up care, refined protocols, etc., the cost
savings was updated to $768 per patient [39].

Conclusions

Screening for diabetic retinopathy involves
retinal imaging of a population with a pre-
defined illness, i.e. diabetes. The DR screening
programme usually needs to consider the type
of equipments, disease recognition methods,
DR grading standards, screening service mod-
els and human resources. In the past decade, the
DR screening programmes have shown that the
digital fundus image-based DR screening
method by morphological features of DR signs
provides efficient early diagnosis. Combining
digital imaging and telemedicine technology,
the programmes can provide DR screening to
the rural and remote areas, supported by the
health providers and primary care providers.
The telemedicine-based service model can also
reduce the workload of ophthalmologists and
cost of delivery of care due to complications
and subsequent vision loss.
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In FDT perimetry, localized defects in the visual
field, as well as malfunctions of temporal transfer
properties, may contribute to the results. In the
past, the utility of this method has been shown
for full-threshold strategies similar to those used
with automated standard perimeters as well as
for screening procedures [14—16]. Both meth-
ods might also be incorporated in a screening
setup as the procedures are fast and outcomes
are available for further processing directly after
assessment.

Our aim was to develop classification rules
for combined analysis of data from HRT mea-
surements and FDT perimetry in preperimetric
and perimetric glaucoma eyes using a machine-
learning method. The difference between the FDT
and the HRT was pointed out by the examination
of preperimetric and perimetric glaucomas. In
preperimetric glaucoma groups, patients revealed
glaucomatous optic disc atrophy (defined by
loss of neuroretinal rim [17]) and normal visual
field testing with white-on-white perimetry.
“Perimetric” patients showed glaucomatous optic
disc atrophy and definite visual field defects. With
the HRT performing well in the first subgroup and
the FDT performing well in the second, we could
examine the benefit of combining both instru-
ments in a single classifier. In this study a random
forest analysis [18] is used to build a predictive
model. To obtain an estimation of the classifier’s
performance and to avoid unrealistically optimis-
tic classification rates, we used independent popu-
lations for training and testing. Additional aim of
our study was to demonstrate the application of a
machine-learning method in the World Wide Web.
Therefore, the classifier trained on the present

Table 3.1 Demographic characteristics for all subgroups

learning cohort is provided via the Internet. This
should allow scientists and user of the devices to
calculate the probability of own observations to
be normal or glaucoma.

3.2 Methods

3.2.1 Procedures

The study includes two completely separate and
independent populations each containing con-
trols, preperimetric and perimetric glaucoma
patients: one population for the determination of
machine-learning classifiers. This population
contained participants of the Erlangen glaucoma
registry [19]. The second population included
patients who were recruited from the Erlangen
University Eye Hospital. None of the participants
was in both of the present populations. Numbers
of subjects and demographic characteristics in
every group are summarized in Table 3.1. All
controls and patients were thoroughly examined
by slit-lamp inspection, tonometry, funduscopy,
gonioscopy, perimetry, and papillometry. The
papillometric evaluations of the subjects and
patients were based on color stereo photographs.
Criteria for the diagnosis of glaucoma were glau-
comatous changes of the optic nerve head includ-
ing an unusually small neuroretinal rim area in
relation to the optic disc size and cup-to-disc
ratios being higher vertically compared to hori-
zontal [17, 20]. All optic disc photographs were
inspected and classified by at least three glau-
coma specialists in a masked fashion so that the
examiners were unaware of the diagnosis, intra-

Definition Training data set Test data set
“Erlangen Glaucoma Outpatient department of “Erlangen
Visual field Registry” University Eye Hospital”
Losses Evaluation of optic
Group (octopus) disc photographs Number  Age [years] Number Age [years]
Control No Normal 161 53.8+£10.2 93 55.6%6.0
Preperimetric  No Glaucomatous 102 55.8+9.7 47 56.5+6.3
Glaucoma Optic disc
Perimetric Yes Glaucomatous 130 55.6+8.9 55 58.3+5.2
Glaucoma Optic disc
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ocular pressure, and visual field data. All subjects
underwent visual field testing with standard
white-on-white perimetry with a computerized
static projection perimeter (Octopus 500 or 101,
program G1). Subjects with more than 12 %
false-positive or false-negative responses in stan-
dard perimetry were not included. All individuals
included in the study had an open anterior cham-
ber angle, clear optic media, a visual acuity of
20/40 or better, and a myopic refractive error not
exceeding —8 diopters. All individual morpho-
logic and sensory data were obtained within a
48 h period. Range of age was 34-71 years in the
training cohort and 45-65 years in the present
test population. The registered study (www.clini-
caltrials.gov, NCT00494923) was approved by
the Institutional Review Board and followed the
tenets of the declaration of Helsinki for research
involving human subjects. Informed consent was
obtained from all participants.

3.2.2 Subjects and Patient

Controls: The reference sample included ran-
domly selected eyes of healthy control subjects
from the Erlangen glaucoma registry. The control
subjects of the test sample were healthy chaper-
ons of patients or patients of the University Eye
Hospital who had treatment (e.g., cataract sur-
gery, no glaucoma) in the second eye. In all con-
trol eyes of this study, slit-lamp inspection,
perimetry, tonometry, funduscopy, and papillo-
metry were normal.

“Preperimetric” glaucoma patients: In the
“preperimetric”’  glaucoma groups, patients
showed glaucomatous abnormalities of the optic
disc. Computerized visual field examinations with
white-on-white perimetry were normal. The
results of measurements on one randomly selected
eye of each patient were used in the study.

“Perimetric” glaucoma patients: All patients of
these groups had glaucomatous optic disc damage
and pathological cumulative perimetric defect
curves, i.e., local and/or diffuse visual field loss in
white-on-white perimetry. Visual field losses of
conventional white-on-white perimetry (Octopus
standard index; perimetric mean defect) were

6.9+5.3 dB in the training and 7.1+4.2 dB in the
test population. In both perimetric glaucoma
groups, one eye of each patient was selected for
the assessment of validity; this was always the eye
with more advanced perimetric loss.

3.2.3 Screening with FDT Perimetry

The FDT perimeter (Zeiss Humphrey Systems)
tests local contrast sensitivity in the central visual
field. The technique has been described as a help-
ful test for diagnosing glaucoma [14, 21-23]. The
device uses the frequency doubling phenomenon:
if a low-spatial-frequency sine-wave grating pat-
tern (0.25c/deg) is alternated with a temporal
high-frequency (25 Hz) counter-phase flicker, the
spatial frequency seems to be double that of the
actual spatial frequency. In the present FDT test
strategies (C-20-5 or N-30-5), this stimulus is pre-
sented in one of 17 target locations on a random
basis. In the software version N-30-5 of the FDT
perimeter, two more test locations are studied in
a separate step of the test procedure. These addi-
tional tests are not considered in the present eval-
uation. The stimulus presentation consists of four
targets per quadrant approximately 10° in diame-
ter and one central 5° radius target. Each stimulus
was presented maximally 0.4 s on a screen with
a constant time-averaged luminance (100 cd/m?).
The interstimulus interval was variable in order
to reduce anticipation and rhythmic responses by
the patient. Two types of catch trials were gener-
ated to attract the subject’s attention and to obtain
an impression of the goodness of the fixation. A
1-degree catch trial pattern at the location of the
optic disc and a zero-contrast false-positive catch
trial were randomly presented three times each.
Subjects with more than one of the six catch tri-
als positive were not included in this study, but
the test was repeated. Before testing with the FDT
perimeter, the subjects were shown a card with
examples of the gratings to make them famil-
iar with the test location and the stripe pattern.
During the test, all other light sources, except the
control monitors, were switched off in the exami-
nation room and a learning procedure was run.
Patients were instructed to fixate the square tar-
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Table 3.2 Results of the subjects in all subgroups of the study: the overall defect score in FDT perimetry and measures
of the optic disc (total size of the optic disc and the area of the neuroretinal rim)

Training data set

Test data set

Disc size Rim area Disc size  Rim area
Group n [mm?] [mm?] FDT score n [mm?] [mm?] FDT score
Control 161 225+0.51 1.59+0.29 0.6+1.40 93 2.29+0.53 1.57+0.3 0.45=%1.1
Preperimetric 102 245+0.53 1.34+031 4.2+7.1 47 246+0.46 1.39+0.27 1.7+29
Glaucoma
Perimetric 130 237+048 1.02+0.32 28.3+183 55 2.36+0.55 1.04+0.36 28.7+20.1
Glaucoma

FDT frequency doubling technique

get in the middle of the FDT screen and to press
a response button if the flickering stripe pattern
appeared anywhere on the monitor. Both eyes of
the subjects were examined using the screening
program C-20-5 with a 2 min rest period between
the first (right) and second (left) eye [24]. This
procedure presents stimuli with a contrast that
95 % of the normal population of the correspond-
ing age group is able to detect. If the stimulus was
detected, it was assumed that contrast sensitivity
is within normal limits, and no further testing was
performed at that location. If the initial stimulus
was missed, the same stimulus was presented at
that location a second time. If it was missed again,
the instrument presented a stimulus with a con-
trast detectable by 98 % of the normal population,
and if this was missed, a stimulus with a contrast
detectable by 99 % of the normative subjects was
presented. This strategy allows generating a score
ranging from zero (i.e., first presentation seen) to
four (i.e., 99 % level not seen) for all test loca-
tions. Considering all fields, the score ranges
from O to 68 and from O to 16 in single quadrants
[25]. The total FDT score is given for all groups
in Table 3.2.

3.2.4 Heidelberg Retina
Tomograph (HRT)

The Heidelberg Retina Tomograph (HRT I or
HRT III for the reference sample, HRT II for the
test sample), which generates stereometric mea-
surements of the optic nerve head, was used to
examine the morphology of the optic nerve head.
A series of confocal images is obtained at

consecutive focal planes and converted by the
HRT software into a single tomographic image.
To allow inclusion of results from the earlier HRT
machines, we reanalyzed all data using the HRT
IIT software which is backward compatible to ear-
lier versions. To analyze the morphology of the
optic nerve head, we included parameters derived
from HRT images both globally and within six
sectors as pre-given by the HRT. Several more
newly given parameter of the HRT (e.g., steepness
of the rim, glaucoma probability index) had been
omitted in the present calculation because these
parameter were not available in all data sets. The
sector-related and global standard HRT parame-
ters characterize volume and area of the neuroreti-
nal rim, steepness of the cup (third moment),
mean and peak height of the contour line, its
height variation, the maximum depth of the cup,
the papilla radius, and further volume and surface
measures. The analysis includes linear discrimi-
nant formulas [26] (FSM-LDF, RB-LDF) and a
score considering MRA classification in six sec-
tors ranging from O to 12. Results in normal sub-
jects and different glaucoma groups have been
published earlier [27, 28]. In addition we tested a
“corrected rim area” taking into account the
dependency of the rim areas on the size of the
optic disc [11, 29, 30] and the age of the subject
similar to what was suggested earlier (Moorfields
regression analysis). Instead of the originally pub-
lished equation [11] which is recommended for
subjects with optic discs between 1.2 and 2.8 mm?,
we used a slightly modified formula as in our
subjects the range of the optic disc size was larger.
For calculation of the present correction formula
of the rim areas, we used all the data of 480
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Fig.3.1 Rim area versus disc area for all control eyes of the
Erlangen glaucoma registry (upper, left). Upper right and
lower plot: Middle, right: the same population after correc-
tion for disc size and age using the regression equation
(“corrected rim area” =a *rim area/(b * disc area—c *age)).

healthy control eyes available from the Erlangen
glaucoma registry. In this control group, the equa-
tion used for the correction of the rim size was:
rim area=1.2424+0.206 (disc area)—0.003 (age).
Figure 3.1 shows the relationship between neuro-
retinal rim and disc area for all control subjects of

A group of glaucoma patients (red symbols) is included in
the right lower figure to visualize the usefulness of this
method in patients. A subgroup (see present inclusion crite-
ria) of this normals and patients serves as learning cohort.
HRT Heidelberg Retina Tomograph

the Erlangen glaucoma registry using the present
correction of the rim area. For the calculations in
the present analysis, the patients with optic disc
areas smaller than 1.3 mm’ and larger than
3.7 mm? were not included because such values
were not in all groups.
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3.2.5 Automated Classification

In total, 112 variables were used to train the random
forest classifier. We used four FDT sector scores,
one overall FDT score, four sector differences and
the upper/lower hemifield difference as FDT vari-
ables, and 102 HRT variables obtained from the
instrument for the combined classifier. A second
classifier using the HRT variables only was gener-
ated to compare this method with built-in LDFs
of the machine. Random forest [18] is an ensemble
of classification trees [31, 32], i.e., a large number of
trees are built, where each tree uses a different boot-
strap sample of the learning data. The decision of the
forest then is obtained by majority voting. The spe-
cial feature of a random forest is the way the trees are
created. At every split point of the tree, the features,
which are used to describe the split point, are drawn
from a randomly selected subset of all variables. In
earlier studies it could be shown that the random for-
est performs comparable or even better than other
machine-learning methods [33]. Performance speed
is a further advantage of the method. It can be
installed on any personal computer. The analysis of
our data was treated as a three-class problem, with
the normal, preperimetric, and perimetric glaucoma
classes. A random forest consisting of 500 trees was
built using the learning population. The observations
of the test data then were classified using this
method. In the analysis, receiver operating charac-
teristic (ROC) curves were used to describe the diag-
nostic performance of the discriminant analysis
models of the HRT and the newly generated glau-
coma classifiers. To be able to do an ROC analysis,
we performed separate analyses for the preperimet-
ric and the perimetric subgroups.

Using random forests, a proximity matrix
between observations is generated, i.e., the similar-
ity between the observations is computed. The
proximity between observations is increased if they
end up in the same leaf of one tree. This is done for
all trees of the forest and a proximity matrix
between all observations is created. This matrix
can be visualized by multidimensional scaling
(MDS) plots [34]. Multidimensional scaling [35]
performs a dimension reduction, which facilitates
the plotting of the proximity of the observations in
two dimensions. Classification rules were exam-
ined in the free data analysis environment R (version

2.9.1, www.r-project.org). We additionally intro-
duced an Internet browser tool for application of
our trained classifier for telemedicine, diagnosis,
and research via the World Wide Web. This tool
utilized an open-source R package (RPAD), a data
analysis software for shared application.

3.3 Results

3.3.1 Learning Glaucoma
Classification

As we wanted to use the benefit from the character-
istic strengths of HRT and FDT, the present classifi-
cation system was trained with all available
parameters from both devices. In order to avoid
overoptimistic classification performance, we used
a learning cohort that is independent from the test
population. This learning data set includes 232
glaucoma patients and 161 control subjects.
Figure 3.2 shows a comparison of the performance
of the best twenty out of the 112 single variables.
These variables were ranked by importance of the
variables in the constructed trees for the total learn-
ing cohort. This construction takes into account
how performance changes when a variable is part of
the randomly selected input set compared to

FDT (all)

FDT (nasal lower)

FDT (nasal upper)

FDT (quotient)

Rim area (temp. inf)

Cup disk ratio (temp. inf)
FDT (temp. upper)

Rim area (global)

Cup disk ratio (nasal inf)
Rim area (temp. sup)
FSM-Idf

Cup disk ratio (temp. sup)
Cup disk ratio (vertical)
RB-Idf

FDT (temp. Iowe?
Moorfields classification
CLM (temp. inf)
Cupshape measure (temp. inf)
RNFLthickness (temp. inf
Max. contour elevation

0 2 4 6 8 10
Variable importance

Fig.3.2 Twenty most important variables of both diagnos-

tic instruments ranked by the prediction accuracy for giving
the correct classification. The variable importance measure
was determined by the random forest method using the data
of the learning data set. FSM-Idf, RB-Idf built-in classifiers
using linear discriminant functions, CLM contour line mod-
ulation, RNFL retinal nerve fiber layer, temp temporal, inf
inferior, sup superior, FDT frequency doubling technology


http://www.r-project.org/

3 Multimodal Screening of Glaucoma Improves Sensitivity and Specificity 33

2 RFErl - Mozilla Firefox

Datel Bearbeiten Arsicht Clronk Lesezeichen Extras Hilfe

o -c >

| rFER %]

1 | hitp://127.0.0.1:8079/FF-Input.Rpad

RFEr] - A Random Forest for Glaucoma Detection

Classification of new data sets with the random forest method which is based
on the HRT/FDT- training data set from the Erlangen glaucoma registry.

Enter your FDT and HRT data following the format in the sample .csv files on this page (see "Sample Files" below)

Alternatively, if you want to analyze FDT data, simply enter your values in the text field and press the "Show MDSplot ..." button.

After the button "Show MDSplot and Class Probabilities” is pressed, the predicted class probabilities and the MDSplot are shown.

Sample Files:

EDT only

HRT only

EDT and HRT

FDT or/and HRT Data:

ML OTHETOUTLT UTOT "Swt "AG" "CAG" "RAGT "CVG"  "RVG®
[ 0 0 0 0 148 0.1 138 0.01 0.7

Show MDSplot and Class Probabhilities

by Werner Adler, Folkert Horn

Fig.3.3 An Internet browser tool was developed for the
classification of new data sets from FDT perimetry and/or
HRT. HRT Heidelberg Retina Tomograph, FDT frequency
doubling technology. This platform includes all information

performance when a variable is left out. This esti-
mation of the variable importance in the total trained
forest does not necessarily reflect the discriminative
power of single variables to separate normals and a
specific patient group. However, this graph gives an
impression of the high importance of the score val-
ues and the hemifield difference of the FDT and the
importance of LDF values, cup disc area ratios, and
rim areas of the HRT. As the machine-learning clas-
sification system has been populated with data from
well-known and clearly classified patients and con-
trols, every new patient can be classified immedi-
ately after the measurement session. Figure 3.3
shows an Internet browser-based application soft-
ware that can be used to classify new subjects based
on the data from the present learning cohort. The
results of HRT, FDT, or both can be loaded via csv
file or imported directly by “copy and paste” using
our platform. After data import the predicted class
probability and the MDS plot are generated as can
be seen in Fig. 3.4. This example (used in Fig. 3.3)
indicates a predicted probability of 37.6 % to be
preperimetric OAG and shows the estimated
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Fig. 3.4 Graphical presentation of our classification sys-
tem in normals and patients of the training cohort. The
shown multidimensional scaling plot is a projection of the
total data to a two-dimensional surface. The colors indicate
the real class of the subjects from the learning data set (con-
trols: green, perimetric: red, preperimetric: black). The blue
ring indicates class probability of a new patient as evaluated
with the present classification tool (see Fig. 3.3)
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Fig.3.5 The performance of the random forest in our test
cohort is illustrated applying multidimensional scaling.
The figure presents the separation between normal subjects
and both patients groups. Color-coding of open symbols

position (blue ring) of this new case in the graphical
multidimensional scaling plot together with the
groups of our learning cohort (Fig. 3.4): controls are
shown in the left part of the images in green, peri-
metric glaucoma patients are shown in the right part
(red), and preperimetric glaucoma patients are
shown in the center in black. This arrangement is
very intuitive and highlights the good separation of
controls from perimetric glaucomas by the random
forest method. Preperimetric glaucoma patients are
harder to discriminate from controls than perimetric
glaucomas.

illustrates the class predictions of the trained random forest
in groups of the test data set. Using three separate presenta-
tions of results from potential normals or pathologic eyes
allows identification of outliers or misclassified subjects

3.3.2 Results in Patients of a Test
Cohort

With the trained random forest and MDS presen-
tation, not only training data can be illustrated but
also the class predictions of numerous new test
data. Figure 3.5 indicates the performance of the
trained classifier in subjects and patients of the
university outpatient department. In contrast to
Fig. 3.4, where the colors (filled symbols) indi-
cate the real class of all subjects from the learn-
ing cohort, Fig. 3.5 illustrates the class predictions
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Fig. 3.6 Diagnostic value in both glaucoma groups.
Receiver operating characteristic (ROC) curves illustrat-
ing the ability of the trained random forest (RF, green
lines) to discriminate between normals and preperimetric
glaucomas (left) and normals and perimetric glaucomas
(right). Additionally, the performance of FDT perimetry
(dotted red lines) and two built-in HRT classifiers (RB-1df,

by different colors for all controls and patients of
the test data set. While normal subjects of our test
cohort are never classified as perimetric glauco-
mas, ten observations are labeled preperimetric
glaucomas. On the other hand, one third of the
preperimetric glaucoma patients are classified as
normal but only two as perimetric. The perimet-
ric glaucoma patients could be detected quite
well, with only three wrongly labeled as preperi-
metric glaucoma and two as normal.

The diagnostic performance of random forest
in comparison to single parameter is visualized
by the ROC curves for the preperimetric and
perimetric patients of the present test cohort
(Fig. 3.6). The areas under the ROC curves
(Fig. 3.7) of the total FDT score, built-in linear
discriminant functions of the HRT, and machine
learning are compared. This figure includes
results for a random forest trained with combined
HRT and FDT parameters and with all HRT
parameters only. The classification performance
of the single variables of the FDT perimeter and
HRT is in concordance to what we expected: the

Moorfields) is shown. FDT frequency doubling technol-
ogy, HRT Heidelberg Retina Tomograph, RB-Idf built-in
classifiers using linear discriminant functions. In perimet-
ric glaucoma patients the ROC of FDT is above HRT. In
early glaucomas, however, diagnostic value of HRT is
larger than that of FDT. The ROC of overall analysis by
random forest outperforms single test variables

HRT performs better in the preperimetric group,
and the FDT shows better results in the perimet-
ric group. The usage of both diagnostic instru-
ments in one machine-learning classifier
combines the usefulness of each device in the
preperimetric and perimetric subgroup (Fig. 3.6).
The machine classifier based on all of the vari-
ables of the HRT (no FDT) is superior to all sin-
gle parameter of the HRT. The discriminatory
power of the multivariate parameter RB-LDF,
MSD-LDF, and the corrected rim area (see
Fig. 3.1) is similar in the test and learning cohort
for both glaucoma groups.

3.4  Discussion

The combination of different techniques, which
are able to uncover different glaucoma proper-
ties, can increase the power of a screening proto-
col in comparison to test with one method only.
Here optic disc appearance was evaluated with
scanning laser ophthalmoscopy, and sensory
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Fig. 3.7 Area under the receiver operating characteristic
(ROC) curve (in %) for different diagnostic instruments in
two patient groups from two independent populations:
Overall score of the FDT perimeter, Moorfields classifica-
tion, FSM-1df, RB-1df, and rim areas. In addition, the results
of random forest (RF) are given when all HRT variables

properties were studied using the FDT perimeter.
In the past HRT and FDT perimetry have been
compared to each other [36-39] and with other
glaucoma tests. In these comparisons, HRT and
FDT perimetry competed with modern perimet-
ric techniques [12, 40, 41] as well as with meth-
ods to inspect the nerve fiber layer [12, 42, 43].
Our FDT perimeter findings in the perimetric
groups are in agreement with the results of earlier
studies revealing high validity of this functional
test in such patients showing losses in conven-
tional perimetry. Considering the easy procedure
and short time to perform this FDT procedure,
these results recommend the method for glau-
coma screening in a general population. In pre-
perimetric glaucoma groups, however, only a
small fraction of the patients has been classified
glaucomatous by this functional test.

The structural method of glaucoma detection in
the present evaluation uses analysis of the optic disc
with scanning laser ophthalmoscopy. In the past
studies have been performed to investigate the pos-
sibility of this instrument to unmask glaucomatous
disc atrophy with analysis of single parameters
delivered by the HRT machine as well as combina-

and the results from FDT perimetry are used in the calcula-
tion. The vertical dotted lines show the results of RF using
the HRT variables only. FDT frequency doubling technol-
ogy, HRT Heidelberg Retina Tomograph, FSM-Idf random
forest method using the data of the learning data set, RB-Idf
built-in classifiers using linear discriminant functions

tions of variables using discriminant analyses or
machine-learning techniques. In these evaluations
not only diagnostic value of global or sectorial mea-
surements of the neuroretinal rim have been judged
but also influence of age, sex, and the size of the
optic disc have been taken into account.
Measurements of optic disc variables strongly
depend on the optic disc size which can vary by 1:7
[16, 36, 40, 44, 45]. In particular, assessment of
large optic discs and discrimination from early
glaucomatous damage is often difficult with HRT
variables [46, 47]. Thus, wrong positive classifica-
tion of normal optic discs increases in subjects with
large optic discs, while glaucomatous small optic
discs might be overlooked [35, 45, 48]. To over-
come this problem and to reduce the influence of
variation of neuroretinal rim and disc variability,
eyes with very small or large optic discs had been
excluded from earlier statistical evaluation [30, 47].
Using a multivariate equation for the correction of
the neuroretinal rim area possibly allows inclusion
of subjects with a larger range of optic disc size. In
our patient groups, comparison between the HRT
parameters indicates a diagnostic utility of the cor-
rected rim area, which is similar, or better, to other
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built-in multivariate equations showing high perfor-
mance (i.e., FSM-LDF, RB-LDF). It has been
shown that trained neural networks, with global and
regional HRT parameters used as input, can improve
the discrimination between glaucomatous and
nonglaucomatous eyes [49]. Similar, the present
combination of 102 HRT variables with the random
forest classifier is able to increase sensitivity and
specificity of this device. As can be seen in Fig. 3.7,
the area under the ROC curves for random forest is
larger than for any of the single built-in LDF values.
If the classification algorithm is learned with infor-
mation from different diagnostic instruments, the
technique might be able to combine their respective
advantages. The diagnostic usefulness of an auto-
mated classifier has been shown recently for combi-
nation of HRT data and conventional perimetry in a
study by Bowd and coworker [50]. Shah et al. [39]
had investigated whether the validity of morpho-
metric devices could be improved by additional
FDT measurements and whether they could show
that combined evaluation of data from FDT perim-
etry and HRT measurements can increase the num-
ber of correctly classified perimetric patients.
Similarly, in our data, combination of output vari-
ables from both devices showed highest diagnostic
performance. It should be noted that estimation of
classification performance using the same data for
determination of a classification rule and testing the
rule leads to overoptimistic results and these esti-
mates do not reflect the error rates that are obtained
on independent test data sets or new patients. By
contrast, using independently selected test data sets,
unbiased estimates of the error rates are obtained. In
our present study the classification formula is calcu-
lated using controls and patients with well-known
class membership (controls and glaucoma patients
of the Erlangen glaucoma registry) and afterward
used to determine sensitivity and specificity for
other subject groups. These latter subjects were
members of a test population recruited indepen-
dently from the reference sample.

Our results indicate that the random forest
trained with HRT and FDT data is applicable as a
diagnostic tool for glaucoma detection. The clas-
sifier (trained on our learning data set from the
Erlangen glaucoma registry) can be requested
from the authors as an R object for the inspection

of personal patient data. R is available for any
operating system (Windows, Linux, Mac) at no
costs and can be downloaded from cran.r-project.
org. Using the provided classifier, it is possible to
calculate the probabilities that new observations
belong to one of the three classes (normal, pre-
perimetric, perimetric) and to create the proxim-
ity plot. The MDS plots are an easy to understand
overview of the efficiency of the trained classi-
fier. In contrast to ROC curves, they are natural
illustrations of classification performance with
more than two classes and allow a detection of
outliers or even wrongly labeled subjects.

Conclusion

In our multimodal screening setup, we con-
nected FDT perimetry with results from the
HRT system and automatically analyzed the
data with a no-cost statistical method. Using
such a system, new subjects can be classified
based on the data from a learning cohort with
known diagnoses. The present findings not
only highlight the benefit of combining func-
tional and structural data for glaucoma detec-
tion but also show the feasibility of the
application of machine-learning methods, in
particular random forests. The predictive model
using machine-learning classification for com-
bination of multimodel data can be used to
increase the detection rate of glaucomas.
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4.1 Introduction
Regular eye examinations are necessary to diag-
nose diabetic retinopathy (DR) at an early stage,
when it can be treated with the best prognosis and
visual loss delayed or deferred [1-3]. However,
compliance to these widely accepted recommen-
dations is limited, and in 2010, in the United
States, less than 60 % of the estimated 25 million
people with diabetes underwent a dilated retinal
examination, leaving millions of people at risk
for potentially preventable visual loss and blind-
ness [2, 4], while in the United Kingdom, with a
national screening program, 74 % of people with
diabetes underwent recommended screening [5].
Most screening around the world is performed
by eye care providers either ophthalmologists,
optometrists, or primary care physicians.
Compared to the reference standard, which is
dilated retinal photographs read by experienced
readers, the clinical exam underperforms [6]. The
sensitivity of clinicians, i.e., people with DR
accurately diagnosed, as a fraction of the total
number of people with DR examined, compared
to such a photographic reference standard has
been reported to be between 30 and 73 % in a
number of studies [7—10]. The specificity, i.e., the
fraction of people without DR accurately diag-
nosed as such during the exam, as a fraction of all
without DR, was higher, between 80 and 100 %
in these same studies. In addition to their limited
sensitivity, another problem is the consistency of
clinicians when examining patients for diabetic
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retinopathy, which is not high. For example,
when reading photographs, the so-called interob-
server variability of these clinicians, if not spe-
cifically trained for reading, can be poor, with
around 0.5 [11-13].

The purpose and potential of using automated
reading in screening for diabetic retinopathy is to
address these issues: increasing compliance, by
improving accessibility and patient friendliness
through point of care assessment and decreased
cost, and improving detection performance and
reproducibility, by objective  assessment.
Typically, automated detection of DR analyzes
retinal color images obtained by fundus cameras
and triages those who have DR and require refer-
ral to an ophthalmologist from those who can be
screened again screened again safely. The diag-
nostic accuracy of automated detection programs
has been reported to be comparable or better than
clinicians and expert readers [14—19].

This chapter will discuss the current state-of-
the-art automated methods. It does not cover the
various components of such methods including
optic disc detection, vessel segmentation, and
quality assessment, for which the reader is
referred to various reviews [12, 20-22].

Goals of Automated
Methods for Screening

4.2

It is crucial to be clear about the goal of auto-
mated diabetic retinopathy screening on a practi-
cal level. Because of the absence of a clinician,
the goal is to identify those who need referral to
an ophthalmologist for possible treatment and
those who do not need such a referral. The need
for referral is related to the risk of a patient with
diabetic retinopathy progressing to vision loss
and blindness from proliferative retinopathy,
clinically significant edema, vitreous hemor-
rhage, or tractional detachment. These risks are
different for various stages of the disease, as was
established by the UK Diabetes Study, the
Diabetic Retinopathy Study, and the Early
Treatment for Diabetic Retinopathy Study [6, 23,
24]. These studies showed that subjects with no
or mild non-proliferative retinopathy (NPDR)

and no macular edema have insufficient disease
to require treatment and a low risk of advancing
to treatment criteria within 1 year [6]. The risk of
significant progression over several years is very
low in those with no or mild NPDR without mac-
ular edema [25]. There is excellent evidence,
therefore, that people with no or mild non-
proliferative retinopathy levels of DR can be
screened again in 1 year. The international clini-
cal diabetic retinopathy and diabetic macular
edema disease severity scales (ICDR) were pro-
posed to capture these screening relevant stages
of DR [25]. These were formulated by a consen-
sus of international experts to standardize and
simplify DR classification in order to improve
communication and coordination of care among
physicians caring for patients with diabetes [25].
The ICDR classification simplified the Early
Treatment Diabetic Retinopathy Study (ETDRS)
classification for non-proliferative and prolifera-
tive retinopathy because the latter classification
had proven unwieldy in clinical care [26-29].
The ICDR defines five stages: no apparent DR,
mild NPDR, moderate NPDR, severe NPDR,
proliferative DR (PDR), as well as apparent mac-
ular edema present or apparent macular edema
absent. Some of the proposed automated algo-
rithms differentiate between no and mild DR
without macular edema (ME) on the one hand
and more than mild DR or ME on the other hand
[13]. Because these designations are somewhat
cumbersome, the terms referable retinopathy and
diabetic eye disease (DED), respectively, have
been introduced for more than mild DR or ME,
and the term diabetic eye disease will be used in
this chapter.

In the United Kingdom and Australia, which
have large screening programs, a different stan-
dard, the National Screening Programme (NSP)
for DR, workbook 4.3, is widely used [30]. The
definitions for the various stages (RO-R3, MO,
M1, P1) differ from that of the ICDR, making
comparisons difficult. Approximately, RO and R1
with MO together are comparable to no DED, and
R2 or R3 or M1 or P1 together are comparable to
DED, but the details differ. However, the differ-
ences are substantial in the area where most of
the disagreements between automated algorithms
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and human experts also occur [13]. Therefore,
when sensitivity, specificity, and area under the
curve are obtained from the ICDR for one auto-
mated method and from the NSP for another,
these cannot be compared.

4.3 Performance and Safety
of Automated Screening

Methods

The first responsibility of a physician considering
automated screening for DED, should be to avoid
harm to the patient. A major concern of auto-
mated computer detection programs is their
potential to delay diagnosis of a treatable condi-
tion. Therefore, it is important that any missed
cases do not have more than moderate NPDR so
that there is low risk of progression to PDR
within 1 year [6]. For example, an image with a
few microaneurysms only is mild NPDR, accord-
ing to ICDR, but if there is one hemorrhage, it is
immediately moderate NPDR, according to the
ICDR. However, PDR and macular edema have a
high risk of vision loss within 1 year [6], and
therefore screening programs often warn people
estimated to have mild DR to report promptly if
they have vision loss or floaters, which possibly
indicates the development of macular edema or
vitreous hemorrhage from proliferative disease.
The performance of automated methods for
DR screening is typically measured using sensi-
tivity, specificity, and area under the receiver
operating characteristic (ROC) curve. The sensi-
tivity is the number of people with diabetic eye
disease (DED) accurately diagnosed, as a frac-
tion of the total number of people examined, and
is a measure for the safety of the methods. A high
sensitivity minimizes the number of people that
are not flagged as needing additional care, while
they need to. The specificity is the fraction of
people without diabetic eye disease accurately
diagnosed as such during the exam, as a fraction
of all people without diabetic eye disease that are
examined, and is a measure for the effectiveness
of the method. A high specificity minimizes the
number of false positives meaning that fewer
people with diabetes will be referred that do not

need to be referred. Specificity is an efficiency
issue that has the potential to increase productiv-
ity, and a specificity that is too low will prevent
implementation [31].

There is a balance between sensitivity and
specificity. It is simple to create a system with
100 % sensitivity by just diagnosing all patients
examined with diabetic eye disease. Obviously
such a system would not be very useful, as shown
by its specificity which would be 0 %. It is just as
simple to create a system with 100 % specificity,
by telling all patients examined that they have no
diabetic eye disease, which would not be safe, as
shown by its sensitivity, which would then be 0 %.
Even though most automated methods differenti-
ate between those with and without diabetic reti-
nopathy (of some severity), the risk of progression
to vision loss is not the same for all levels of dia-
betic eye disease, as explained above. Someone
with moderate DR according to ICDR with only
the minimal criterion, a single hemorrhage, has
only a 1.4 % risk of progressing to proliferative
disease within 1 year, while someone with moder-
ate DR with the maximum criteria has a 18.2 %
risk of developing any proliferative disease at 1
year and a 8.5 % risk of PDR with high-risk char-
acteristics [32]. Therefore, some studies stratify
the performance by DR severity or macular edema
separately, to ensure that the most severe cases
have the least chance of being missed [17].

Area Under the ROC Curve
and Set Point

4.4

Human experts cannot adjust their sensitivity and
specificity. Automated methods usually work by
calculating a number that is the likelihood of the
patient having diabetic eye disease, and the final
output is created by comparing this number to a
so-called set point. For example, in the Iowa
Detection Program, if the calculated number, called
the DR Index, is larger than the set point, diabetic
eye disease is called, but if it is equal or below,
absence of diabetic eye disease is called [13].

A single set point leads to a single sensitivity
and specificity pair. Because the set point can be
changed when testing a system — but not once
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Fig.4.1 Figure shows the receiver operating characteris-
tic (ROC) curve for the Iowa Detection Program (IDP) as
well as the sensitivity and specificity pairs of the three

is it deployed in clinical practice — different
sensitivity/specificity pairs can be measured at
different set points. These sensitivity/specificity
pairs for a method together form its receiver
operating characteristics, which can be plotted as
an ROC curve. Figure 4.1 shows the ROC curve
for the Iowa Detection Program as well as the
sensitivity and specificity pairs of the three reti-
nal specialists in that study for comparison.

It is hard to compare curves, and to capture the
curve in a single number, the area under the ROC
curve (AUC), is widely used. The AUC is a num-
ber between 0 and 1, and an automated method
that is no better than a coin toss will have an AUC
of 0.5, and the closer to 1 the AUC is, the better
the method is able to distinguish people with dia-
betic eye disease from people without diabetic
eye disease. A major advantage of the AUC mea-
sure is that it is not dependent on the distribution
of people with and without diabetic eye disease
(of some severity) in the population on which the
method is tested [33]. Because the set point can
be placed at a specific value, we can therefore

retinal specialists in that study for comparison. CI confi-
dence interval (Adapted from Abramoff et al. [13])

adjust the automated method to have an expected
sensitivity and specificity. Several authors have
argued that the sensitivity for detection of dia-
betic eye disease in a screening program is not
cost effective if it is higher than 80 % or even
60 % [34]. There is some rationale for such an
upper bound on sensitivity as many studies have
shown that 80 % exceeds the achievable
sensitivity for clinicians, which is between
30-50% [7-10]. The Australian guidelines for
optometrists have in the past stated a sensitivity
of 60 % [35]. If a higher sensitivity is preferred
for safety reasons, for a given method, this will
result in the specificity then being lower, affect-
ing the effectiveness of the automated method as
explained above. Patients or institutions, includ-
ing insurance companies and governments, that
pay for healthcare may opt for increased specific-
ity at the cost of lower sensitivity, knowing that
there is a low risk of missing patients who need
immediate treatment, while there is a cost sav-
ings by reducing the number of people who are
referred unnecessarily.
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4.5 Retinal Imaging Protocols

for Automated Methods

The ICDR classification does not define an imag-
ing protocol, but does refer to the Early Treatment
Diabetic Retinopathy Study (ETDRS) which was
based on seven stereo photographic fields. The
genesis of the ICDR was due to the fact that taking
and then grading images from seven stereo fields
was found to be too cumbersome to be widely
used in clinical practice [25]. Previous studies
have shown that reading fewer fields than seven is
comparable for detecting DED to reading multiple
fields or a dilated retinal examination [9, 36, 37].

Because of their relatively low cost and rela-
tive ease of use, the so-called nonmydriatic cam-
eras, which do not require the eye to be
pharmacologically dilated during focusing, are in
widespread use in screening programs using
human readers. The quality of the photographs is
lower than the typical dilated color photos used in
protocols like the ETDRS [6]. However, many
studies have shown that two or even one field per
eye suffices to capture most cases of diabetic eye
disease, and therefore, most automated methods
accept one, two, or at maximum three fields per
eye at this quality level [9, 38]. Because humans
can easily make a difference between a retinal
image and a lens or patient label image, as
required by some protocols, there is in many cases
no standard order or naming convention. However,
most automated methods will have unpredictable
results if run on non-retinal images. Potential
solutions are to use image formats or protocols
that capture such meta-information, including the
standard for ophthalmic fundus imaging estab-
lished by the Digital Imaging Communications in
Medicine (DICOM) Working Group 9 or naming
conventions for the right and left eye, right and
left retina, and any other structure that is imaged,
so that the retinal images can be identified
unequivocally without additional human input.
Though formally DICOM is the standard for fun-
dus imaging, acceptance has been slow, necessi-
tating the latter, more involved methods.

Most cameras are fundus cameras, i.e., they
measure reflectance of the retina at different
wavelengths simultaneously [12]. Wide-field

scanning laser ophthalmoscope (SLO) imaging is
an attractive modality to image the retina, though
the devices have higher cost. Recently a study of
141 people with diabetes showed that wide-field
SLO read by experts had high kappas k=0.70
compared to the same experts reading the stan-
dard 7-field photographs [39]. However, the per-
formance of automated methods on wide-field
SLO, though in development, has not yet been
published. Another potentially attractive imaging
modality, optical coherence tomography (OCT)
has not been validated for diabetic eye disease
screening, though automated algorithms to ana-
lyze these images and potentially detect DR have
been published [40].

Retinal fundus imaging with a nonmydriatic
camera typically takes 10 min or more. This
includes preparing the camera, discussing the
procedure with the patient, accessing or record-
ing the meta-data, and imaging both eyes. Some
automated methods have their output ready in
less than a minute on standard hardware [13].
This quick result can be provided at the point of
care and, for most people, will eliminate the need
for a separate visit to learn the result or a phone
call from a healthcare professional discussing the
result, thus potentially increasing compliance.

4.6 Principles of Operation

of Automated Methods

Most of the automated methods discussed later in
this chapter work in a similar fashion. As a typi-
cal example, the Iowa Detection Program con-
sists of separate, mostly independent components
for detecting the optic disc, fovea, and retinal
vessels, measuring image quality, and detecting
microaneurysms, hemorrhages, exudates, cotton
wool spots, and irregular lesions including large
hemorrhages and neovascularization. A fusion
algorithm combines the output of all of these
components into a single numerical output [13].
Examined in more detail, microaneurysm detec-
tion, one of the most important components,
works by examining each pixel in each image,
analyzing its color and intensity as well as that of
surrounding pixels and then using these pixel
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level measures to group neighboring pixels into
candidate lesions. Candidate lesions are then
similarly analyzed on their color, size, shape,
location, type, and other properties. The final out-
put produced by the fusion algorithm is a single
number, the DR Index, a dimensionless number
between 0 and 1. The DR Index expresses the
likelihood that the patient’s images show diabetic
eye disease.

Automated algorithms for microaneurysm
detection were described as far back as 1984, but
these analyzed angiograms, not fundus images
[41]. The first microaneurysm detection algo-
rithms were developed and evaluated by Spencer
and coauthors in 1996 [42]; his method followed
the standard approach of applying a sensitive can-
didate lesion detector followed by a classification
step, and most existing microaneurysm detec-
tors are refinements and generalizations of this
approach [43, 44]. Most of the automated meth-
ods are thus considered bottom-up approaches,
but an interesting exception is the University of
New Mexico method developed and evaluated by
Agurto and coworkers [45], who use a texture rec-
ognition approach to differentiate images with and
without signs of retinopathy, a top-down approach.

Review of All Scientific
Studies of Automated
Methods for Mass Screening

4.7

Table 4.1 contains all studies of automated meth-
ods for diabetic eye disease screening in the sci-
entific literature that have been evaluated on at
least 300 people with diabetes [46-51]. Studies
that only evaluated the performance of algorithms
detecting specific lesions, as opposed to diabetic
eye disease overall, were excluded, as were stud-
ies evaluating performance on only a small num-
ber of people less than 300, studies where the
number of people (not images) in the tested pop-
ulations could not be determined, and studies
where the method required assistance by a human
expert or where training data and test data were
mixed. Also excluded was a study that met all of
the above criteria but where some of the methods
remain controversial [52, 53].

The algorithms of two groups have been evalu-
ated multiple times, and these are indicated with a
group name. Typically the differences between the
different versions of these algorithms are related to
the data on which they were trained and developed,
the presence of additional subcomponents, and dif-
ferent approaches to combining the output of the dif-
ferent subcomponents. Because their basic approach
remain similar, they are indicated with a version
number, the Iowa algorithm, indicated by Iowa-0
through Iowa-3, and the Aberdeen algorithm, indi-
cated by Aberdeen-0 to Aberdeen-2.

The measured performance of an automated
method also depends on the dataset, i.e., the char-
acteristics of the population of people with diabe-
tes on which it is tested, the average image
quality, the imaging protocol with one or more
fields per eye, and the reference standard, accord-
ing to which the images were read. Finally, adju-
dicated or voted reference standards, such as the
NPS system in use in the UK screening programs
are a better approximation of the truth better than
a single reader. Therefore, the population and the
reference standard have been indicated for each
study. Because of the differences in reference
standards, reading protocols and imaging proto-
cols, it is impossible to compare the different
automated methods on their absolute perfor-
mance, sensitivity, and specificity. The only study
comparing two different automated methods, by
Abramoff and coworkers, compared an earlier
version of the Iowa Detection Program (Iowa-1)
and a method from the Latim group in Brest,
France [15], on the same dataset read according
to the same protocol. The performance on the
same dataset was quite similar, and by combining
the two methods, performance was improved,
indicating that a combination of any of the auto-
mated methods in Table 4.1 may result in better
results if compared on exactly the same test data.

Clearly, automated methods have been evalu-
ated on large numbers of people with diabetes,
the target population, and all methods achieve a
sensitivity of at least 80 %, which is the mini-
mum requirement for several countries [30].
Several of these studies have concluded that auto-
mated methods for mass screening of diabetic
retinopathy are now safe [13, 17].
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Conclusion

Automated methods for mass screening of dia-
betic eye disease have matured to a safety level
that merits considering deployment in clinical
practice provided all regulatory criteria are
met. Before introducing an automated method,
goals of the screening program, imaging proto-
cols, and risks should be carefully understood
and their relative merits considered. In other
words, there is accumulating evidence that
automated methods for detecting diabetic eye
disease are poised to increase the number of
people with diabetes screened, decrease the
cost per person screened, and reduce vision
loss caused by delayed treatment.
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and classic color fundus cameras. As SLOs are
expensive and technically more complex with
many damageable mechanically moving parts,
we decided to use the classical non-scanning
approach. Thus, only non-scanning devices are
considered in the further discussion.

Many color fundus cameras depend on an artifi-
cially dilated pupil making this method invasive.
Non-mydriatic fundus cameras on the market can
acquire images at smaller pupils without the use of
mydriatic substances. Many of them have a severe
disadvantage: They still need a pupil size of at least
4 mm typically. As a consequence the pupil has to
be naturally dilated by darkened examination
rooms. Furthermore, the pupil will shrink after tak-
ing a fundus image as a reaction on the flashlight of
the fundus camera. Thus, there is a certain time
span of typically a few minutes that has to be
waited until the pupil has widened up again to take
another fundus image. Therefore, typical non-myd-
riatic fundus cameras are not able to take images in
quick succession or videos. We investigated on the
imaging technology to acquire fundus images even
at pupil sizes down to 2 mm to take fundus images
at non-dilated eyes and to acquire videos.

5.2 Imaging Method

Imaging with a wide angle of view is challenging
in optics, because many optical imaging errors
get worse with an increasing angle to the optical
axis. Far-reaching skills and experience in optical
lens design are necessary to design such wide-
field lenses with low aberrations. To avoid reen-
gineering of existing technology, the design of
the fundus camera was performed as a combina-
tion of standard problems. For those standard
problems in optical engineering, there are several
ready-to-use solutions available on the market.
Those solutions are reliable, established, opti-
mized, and inexpensive. This reduced the effort
in engineering and enabled the use of low-cost
but well-optimized mass-market components.
There were two standard solutions being com-
bined: first to generate an intermediate image of
the retina and second to project this intermediate
image to a CCD (charge-coupled device).

The first step was solved by an eyepiece
intended for amateur astronomy. Such eyepieces
originally are intended to project the intermediate
image of a telescope onto the retina. The field of
view is a main feature that is advertised in the
market of astronomical eyepieces. Therefore,
relatively cheap eyepieces with a large field of
view up to 100° and above are available. However,
the imaging quality at the periphery is lower than
in the center. Therefore, an eyepiece with 68°
field of view was used with costs of only about
150 USS$. By using this eyepiece in the opposite
direction for funduscopy, a 68° angle of view
onto the retina could be gained.

The second step was to project the intermedi-
ate image onto a CCD. Therefore, a photographic
C-mount lens intended for industry applications
was used. The cost of such a photographic lens is
about 250 USS$.

Both components (eyepiece and photographic
lens) were optically matched by a field lens. This
was necessary to adapt the different apertures.
Therefore, an achromatic lens (110 US$) was used.

To increase the image quality and to reduce
light stress to the subject, a monochrome CCD
was used, as monochrome CCDs are more light
sensitive compared to color CCDs. Thus, the
light energy being necessary for a given image
quality is reduced. Nevertheless, color images are
generated even with a monochrome CCD by
using a special illumination method.

5.3  Illlumination Method

A special illumination technique was applied to
generate color images in spite of using a mono-
chrome CCD [1, 2]. This was achieved by acquir-
ing three monochrome images sequentially, each
image illuminated with one of the three primary
colors: red, green, and blue. Subsequently the
three monochrome images were digitally super-
imposed by additive color mixing to get one color
image. The advantage of this method was that
there is no loss of light at the color filters that
would have been in front of the pixels of a color
CCD. Therefore, the light energy being neces-
sary for a given image quality was reduced.
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Fig. 5.1 Top view of the optical design (z-axis is vertical)

Furthermore, this sequential method offered the
flexibility to create false-color or multispectral
images including infrared and ultraviolet wave-
lengths. The images can be registered (aligned)
to coincide with each other at the color mixing
step. However, the registering step was not
needed between saccades, when the eye was still.

This color illumination was realized by
using a power LED (light-emitting diode) mod-
ule, which contained three emitters with the
colors red, green, and blue. The emitters were
sequentially switched on by a microcontroller
being synchronized by the strobe control line of
the CCD camera. The length and the order of
the color sequence were arbitrarily adjustable.
For example, it could be switched to a red-free
mode easily without adding any expensive opti-
cal filters. Instead the red emitter was just
switched off.

A system of two collimators projected the
LED to a mirror resulting in a downsized image of
the LED. This downsized image of the LED
worked as a virtual light source. This light source
at the aperture plane A2 (Fig. 5.1) is projected to
the aperture plane Al located in the pupil of the
eye. This second projection by the eyepiece per-
forms another downscaling of the LED image. By

Abbreviations:
A1 - A3 Aperture planes
B1-B4 Image planes
P1-P4 Surfaces causing Purkinje reflecions
LED Light-emitting diode
CCD Charge-coupled device
B2 A1l B1
: ! :
|
| Lens  Retina
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|
T
o}
o .
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]
[

this method a very small virtual light source was
generated in the pupil of the eye, so that the illu-
mination light bundle passed the pupil with a very
narrow waist. Behind the pupil the light bundle
diverged and illuminated a stripe-shaped area of
the retina. This square area (18° by 68°) defined
the field of view. The special shape of the field
was needed for reflection suppression methods.

5.4  Suppression of Back

Reflections

A challenging part at the design of a non-mydriatic
fundus camera is the reduction of back reflections
at optical surfaces. Those reflections can occur
wherever the illuminating and observing light
bundles interfere [3]. In our design this affects the
field lens, the eyepiece, the cornea, and the lens of
the eye. Back reflections within the eye occur at
four surfaces, which are tagged with P1 to P4 in
Fig. 5.1. They are causing the so-called Purkinje
image nos. 1 to 4, respectively [4].

Without any further measures, it would not
have been possible to acquire fundus images by
the described way, because the back reflections
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Fig. 5.2 Stripe-field method: reflections focused to
unused upper/lower black stripes, gaining unlimited
width of the field of view in the center

would be many magnitudes brighter than the fun-
dus image. Thus, several measures to reduce
those back reflections were applied.

The first measure was to use an eyepiece and a
field lens with an antireflection coating. For eye-
pieces this is a standard feature, which is included
for nearly all products on the market. However,
there are still remaining reflections, which are
still too bright. Of course the eye does not have
such a coating on its optical surfaces, too.

Therefore, another measure using polarized
light [5] was applied. This means that one polar-
izer is put in front of the virtual light source in
plane A2 (Fig. 5.1) and another one in front of the
C-mount lens. The polarizing filters were rela-
tively axially turned by 90° (“crossed”). As a con-
sequence no light from the illumination could
enter the camera as long as the polarization of the
light was not changed. The field lens and the eye-
piece did not change the state of polarization of the
light, so that back reflections at their surfaces were
nearly completely suppressed. Only small artifacts
remained (Fig. 5.2), which could be suppressed by
image post-processing, because they were repro-
ducible. The Purkinje images were reduced in
intensity, too, but the effectiveness decreased with
the increasing number of the Purkinje reflection.
This was due to birefringence within the cornea
and lens, which changed the state of polarization.

Observation

Point illumination

Fig.5.3 Bisection of the aperture: separation of illumina-
tion from observation for suppression of the 1st and 2nd
Purkinje reflections

Finally the light was scattered on the retina, which
depolarized the illuminating light so that an
orthogonal polarization component was generated
passing the second polarizer.

To suppress the Purkinje images, the light bun-
dles of illumination and observation were sepa-
rated at the aperture plane Al (Fig. 5.1) [3, 6].
The position of this aperture plain was settled near
the front side of the lens of the eye. Figure 5.3
shows the bisection of the aperture plane A1 to an
upper observation section and a lower illumina-
tion spot. This prevented the disturbing rays,
being reflected at the cornea or lens, from mixing
up with the useful rays emerging from the retina.

The suppression of Purkinje images by aper-
ture splitting only can work perfectly at the aper-
ture plane itself. However, the origins of the
Purkinje images are located at the cornea or lens
and therefore have some axial distance to the aper-
ture plane. Depending on this distance, the illumi-
nating and observing ray bundles interfered more
or less. Thus, the Purkinje images (especially the
1st and 4th) could be suppressed partially only.

To overcome this problem, a new method was
found: The optics were designed in a way that the
Ist and 4th Purkinje images were not blurred
over the whole fundus image, but focused to
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peripheral areas of the image plane. The remain-
ing space between the Ist and 4th Purkinje
images was free of artifacts and was used for
imaging. Therefore, a stripe-shaped field of view
was used, because it fitted in between the reflec-
tions (Fig. 5.2). There is an important difference
between the described stripe-field method and
stripe aperture devices as described in the litera-
ture [7] or other devices based on slit lamps. In
those devices the aperture plane and not the
image plane is divided into stripes.

Thus, the stripe-field method combined with
the other measures being described makes it pos-
sible to capture wide-field fundus images being
free of reflections and artifacts.

5.5 Video Capability

with a Large Field of View

Many conventional non-mydriatic fundus cameras
use a ring illumination, which is different from our
stripe-field method. The main disadvantage of con-
ventional ring illumination is that the field of view
decreases with a decreasing pupil diameter. For
example, when the pupil shrinks down to 1.58 mm,
the possible field of view is only 20° [8]. This is
why many common fundus cameras with 45° field
of view normally need at least about 4 mm pupil
diameter to work properly. Some cameras offer a
small pupil mode with a reduced field of view. This
shows the correlation between pupil diameter and
maximum field of view. This is a major problem of
that method, because after activating the illumina-
tion, the pupil will quickly shrink below the critical
diameter. Therefore, the ring illumination cannot
be continuous, but must be “flashed” to quickly
capture an image before the pupil shrinks. If
another image has to be taken, one has to wait up to
some minutes until the pupil has enlarged above
the limit again. At permanent illumination, which
is required for video acquisition, the pupil would
shrink down to about 1.5-2 mm, resulting in a field
of view of only about 20°.

Our stripe-field illumination method solved the
described small pupil problem. The advance in the
method was that the rotational symmetry of the ring
illumination was left. The square field of view

offered the two parameters height and width of the
field of view. Those parameters were two degrees of
freedom being available for optimization. This is
one parameter more compared to the conventional
ring illumination where only the diameter could be
optimized. This was used to load all the “small pupil
problems,” which reduced the maximum angle of
view, to the vertical axis, leaving the horizontal axis
free of those problems. This means that the height
of our image was still limited by the pupil size to
about 20° like it is at ring illumination, but the width
of the fundus image became unlimited in principle.
Practically the width of the field could be extended
as far as the eyepiece can afford. Thus, the new
method allowed a continuous illumination of the
fundus while still having a wide-field and artifact-
less view to the fundus. This offered the possibility
to acquire wide-field videos. Furthermore, if only
one still image were needed, then many video
frames could be averaged by post-processing to
drastically increase the clarity (see below).

5.6 Positioning of the Fundus

Camera

Especially for non-mydriatic fundus cameras, it is
necessary to correctly align the camera to the eye,
because the very small pupil has to be targeted and
does not left much space for misalignments.
Therefore, an accurate positioning method was
essential for a reliable operation. Fortunately, our
stripe-field imaging method offered the compli-
mentary feature for pupil tracking in three dimen-
sions without the need for any further design
features in hardware. This was achieved by taking
advantage of the Purkinje images (especially
image nos. 1 and 4) above and below the field of
view, which are also captured by the CCD
(Fig. 5.2). The position and shape of those reflec-
tions sensitively revealed a displacement of the
device in all three spatial dimensions. Figure 5.4a
shows the Purkinje images at a correct alignment
and also at a displacement in each of the three spa-
tial directions (Fig. 5.4b—d). The operator of the
fundus camera was able to align the camera to the
subject continuously by watching the reflections
on the live preview of the control software.
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At a horizontal misalignment, the reflec-
tions were not arranged in a vertical line
(Fig. 5.4b). The vertical position of the device
changed the distance between the Purkinje
images. If the device was located too high, the
reflections walked into the image (Fig. 5.4c). If
it was too low, the illumination left the pupil
resulting in a loss of illumination. Therefore,
the operator moved the fundus camera verti-
cally until the Purkinje reflections were located
just outside of the middle stripe. If the device
was misaligned axially, then the reflections
were blurred (Fig. 5.4d). By this effect the
operator was able to adjust the ideal distance of
the camera to the subject precisely until the
reflections became clear. The areas outside the
field of view were only useful for positioning.
Thus, the images were cropped for further pro-
cessing steps.

The manual tracking by the operator worked
well. It is promising that an automatic position
guider based on the Purkinje reflections would
also work well; however, it was not worked on
this, yet. Future works may prove this.

Waiver of Handheld
Operation

5.7

Several handheld fundus cameras are described in
the literature [9-11]. Handheld operation would
also be possible with our fundus camera, because
of its small dimensions. However, it was explicitly
decided against handheld operation, because the
experience was made that non-mydriatic fundus
cameras are not practicable for handheld operation,
because of the very small dimension of the pupil,
which needs a high positioning accuracy. Normally
an operator was not able to target an undilated pupil
with the needed submillimeter accuracy. It revealed
that good images were just a matter of chance in
handheld operation. Only with trained subjects, it
was possible to get at least a small percentage of
usable images. However, when the subject was
kept still by the commonly used chin and forehead
rests, a reliable operation could be gained.
Furthermore, the fundus camera was mounted on a

modified positioning unit of a slit lamp to align the
camera with a high precision.

It is obvious that an accurate positioning is
essential for any non-mydriatic fundus camera
with any imaging method, because the fundus
camera just cannot “look” into the eye if it is
not properly targeted to the very small pupil.
Thus, the fixation unit for the subject and the
fine positioning unit revealed as essential com-
ponents of our non-mydriatic fundus camera.
Without them a reliable operation could not be
guaranteed.

It is questionable if it is possible to design a
handheld device that enables a good fixation of
the subject and a fine positioning. From our expe-
rience we believe that good fixation and fine posi-
tioning are not possible with a handheld device
for the most operators and subjects.

Realization and Evaluation
of a Demonstrator

5.8

A mobile demonstrator [12] was realized to
evaluate the described stripe-field method
(Figs. 5.5 and 5.6). An eyepiece with a focal
length of 21 mm and a CCD camera (sensor:
Sony ICX274, 1,628 x 1,236 pixel) including a
C-mount lens (f=16 mm) with a motorized
focus was used. Spherical refractive errors from
+10 to —10 dpt could be compensated by a
focus slider within the control software of the
fundus camera. This is realized by a motor in
the fundus camera moving the photographic
lens. This is the only moving part within the
fundus camera; otherwise, it is a solid-state
device making it very robust. The illumination
was realized by a triple LED with dominant
emission wavelengths of 625 nm (red), 527 nm
(green), and 470 nm (blue) each having an elec-
trical power of 1 W. It was important to get the
unmodified raw data of the images to enable a
scientific evaluation of the methods. Therefore,
a gigabit Ethernet interface was used to trans-
mit the immense data volume to a PC. The data
was recorded by a special PC application, pro-
grammed with C++, which was also used to
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Fig. 5.5 Lab demonstrator: non-mydriatic fundus video
camera with 68°x 18° field of view mounted on a modi-
fied positioning unit of a slit lamp

Fig.5.6 Lab demonstrator without casing box

control the fundus camera via a microcontroller
and to display a live preview. The weight of the
device (without the chin rest) was only 2.8 kg
and the outer dimensions were 30x20x 8 cm.
The cost of the lab demonstrator as single-piece
production was around 5,000 USS.

5.9 Image Post-processing

The image quality was enhanced by several digital
image processing steps. Figure 5.7 shows the fun-
dus of a 23-year-old healthy male subject, while
only a magnified detail of the fundus image is
shown. The first step was to combine three sequen-
tial monochrome frames to one color frame
(Fig. 5.7a). In the next step, a white balance was
applied to correct different luminosities of the LED
emitters. Those differences were constant and were
known by a calibration measurement. Within the
same step, a gamma correction was applied to
enhance the contrast (Fig. 5.7b). In the next step, a
reference frame was subtracted to reduce remaining
artifacts caused by the optics and the reproducible
part of the image noise (Fig. 5.7¢). This reference
frame was generated once by a calibration measure-
ment, where the subject was replaced by an
absorber. This yielded a “dark frame” containing
the optical artifacts and the reproducible part of the
image noise. To reduce the variable part of the
noise, several “dark frames” were acquired and
were averaged to one reference image. The steps
described so far (except the reference measurement)
were performed for every frame of a video sequence.

In the next step, those frames were registered,
which means that the frames are shifted so that
movements of the fundus were compensated.
After that, they were superimposed and averaged
to one single image. The effect is a suppression of
image content that occurs only at one or a few
frames. Thus, the non-reproducible part of the
image noise is suppressed (Fig. 5.7d). Finally the
clarity was increased by a spatial high-pass filter
(Fig. 5.7¢). The last two steps (Fig. 5.7d, e) only
were possible by the video capability of the device.
Figure 5.8 shows the whole post-processed fundus
image manually stitched together with two other
stripe-field images of different areas of the retina.
The size of one stripe is 68° by 18°.

The described image processing procedure is
borrowed from amateur astronomy, where videos
are made of planets with a video camera [13],
while turbulences in the atmosphere are ran-
domly shifting the planet image. The procedure
could be adopted very well, because there were
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Fig.5.7 Enhancing the image quality by digital image post-processing taking advantage of the video capability. (a) raw
image (b) gamma correction (c) subtraction of dark frame (d) registration and averaging (e) high pass filter

similar conditions: a non-changing object, which  “Giotto” directly could be used to perform regis-
moves randomly, and a noisy image. This is why tration, averaging, reference frame subtraction,
a software intended for video astronomy called and high-pass filtering.
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Fig. 5.8 Stitched stripe-
field fundus image compared
with standard fundus image
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5.10 Results

The fundus video camera was tested with 31
healthy subjects with ages reaching from 22 to 52
with an average age of 29.9 years. Refractive
errors were present at 52.9 % of the subjects,
which did not wear visual aids during the video
acquirement. The method could be tested success-
fully with 27 of the subjects and delivered videos
[12] of the fundus. With the remaining four sub-
jects, the method could not be fully tested as the
shape of their faces did not allow getting close
enough to the eye to reach the optimal working
distance of 20 mm. Thus, the field of view was

reduced for those four subjects. Using eyepieces
with larger working distances, which are available
on the market, should solve this problem. The
acquired frame rate was four frames per second
with an exposure time of 16 ms each. The light
energy per frame entering the eye was below 3 pJ,
and the average light power was 30 pW.

To demonstrate dynamic effects within the
eye, a fundus video was acquired while a 23-year-
old healthy subject was slightly touching
(Fig. 5.9a) and releasing (Fig. 5.9b) the lid. The
resulting video showed changes at vessels in the
region of the papilla and a change of the paleness
of the papilla.
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Fig. 5.9 Two frames (detail) of a fundus video showing changes of paleness and vessels at the papilla with (a) and
without (b) external pressure to the eye

5.11 Discussion

The results show that the stripe-field method offers
several advantages compared to conventional ring
illumination techniques: The field of view at a
pupil size of 2 mm could be increased from 314
square degrees (circular area, diameter: 20°) to
1,124 square degrees (rectangular area, 18°x68°),
which is nearly a factor of 4. Furthermore, the
image repetition rate is not limited in principle
enabling the acquisition of video sequences of the
fundus. The darkening of examination rooms is
not needed any more. The technical outlay of the
new method is very low so that a demonstrator
could be realized for only about 5,000 US$ com-
pared to 20,000-50,000 US$ for conventional
devices. It is nearly a solid-state device as it con-
tains only one movable part. This makes the new
design very robust compared to conventional
devices. An operation is possible in any orienta-
tion; even upside-down usage was demonstrated.
A direct comparison of the new design with a con-
ventional device (Kowa Nonmyd a-D) is shown in
Fig. 5.8, showing the fundus of the same eye,
while the Kowa device operated with 4 mm pupil
diameter and the new design with only 2 mm.
Finally the new design is lightweight with only

2.9 kg (without the chin rest) compared to 22 kg
[14] of the Kowa fundus camera.

All those features make the new stripe-field
method very suitable for telemedical applications
as it fulfills many requirements being essential
for telemedicine: low price, robustness, light-
weight, ease of use, high image repetition rate,
non-mydriatic, no need for dark examination
rooms, video capability, and color operation.

Conclusion

A non-mydriatic color fundus camera was
constructed for only 5,000 US$ by using mass-
market components. A new imaging method
was invented and applied making it possible to
capture wide-field color fundus videos or
images with 68°x18° field of view at pupil
sizes of only 2 mm. The number of moving
parts within the camera could be reduced to
just one component resulting in a very robust
device. Furthermore, an easy way was found to
align the camera to the eye, which can be used
continuously and parallel to image or video
acquisition. By digital post-processing, it was
possible to generate a still image from a video
with enhanced image clarity. The camera was
tested successfully with 27 subjects.



62

B.Hé6her et al.

References

. Everdell NL, Styles IB, Calcagni A, Gibson J, Hebden

J, Claridge E. Multispectral imaging of the ocular fun-
dus using light emitting diode illumination. Rev Sci
Instrum. 2010;81:093706.

. Dick M, Mohr T, Bublitz D. Einrichtung und Verfahren

zur Beobachtung, Dokumentation und/oder Diagnose
des Augenhintergrundes. Patent DE 19626443. 2005.

. Rassow B, Wesemann W. Moderne Augenre-

fraktometer. Stuttgart: Ferdinand Enke; 1984.

. Cornsweet TN, Crane HD. Accurate two-dimensional

eye tracker using first and fourth Purkinje images.
J Opt Soc Am. 1973;63:8.

. Helmholtz H. Beschreibung eines Augenspiegels zur

Untersuchung der Netzhaut im lebenden Auge.
Berlin: A. Forstner’sche Verlagsbuchhandlung; 1851.

. Ruete TTG. Der Augenspiegel und das Optometer fiir

practische Aerzte. Gottingen: Verlag der Dieterichschen
Buchhandlung; 1852.

. Bublitz D, Miiller L, Mohrholz U, Mohr T, Teige

F. Fundus camera with strip-shaped pupil division and
method for recording artefact-free, high-resolution
fundus images. Patent WO 2012/059236. 2011.

10.

12.

13.

14.

. Pomerantzeff O, Webb RH, Delori FC. Image forma-

tion in fundus cameras. Invest Ophthalmol Vis Sci.
1979;18(6):630-7.

. Heacock GL. Portable fundus viewing system for an

undilated eye. Patent US 5861939. 1999.
Feldon S, Yoon G. Compact ocular fundus camera.
Patent US 7802884. 2010.

. Tran K, Mendel TA, Holbrook KL, Yates PA.

Construction of an inexpensive, hand-held fundus cam-
era through modification of a consumer “point &
shoot” camera. Invest Ophthalmol Vis Sci. 2012;53(12):
7600-7.

Hoher B, Voigtmann P, Michelson G, Schmauss
B. Non-mydriatic, wide field, fundus video camera.
In: Manns F, Soderberg PG, Ho A, editors. Proceedings
of the SPIE Photonics West, 1-6 Feb 2014. San
Francisco: SPIE; 2014. p. 89300K.

Martin A, Koch B. Digitale Astrofotografie: Grundlagen
und Praxis der CCD- und Digitalkameratechnik.
Erlangen: Oculum; 2009.

Kowa Optimed Europe Ltd. Specification sheet of
product “Kowa nonmyd-a D” [Internet]. 2014.
Available from: http://www.kowa.eu/medicals/en/
nonmydaD.php.


http://www.kowa.eu/medicals/en/nonmydaD.php
http://www.kowa.eu/medicals/en/nonmydaD.php

Noninvasive Ocular Angiography
by Optical Coherence Tomography

Yali Jia and David Huang

Contents
6.1 Introduction.......................... 63
6.2 System and Scan Pattern ............... 64
6.3 Split-Spectrum Amplitude-Decorrelation
Angiography (SSADA) Algorithm. . . ... .. 64
6.4 Retinal and Choroidal Circulation . . ... .. 67
6.5 Optic Nerve Head Circulation. .......... 68
6.6 Large View of Ocular Angiography . ..... 68
6.7 Summary............ ... .. ... 69
References..................... ... .. .... 71

Y. Jia, PhD ¢ D. Huang, MD, PhD (D<)

Casey Eye Institute, Oregon Health & Science
University, 3375 S.W. Terwilliger Blvd.,
Portland, OR 97239-4197, USA

e-mail: jiaya@ohsu.edu; huangd @ohsu.edu

6.1 Introduction

The leading causes of blindness such as diabetic
retinopathy [1], age-related macular degeneration
[2], and glaucoma [3] are all associated with
impaired circulation. Examination of ocular cir-
culation is critical for the assessment of these eye
diseases. Therefore, noninvasive ocular angiogra-
phy would be a powerful methodology for under-
standing and diagnosing these eye diseases.

Currently, the most widely used technique for
examining ocular circulation abnormalities is fun-
dus fluorescein angiography (FA). This is an inva-
sive procedure. It requires dye injection which
might cause nausea and anaphylaxis. In addition,
FA cannot distinguish choroidal vessels from retinal
vessels or detect the lamina cribrosa perfusion deep
inside the optic nerve head (ONH). Other existing
noninvasive imaging techniques, such as scanning
laser Doppler flowmetry and scanning laser speckle
flowmetry, are also limited to 2D imaging of the
superficial perfusion [3].

Optical coherence tomography (OCT) gener-
ates cross-sectional images by measuring the echo
time delay and magnitude of backscattered light
[4]. Tt has achieved micrometer-level axial resolu-
tion in cross-sectional retinal imaging. Currently
OCT has been a necessary part of the standard of
care for retinal diseases and increasingly so for
glaucoma and anterior segment surgeries as well.
However, conventional structural OCT cannot pro-
vide the blood flow information directly. Doppler
OCT has been used to obtain precise measurements
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of total retinal blood flow calculated from the
Doppler frequency shift of backscattered light [5].
While appropriate for large vessels around the disc,
Doppler OCT is not sensitive enough to accurately
measure the low velocities of small vessels.

We have recently developed a new 3D ocular
angiography using optical coherence tomography
(OCT). The algorithm is called split-spectrum
amplitude-decorrelation angiography (SSADA)
[6]. By splitting the full OCT spectrum into sev-
eral narrower bands, SSADA reduces OCT axial
resolution and consequently reduces its suscepti-
bility to axial motion noise. These changes enable
improved detection of the flow signal, which in the
ocular fundus is predominantly in the transverse
dimension. With a ~3 s scan using our 100 kHz
swept-source OCT prototype, SSADA provides a
high-quality 3 x3x3 mm 3D angiogram. By select-
ing the maximum value along the axial (Z) direc-
tion or by slicing the angiographic volume at each
layer, 3D OCT angiography can produce different
types of X-Y projection angiograms for retinal,
choroidal, and ONH circulation. In the following
sections, the system and theory of OCT angiogra-
phy and its performance will be demonstrated.

6.2  System and Scan Pattern
Our OCT angiography studies use a high-speed
swept-source OCT system recently developed by our
group at the Massachusetts Institute of Technology
[7] for 3D in vivo imaging of the human eye. To
enhance the choroidal penetration and increase imag-
ing depth, we use a swept light source with a central
wavelength of 1,050 nm. The laser sweep range is
100 nm, providing an axial resolution of 5.3 pm (full-
width-half-maximum amplitude profile) and a total
depth range of 2.9 mm in the tissue. The laser sweep
has a repetition rate of 100 kHz. The emitted light
from the laser is split into the sample and reference
arms. In the sample arm, a focused spot of 18 pm
diameter (full-width-half-maximum amplitude pro-
file) is achieved on the retinal plane. The light return-
ing from the reference and sample arms interferes
and is detected by a balanced receiver.

The scanning protocol has been optimized to
implement the SSADA. For example, in the fast

transverse scan (X) direction, the B-scan contains
200 A-lines covering 3 mm. With this configuration,
the B-scan frame rate of the system is 455 frames per
second. In the slow transverse scan (Y) direction,
200 sampling positions covering 3 mm are used to
capture a 3D data set, with eight repeated B-scans at
every position. The eight repeated B-frames (M-B-
frames) are used for the SSADA calculation to
obtain both the structure and blood flow images.
Therefore, 1,600 B-scans are acquired to form a 3D
data cube within an acquisition time of 3.5 s.

6.3  Split-Spectrum Amplitude-
Decorrelation Angiography

(SSADA) Algorithm

The speckle decorrelation phenomenon is clearly
observed in real-time OCT reflectance images
where the scattering pattern of blood flow varies
rapidly over time due to the flow stream that
drives randomly distributed blood cells through
the imaging volume. It results in decorrelation of
the received backscattered signals that are a func-
tion of scatterer displacement over time, creating
a contrast between decorrelated blood flow and
nondecorrelated static tissue that can be used to
extract flow signals for angiography.

In contrast to Doppler and other phase-based
approaches in Fourier-domain OCT, amplitude-
decorrelation measurement is sensitive to trans-
verse flow and immune to phase noise. However,
the high axial resolution of swept-source OCT
makes it very sensitive to the pulsatile bulk eye
motion noise in the axial direction. In the fundus,
ocular pulsation mainly occurs along the axial
direction and is driven by the retrobulbar orbital tis-
sue in relation to the heartbeat. The high sensitivity
in that direction results in unacceptable signal-to-
noise ratio (SNR). To overcome this limitation, we
created the SSADA algorithm based on the decor-
relation of OCT signal amplitude due to flow.

The basic procedures of SSADA are shown in
Fig. 6.1. The high-resolution OCT amplitude frames
(M-B-frames) transformed by the full spectrum are
not used for amplitude-decorrelation computation.
The key step of SSADA (Figs. 6.1 and 6.2) is splitting
the raw full spectrum into multiple spectrums with
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Fig.6.1 Flow chart detailing the basic steps of the split-
spectrum amplitude-decorrelation angiography (SSADA)
algorithm. Eight optical coherence tomography (OCT)
repeated B-frames (M-B-frames) were scanned consecu-
tively at the same spatial location to produce 8 spectral
interferograms and 8 standard-resolution cross-sectional
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images. Using SSADA, each full spectral interferogram
was split into 4 spectral bands creating 32 low-resolution
interferograms. B-scan decorrelation of each split band
yielded 28 decorrelation frames which were averaged to
produce one final decorrelation-based flow cross section
with improved quality
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coherence tomography (OCT) imaging resolution cell
using the split-spectrum method. The resolution cell
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ull Spectrum

Fig. 6.3 Comparison of amplitude-decorrelation angio-
grams of the macula (3x3 mm area) using full-spectrum
(a, ¢) and split-spectrum (b, d) algorithms. Three-
dimensional (3D) angiography scans were acquired on a
100 kHz optical coherence tomography (OCT) prototype.
With the novel split-spectrum algorithm, en face maxi-
mum decorrelation projections of the retinal circulation
showed less noise inside the foveal avascular zone (FAZ,
inside green dotted circles) and a more continuous perifo-
veal vascular network using the novel split-spectrum

narrow bandwidths. Narrower bandwidth is inten-
tionally created to lower the OCT axial resolution.
This minimizes the noise along the axial direction
and optimizes flow detection along the transverse
direction (Fig. 6.2). After the narrower spectra are
Fourier transformed, low-resolution OCT amplitude
frames are used to calculate decorrelation. Inter-B-
scan decorrelation can be determined at each of the
narrower spectral bands separately and then aver-
aged. Recombining the decorrelation images from
the multiple narrow spectral bands yields angio-
grams that use the full information in the entire OCT
spectral range. The recent work [6] shows that such
images (Fig. 6.3b, d) produce significant improve-
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algorithm (b) compared to the standard full-spectrum
algorithm (a). The signal-to-noise ratio (SNR), computed
by dividing the perifoveal flow signal by the false flow
signal in the FAZ, is 2.1 times higher using the split-
spectrum algorithm [6]. The cross-sectional angiograms
(scanned across the red dashed line in a) showed more
clearly delineated retinal vessels (red arrows) and choroi-
dal layers and less noise using the split-spectrum algo-
rithm (d) compared to the standard full-spectrum
algorithm (c)

ment of SNR for both flow detection and connec-
tivity of microvascular networks when compared to
full-spectrum amplitude-decorrelation techniques
(Fig. 6.3a, c).

Furthermore, the full OCT spectrum is split
into several narrower spectral bands, resulting in
an OCT resolution cell in each band which is iso-
tropic and less susceptible to axial motion noise
(Fig. 6.2). Creation of isotropic resolution cells
having equal sensitivity to axial and transverse
flow can be useful for quantifying flow. In other
words, OCT angiography extracts flow informa-
tion that can be further processed for quantifica-
tion because the flow values generated by the
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isotropic resolution cells are a function of the
flow velocity regardless of direction.

Retinal and Choroidal
Circulation

6.4

The macular region of the fundus is respon-
sible for central vision. Capillary dropout in the
macular region due to diabetic retinopathy is a
major cause of vision loss. Focal loss of the cho-
riocapillaris is a possible causative factor in the
pathogenesis of both dry and wet age-related
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split-spectrum amplitude-
decorrelation angiography
(SSADA) algorithm shown
in Fig. 6.1. The angiogram
spans 3 mm in all 3
dimensions. The cross-
sectional angiogram shows
the retinal and choroidal
circulations along the retinal
pigment epithelium (RPE)
boundary (dotted yellow
line). The retina and choroid
were separately projected.
(b) The retina angiogram
shows the retinal vessels
become smaller toward the
fovea ending in parafoveal
capillary net with no flow
detected in the foveal
avascular zone (FAZ). (¢)
The choroidal angiogram
shows a near-confluent
high-flow network
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macular degeneration [8], the leading cause of
blindness in industrialized countries [9]. Thus,
macular angiography is important.

The SSADA is used to demonstrate macular
angiography of both the retinal and choroidal cir-
culations in a normal eye (Fig. 6.4). The 3D
SSADA data set comprises a stack of 200 aver-
aged decorrelation cross-sectional images, along
with the associated averaged reflectance images,
that span 3 mm in the slow transverse scan (Y)
direction (Fig. 6.4a). The 3D data is separated
into retinal and choroidal regions with the divid-
ing boundary set at the retinal pigment epithe-
lium (RPE) (see yellow line in Fig. 6.4). The
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depth (Z direction) of the highly reflective RPE is
identified through the analysis of the reflectance
and reflectance gradient profiles [10]. The region
above the RPE is the retinal layer, and the region
below is the choroidal layer. The en face X-Y
projection angiograms (Fig. 6.4b, ¢) are produced
by selecting the maximum decorrelation value
along the axial (Z) direction in each layer.

The flow pixels form a continuous microcircu-
latory network in the retina. The vascular net-
work is absent in the foveal avascular zone
(Fig. 6.4b) of approximately 600 pm diameter, in
agreement with known anatomy. There are some
disconnected apparent flow pixels within the
foveal avascular zone (Fig. 6.4b) due to noise.
The choriocapillaris layer forms a confluent over-
lapping plexus [11], so it is to be expected that
the projection image of the choroidal circulation
shows confluent flow (Fig. 6.4c).

Based on the decorrelation seen in the gray
scale, the flow in the inner choroid has higher
velocity. The volume is also greater than the reti-
nal circulation, again consistent with known phys-
iology that the choroidal circulation has much
higher flow than the retinal circulation [11]. There
are signal voids in the outer choroid that may be
due to fringe washout from high flow velocity and
the shadowing effect of overlying tissue. The
cross sections also show a few spots of decorrela-
tion in the RPE layer. These must be artifacts
because the RPE is avascular. This is likely due to
the projection of flow decorrelation in a proximal
layer (i.e., inner retinal layers) onto distal layers
which have a strong reflected signal (i.e., RPE).

6.5 Optic Nerve Head Circulation
Circumstantial evidence suggests that ONH isch-
emia may be a causative factor for optic neuropa-
thy disease such as glaucoma, the leading cause
of blindness in the USA. ONH perfusion may
also correlate with the pathogenesis of multiple
sclerosis with optic neuritis. Thus, the ONH
angiogram is also very important.

The SSADA is used to demonstrate ONH angi-
ography in a normal eye (Fig. 6.5). Cross-sectional
SSADA angiograms (Fig. 6.5a) show both large

and small vessels in the retina, choroid, and
ONH. The microvascular network is nearly con-
fluent in the choriocapillaris, very dense in the
ONH, and sparser in the retina. The normal ONH
angiogram shows dense vasculature from the pre-
laminar tissue to the deep lamina cribrosa in the
choroidal and scleral planes (Fig. 6.5a). As men-
tioned in the last section, a limitation of OCT angi-
ography is the “projection” artifact, where the
transit of blood cells in a superficial blood vessel
cast flickering shadows on the deeper tissue layer,
which is indistinguishable from flow. Examples of
the projection artifact can also be seen in the cross-
sectional ONH angiogram (Fig. 6.5a), where flow
in the superficial retinal vessels is projected onto
deeper retinal layers, including the avascular pig-
ment epithelium. The projection artifact is less
problematic when the 3D SSADA angiogram is
summarized and viewed as en face maximum
decorrelation projections. The projection pro-
cess can separate ONH, retinal, and choroidal
circulations along 3D anatomic division planes
(Fig. 6.5b, c). Unlike scanning laser techniques
(laser Doppler flowmetry and laser speckle flowg-
raphy), OCT angiography can image the deep
ONH circulation (Iamina cribrosa) as well as more
superficial disc and retinal vessels [12].

6.6 Large View of Ocular

Angiography

To achieve a clinically applicable imaging method,
the capability to image a large field of view is criti-
cal. However, the scanning patterns and the acqui-
sition speed presented in this study do not allow
for larger than the 3x3 mm scanning area. This
was because of the need to maintain high-resolu-
tion with acquisition time in a single volume of a
few seconds. To overcome this limitation, we
acquired several volumes centered at different reti-
nal locations. Figure 6.6 shows an example of the
large field of view image. This image was made
from twelve 3x3 mm OCT angiography volumes
acquired by shifting the position of fixation points.
Processed by SSADA, each projection image was
manually aligned with linear translation to create a
large field of view mosaic.
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Retina + ONH

Fig. 6.5 Segmentation and processing of an optical
coherence tomography (OCT) angiogram of a normal
optic nerve head (ONH). (a) The 3D OCT angiogram
comprises 200 frames of averaged decorrelation cross
sections stretched along the slow scan axis. Each frame
is computed using the split-spectrum amplitude-
decorrelation angiography (SSADA) algorithm shown in
Fig. 6.1. The angiogram spans 3 mm in all 3 dimensions.
The cross-sectional angiogram shows dense ONH
microcirculation from the disc surface to the lamina
cribrosa. Image processing software separates the retinal

6.7 Summary

We developed a novel optical angiography tech-
nique—SSADA—that can be used to noninva-
sively visualize the vasculature and blood flow in
the posterior eye. This technique is based on the

Fast axis

(200 axial scans )

and choroidal circulations along the retinal pigment epi-
thelium (RPE) boundary (dotted yellow line). The ONH
region is lumped with the retinal layers and projected
onto a retina+ ONH en face angiogram. The choroid is
separately projected. (b) The retina+ONH angiogram
shows both large retinal vessels and a microvascular net-
work that is very dense within the ONH and sparser out-
side. (¢) The choroidal angiogram shows a near-confluent
high-flow network and shadows cast by overlying large
retinal vessels. The disc margin is indicated by blue cir-
cleinb and ¢

decorrelation of OCT signal amplitude due to
blood flow. By splitting the full OCT spectral
interferogram into several narrow spectral bands,
the OCT resolution cell in each band is less sus-
ceptible to axial motion noise. Recombining the
decorrelation images from the spectral bands
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Fig.6.6 (a)Fundus
photograph. (b) Large field
of view stitched optical
coherence tomography
(OCT) angiography with 12
volumes. Total image
acquisition time for 12
volumetric images is
approximately 40 s

yields angiograms that use the full information in
the entire OCT spectral range.

Besides its noninvasive nature, OCT angiog-
raphy has several compelling characteristics that
make it a promising modality for clinical use.
OCT angiography can be acquired in a few sec-
onds, compared to several minutes for FA. Its 3D
imaging allows for depth resolution of pathology
and separation of individual vascular layers for
evaluation. Quantitative information, such as ves-
sel density, vessel area, and flow index, can now
be obtained. The OCT angiography scan pattern
and SSADA processing can be implemented on

spectral-domain or swept-source OCT systems
without any special hardware modification.
There are several limitations to OCT angiogra-
phy. High speed is needed to provide sufficient
cross-sectional frame rate to overcome background
eye motion. Therefore, the current generation of
commercial OCT systems at 2040 kHz speed may
be insufficient. The next generation of OCT system
running at 70-100 kHz is likely required. In the
present study, the 100 kHz OCT prototype image
provided a small 3 mm square field of view. We
have recently improved the scan and processing
software to provide a 4 mm field of view. However,
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even larger field of view will require even higher
speed. Because laboratory OCT prototypes of
multi-MHz speed have already been reported [13—
15], we believe the speed and scan size area limita-
tions will be solved as commercial implementation
catches up to laboratory technology. Finally, OCT
angiography does not identify leakage and staining
on FA. But OCT can provide other markers, such
as intraretinal cysts, retinal thickening, subretinal
fluid, and angiographic flow index.

Overall, OCT angiography is faster and more
sensitive and has deeper depth penetration than
other angiography modalities. It is a promising
new method for comprehensive investigation of
blood flow in the eye.
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Adaptive optics (AO) is an optoelectronic technique
that allows counteracting the optical aberrations
generated by the anterior segment by means of a
deformable mirror. AO allows increasing the lat-
eral (not the axial) resolution of fundus images
down to the micrometric scale. An increasing num-
ber of clinical applications are identified for AO
imaging; hence, it is progressively translating from
the lab to the clinics and will undoubtedly become
a routine procedure for many retinal diseases in the
next years. AO reflectance imaging has been imple-
mented in two configurations of fundus imaging
technology: flood imaging and confocal scanning
laser ophthalmoscopy. These techniques yield
somewhat different results; this presentation will
deal only with flood imaging AO.

Although AO fundus imaging technology is
reaching technological maturity, clinical interpre-
tation of the complex features of diseased retina
remains challenging. The first photoreceptor
images using AO were obtained more than
15 years ago [1] However, integration of AO
images in the diagnostic process has not been as
straightforward as for optical coherence tomogra-
phy; AO images are indeed sometimes challeng-
ing to interpret because a number of factors may
interfere in the images obtained from a diseased
retina. Among these factors are the level of pig-
mentation of the fundus, the transparency of the
retina itself (any loss of transparency of the inner
retina will disperse light and hence blur the
images of photoreceptors), the presence of other
sources of light reflection in diseased retina, the
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spaital, functional and temporal variability of
photoreceptor reflectance, and the variable point-
ing of photoreceptor outer segments. Nevertheless,
we will show here some clinical applications of
AO in public health diseases that already offer
promising opportunities for clinicians. We
focused our interest on geographic atrophy, hyper-
tensive retinopathy, and diabetic retinopathy.

7.1 Methods
En face AO fundus images were obtained using
an AQO retinal camera (rtx1; Imagine Eyes, Orsay,
France). The rtx1 camera probes wavefront aber-
rations with a 750 nm super luminescent diode
and a Shack-Hartmann detector (HASO 32-eye;
Imagine Eyes) and corrects them with a 52 actua-
tors AO system operating in a closed loop. The
fundus is illuminated with a temporally low-
coherence light-emitting diode flashed flood
source operating at 840 nm. The resolving power
claimed by the rtx1 manufacturer (Imagine Eyes)
is 250 line pairs per millimeter; this corresponds
to a lateral resolution comprised between 2 and
4 um. In the z-axis, the theoretical focus depth is
52 pm for a 5 mm pupil size and 35.7 pm for a
6 mm pupil. Clinically, its depth of field is small
enough to allow focusing on at least two levels in
the healthy retina (i.e., vessels or photoreceptor).
Pharmacologic pupil dilation using tropi-
camide (Mydriaticum; Novartis, France) was
done in cases where the pupil size was smaller
than 4 mm. The imaging procedure is briefly
summarized thereafter: the patient placed their
head on a standard ophthalmic chin rest and was
instructed to look at an internal fixation target,
which is manually oriented by the operator to
capture the region of interest (ROI). Focus was
done at the cone photoreceptor layer by displac-
ing a cursor in the software graphic user interface
while watching the live retinal image displayed
by the monitor. Once the ROI has been detected
and the focus adjusted, a stack of fundus images
are acquired at a rate of 9.5 frames per second
over 4.2 s in a 4°x4° area by a charge-coupled
device camera (Roper Scientific, Tucson, AZ). It

is estimated that in emmetropic eyes each image
covers a 1.2x1.2 mm area. One or two images
could be acquired per minute.

7.2  Image Processing

After each acquisition, the resulting series of 40
images was automatically processed by the sys-
tem’s software (AOimage 2.0) as follows: the 20
images that presented the best contrast were auto-
matically selected based on their average Sobel
contrast. The Sobel contrast sum was computed by
applying a classical Sobel filter to each image and
averaging the absolute pixel values of the resulting
filtered image. The 20 selected images were regis-
tered together using an algorithm based on auto-
correlation and then added together in order to
obtain a summed image with improved signal-to-
noise ratio. A background image was computed by
applying a Gaussian filter to the summed image.
The SD of the Gaussian filter was 25 pixels. The
background image was then subtracted from the
summed image in order to facilitate the visualiza-
tion of small details. The brightness and contrast
of the resulting image were optimized by stretch-
ing the normalized histogram in order to cover the
range from O to 1 while saturating the brightest
pixels in the image. The number of saturated pix-
els was set to 0.05 % of the total pixel number.
Finally, the image was oversampled with a ratio of
1:2 using bicubic interpolation. For morphometric
measures of retinal vessels, a dedicated software
(AOV, designed by Florence Rossant, ISEP,
France) has been used. Time-lapse images were
constructed using Adobe Photoshop (Fig. 7.1).

7.3 Results

7.3.1 AOImaging of Drusens
and Geographic Atrophy

We examined patients with variable severity of
GA. Drusens appeared as hyperreflective, round-
or doughnut-shaped lesions with often a hypore-
flective center. The photoreceptor mosaic remains
visible over the drusen in most cases (Fig. 7.2).
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In areas of GA, as compared to scanning laser
ophthalmoscope imaging, AO NIR imaging dra-
matically improved the resolution of the limits of
atrophic areas as well as the redistribution of

Fig. 7.1 Flood imaging adaptive optics funds camera
developed by Imagine Eyes

melanin-loaded cells (Fig. 7.3). A striking feature
was indeed the presence of multiple hyporeflec-
tive clumps within and around GA areas, which
gave a “salt and pepper” appearance to the poste-
rior pole [2]. Of particular interest are the cases
with foveal sparing, for which AO can give a very
precise delineation of the central island of pre-
served RPE cells (Fig. 7.4).

We also investigated by time-lapse imaging the
kinetics of the progression of atrophy and of pig-
ment redistribution. Successive AO images taken
several weeks apart were registered, which allowed
the observation of the emergence and progression of
atrophic spots. Time-lapse observation also showed
the dynamic aspect of the redistribution of melanin-
loaded cells such dynamic changes were observed
within as well as outside atrophic areas. While lim-
ited changes were noted in some cases, many
showed a more complex figure, with appearance of
new clumps, change in their size and/or shape, rear-
rangement of large melanin deposits or abrupt
disappearance.

7.3.2 AOImaging of Retinal Vessels
Arterial hypertension, diabetes, and age affect the

structure of retinal vessels. An increase of the
wall-to-lumen ratio (WLR) of small arteries is a

Fig.7.2 Typical aspect of drusens by AO imaging. (a) Left, color photograph; (b) right, AO image of the area indicated
in the square (bar, 100 pm)
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Fig. 7.3 Case of geographic atrophy. (a) Left, 488 nm
autofluorescence image; (b) right, AO image of the area
indicated in square. Note the better resolution of the limits

hallmark of hypertensive microangiopathy and is
predictive of end-organ damage such as stroke
[3]. Using conventional fundus photographs, sev-
eral large-scale epidemiological studies reported
that arteriolar narrowing and the incidence of
focal arteriolar narrowing (FAN) and arteriove-
nous nicking (AVN) correlates with past and
incident arterial pressure and with end-organ
damage such as coronary diseases [4, 5] and
stroke [6]. The clinical evaluation of hyperten-
sive retinopathy is however impaired by technical
limitations, mostly because fundus photographs
or fluorescein angiography do not enable visual-
izing the arteriolar wall.

By AO NIR imaging, a linear structure is
visible along both sides of the blood column of
arteries (Fig. 7.5). In order to extract morphomet-
ric parameters from these images, we designed a
software to automatically segment parietal struc-
tures (only images taken in diastole were consid-
ered for such analysis in order to minimize
motion blur). The ratio of total parietal thickness
over the lumen diameter (D) defined the
WLR. This parameter was measured in the supe-
rotemporal artery in a cohort of 49 treatment-naive

of the GA area as well as the observation of a myriad of
melanin clumps (bar, 250 pm)

patients [7]. In multivariate analysis taking into
account age, gender, lumen diameter, body mass
index, and systolic, diastolic, mean, and pulse
blood pressure, only mean blood pressure and
lumen diameter were independently correlated to
WLR, which is in agreement with the concept
that a myogenic reflex accounts for parietal
thickening [8].

While it is commonly assumed that diffuse
parietal thickening is initiated by pressure-driven
myogenic response, the pathogenesis of focal
changes remains debated. By AO, FANs and
AVNs showed distinct anatomical features. At
sites of FANSs, the inner and outer limits of the
arteriolar wall maintained their parallelism, and
there was no evidence of parietal growth, sug-
gesting that FANs were caused by focal vasocon-
striction. In the microenvironment of AVNs, AO
revealed a combination of loss of retinal transpar-
ency (Fig. 7.6) and presence of focal venous nar-
rowings upstream and downstream of the
arteriovenous crossing. The latter findings are in
accordance with histology reports, which empha-
sized the role of the periarteriolar retina in the
venous damage [9-11].
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Fig.7.4 GA case with foveal sparing. Note in the AO image the clear delineation of the area of preserved fovea

Diabetic retinopathy is also a leading cause of
vision loss, especially in the working-age class.
By AO imaging, microaneurysms and hemor-
rhages can be accurately diagnosed (Fig. 7.7). In
some cases, parietal structures of microaneu-
rysms could be observed.

7.4  Discussion

We show here that changes affecting the RPE or
the structure of microvessels may be accurately
documented using AO imaging. In GA cases, this
allowed detection of very small spots of atrophy
and follow-up of their progression but also the

detection of RPE damage within as well as out-
side GA areas. It is indeed likely that the hypore-
flective spots seen by AO correspond to melanin,
given the known absorption-reflection profile of
melanin [12]. Imaging of melanin redistribution
is of interest because early AMD is associated
with dysmorphic RPE and other cells containing
melanosomes as part of presumed clearance
activities [13-15]. Accurate characterization of
the progression of atrophic lesions during GA is
important for the estimation of its long-term
prognosis and consequently for the evaluation of
therapeutic results. It is likely that improved
imaging of small GA lesions may allow evaluat-
ing the effect of treatment at earlier stages of the
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Fig.7.5
sel wall

AO imaging of a retinal artery showing the ves-

Fig.7.6 AO imaging of arteriovenous nicking. Note that
the arteriolar wall does not account for the blurring of the
underlying vein

disease, where such treatment may be more sus-
ceptible to show efficacy. Additional studies are
needed to clarify if isolated pigment deposits that
can be seen in patients free of AMD are indica-
tive of the risk of developing GA.

Vascular imaging offers also a new field of
exploration for AO imaging, which is the only
technique allowing a direct view of parietal struc-
tures. The light reflected back from the RPE prob-
ably contributes to parietal imaging [16]. Focal as
well as diffuse changes can be observed. AO
imaging of retinal arterioles also offers a unique

Fig.7.7 AO imaging of diabetic microaneurysms

opportunity to explore age-, diabetes-, and hyper-
tension-related microvascular changes in vivo in
humans at a near-histology level. Phenotyping of
retinal vessels by AO imaging may contribute to a
better management and understanding of end-
organ damage, especially in the brain given the
functional and anatomical similarities of the reti-
nal and cerebral circulations. Stratification of
end-organ damage risk may be improved by bio-
markers issued from AO imaging.

Up to now, the main application of AO fundus
imaging has been photoreceptor detection and
counting; this somewhat overshadowed the
exploration of other retinal structures. With a
simple procedure applicable in a routine setting,
AO imaging can document microscopic features
of common diseases such as GA, hypertensive
retinopathy, and diabetic retinopathy and will
possibly become a reference tool for their
monitoring.
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of a professional to further training is determined in
Book V of the German Social Welfare Code [9].
Currently, the health-care system underlies
strong changes in the face of new communication
channels because modern technologies of infor-
mation and communication are integrated in many
areas of the health-care system. The mode of fur-
ther medical education changes with the use of
the Internet and its associated multimedia-based
possibilities. The application of new telecommu-
nications may reshape presentations for continu-
ing medical education or review articles about
multimedia-based modules of advanced training.
Recent research reported that Web 2.0 may be a
useful mechanism for knowledge transfer [10].
Social media brings a new dimension to health
care, offering a platform used by the public,
patients, and health professionals to communi-
cate about health issues with the possibility of
potentially improving health outcomes.

8.2 Purpose and Main Outcome

Measure

To quantity the worldwide acceptance of the social
media platform of the open-access journal Atlas of
Ophthalmology publishing ophthalmic case reports
specified for the different access channels.

8.3 Methods

8.3.1 Technology

The technical fundamentals of the medical cases
and pictures were in a SQL-based data bank con-
taining dynamically generated websites. The
search for pictures, submission, review, adminis-
tration, and editing of picture contributions were
effected by JAVA-supported online tools.

8.3.2 Access to the Database

The social media platform Atlas of Ophthalmology
presented the cases within four different channels:

original website, Facebook, iPhone and iPad
application, and Atlas 2.0 version.

The first and major access to cases and images
wasthe website http://www.atlasophthalmology.
com. Figure 8.1 depicts the screenshot of the
start website. Under atlasophthalmology.com,
ophthalmic cases reported were provided in
English, German, Spanish, Russian, and Arabian
language. The presentation of cases in the lan-
guages Japanese, Chinese, and Portuguese is in
preparation.

8.3.3 Mode of Medical Case
Presentation

In all four access channels, the case reports were
presented by authors, diagnosis, comment,
images, ICD code, and keywords. Each case was
commented briefly and keywords were provided.
More than 2,000 cases with about 9,200 pictures
were accessible comprising the whole spectrum
of ophthalmology. Navigation through the atlas
was adapted to the well-known “arborization
structure” of the Windows Explorer. For a better
overview each picture was first displayed as a
thumbnail (Fig. 8.2). Two different resolutions
were provided, which were saved in JPEG for-
mat of 300 dpi for a quick overview and as a
high-resolution image of 650 dpi. The high-res-
olution images were only available after registra-
tion. Each case and picture was provided with
information about the author and institution. By
means of an electronic watermark, the origin of
the atlas pictures remained verifiable and detect-
able at any time.

8.3.4 Order of Cases

The cases were classified according to anatomi-
cal criteria: lids, conjunctiva, cornea, and so on.
All cases were arranged strictly in the related
folders according to a diagnosis key (Fig. 8.3).
Additionally, in the Atlas 2.0 version, cases were
presented by date of publishing (issue, according
to the date of publication).
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8.3.5 Navigation and Search
Function

A fast query function and a complex search
engine existed exhibiting several search modes.
Cases and pictures could be searched by author,
diagnosis, ICD code, and keywords.

8.3.6 Languages

Text and navigation was in Arabian, German,
English, Russian, and Spanish, and, in part, in
Portuguese, Japanese, and Chinese language. For
each item of the atlas, the desired language could
be selected. The total navigation, the diagnoses,
and the comments were drafted multilingual. The
atlas was presented completely in five languages,
German, English, Spanish, Russian, and Arabian.
Translation into the languages Portuguese,
Chinese, and Japanese was partially completed.
The translators were for English, H.E. Voelcker
and Juliane Schlomberg; for Portuguese, Renato
W. Damasceno; for German, Juliane Schlomberg;
for Spanish, Raphael Cortez; for Chinese, Yanyan
Koenig, Wu Liu, Qisheng You, and Liang Xu; for
Russian, Alla Lisochkina; and for Arabic,
Abdullah A. Laftal, Ahmad Wali, Abdullah Wali,
Abdulwahed Mohammad Al-Amri, Osamah
Al-Ghamdi, Mohammad Alhussain Alneamy,
Ziyad Alhawali, Mohammed Alhefzi, Turki
AL-Aziz, Muayyad Alhefdhi, Sager Al-Deraan,
Turki Dhafer Al-Shehri, and Mohammed
Hammad ALMakady.

8.3.7 Submission

Only by the access channels http://www.
atlasophthalmology.com and Atlas 2.0 version,
the submission of cases was performed by docu-
menting author(s), institution, email address,
diagnosis, ICD-10 code, comment, and key-
words. Online submission was organized as sim-
ple upload of pictures, authors, diagnosis, ICD
code, and short comment. The entire process of
peer review and publication was conducted
online. Ophthalmologists of more than 156 coun-
tries submitted cases.
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8.3.8 Review of Submitted Cases

Every case was reviewed by one of the editors
before publication. Editors were G.O.H. Naumann
[11], H.E. Volcker, D. Huang, B. Seitz, and
G. Michelson. All cases and pictures submitted
for publication underwent the online review pro-
cess by the editors. Only accepted cases were
published. The process of submission and review
was effected online.

8.3.9 Certified Medical Education

A continuous medical education was imple-
mented in the channel www.atlasophthalmology.
com. The medical education tool was gen-
erated within an official cooperation with
the “Bayerische Landesirztekammer.” The
e-learning system offered 21 modules. Every
module contained medical cases of a distinct
anatomical area of the eye (e.g., sclera, cornea,
choroid). Per module three official CME points
could be reached. To test the educational success,
the user was asked to mark the correct diagnosis
of ten clinical images, which were shown with
five optional diagnoses. Only one of these five
suggestions was the correct diagnosis. When
more than 7 out of 10 questions were answered
correctly, the users have reached 2 CME points.
When all 10 questions were correctly answered,
in total 3 CME points were released. After finish-
ing the test, the certificate was sent to the user by
email as a pdf document. The cost to perform one
module was 4.99 €, payable through PayPal or
by a voucher. The voucher contained a 12-digit
number allowing the entrance to the e-learning
system to complete one module.

8.3.10 Funding

Funding was predominantly by voluntary dedica-
tion. The funding of the open-access journal
Atlas of Ophthalmology resulted from the volun-
tary work of editors, reviewers, authors, and
coworkers and in part by support through adver-
tisement by using the “keyword-associated infor-
mation system.”

8.3.11 Advertisement

In the access channel www.atlasophthalmology.
com, industrial advertisement was presented as
“keyword-associated information.” The purpose
of this service was to offer additional information
to the selected medical case which was searched
by the user. This information was displayed along
with the search results. When a visitor searched
images using distinct keywords, only an adver-
tisement coupled with these keywords became
visible for this user. The “keyword-associated
information” appeared in the right column of the
website. The advantage from this type of adver-
tisement was that the information was only pre-
sented to the users interested in images which
were coupled with the keywords of the advertise-
ment. The “keyword-associated information”
format included headline, small image, text, and
a link to a website. Figure 8.3 depicts the place-
ment of the “keyword-associated information.”

8.3.12 Additional Access Channels

The second access channel of the social media
platform was Facebook. Under www.facebook.
com/AtlasOphthalmology, a selection of interest-
ing cases was presented as case of the week, with
only one image per case and exclusively in English
language. Here the case was presented in a short-
ened version with only one image and a link to the
original website atlasophthalmology.com present-
ing the complete case. Figure 8.4 showed a typical
case presentation in Facebook. The third access
channel to the medical cases was the iPhone and
iPad application, presenting all published cases in
English, German, Spanish, Russian, and Arabian
language. These applications enabled a fast and
mobile search of ocular diseases. The applications
allowed a search for cases using diagnosis, ICD, or
authors. The cases were presented by diagnosis,
ICD code, comment, authors, and pictures given in
middle or high resolution. Figures 8.5 and 8.6
depict the screenshots of the iPad and iPhone appli-
cation, respectively. The applications could be
downloaded from iTunes under the keyword “atla-
sophthalmology” — https://itunes.apple.com/us/
app/atlas-of-ophthalmology/id448650383 ?mt=8.
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Fig. 8.4 The access channel Facebook presented the cases in a shortened version with a link to the complete case pre-
sentation under www.atlasophthalmology.com (Reprinted with permission from Verlag ONJOPH.COM)

The fourth access channel of the social media
platform was the Atlas 2.0 version. Interactive and
collaborative web applications offered new oppor-
tunities for reaching patients and other health-care
consumers by facilitating information creation,
sharing, and retrieval. Beginning in 2014 all medi-
cal cases were presented by the Web 2.0 technique,
allowing a barrier-free access to the cases, indepen-
dently of the browser or the used device such as a
PC, tablet, or mobile phone. This technique enabled
a full interactivity with the opportunity to discuss
selected cases. The Atlas 2.0 version allowed to

perform all process steps as submission, review,
and publication according to MEDLINE and
PubMed rules. Figure 8.7 represents screenshots of
the Atlas of Ophthalmology 2.0.

8.3.13 Registration

To view images in the best resolution and to get
permission to use images, a personal registration
was needed. Only with an ID and password were
these services available.
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Fig. 8.6 Screenshots of the iPhone app. The cases were
presented by diagnosis, ICD code, image with comment,
and authors. By using the iPhone app, a fast and mobile

8.3.14 Statistics

Using the “Google statistics tool” and “Facebook
page insights,” analyses of the users were per-
formed. Visitors data of 2013 from January to
November were used.

8.4  Results

In 2013 (January lst to November 30th), case
reports and images were frequented in average by
about 7.300 visitors per week, when summing up
all three access channels of the social media plat-
form. In order to use all the services, N=14.000
visitors were registered.

Visits by channel #I  (http://www.
atlasophthalmology.com): In November 2013,
N=19.214 people visited the site http://www.
atlasophthalmology.com. N=23.518 visits and
N=169.369 page views were documented. The
site has had in average N=5,595+315 visitors
per week from 166 countries coming predomi-
nantly from Germany (18 %), the USA (15 %),

search of ocular diseases can be performed (Reprinted
with permission from Verlag ONJOPH.COM)

Japan (7 %), and Spanish-speaking countries
(9.4 %). The distribution of used browsers
was Chrome with 28 %, Internet Explorer with
26 %, Safari with 17 %, Firefox with 15 %, and
Android Browser with 5 %. Table 8.1 specifies
the countries where the most frequent users
were coming from. The number of users using
mobile techniques to get access to the main
website was about 20 %. These visitors had
an age lower than 35 years. Using the access
http://www.atlasophthalmology.com, out of
N=23.518 visits, N=3.147 visits were per-
formed by i0S and N=2.156 visits by Android.
Table 8.2 gives an overview of used mobile
techniques having had access to http://www.
atlasophthalmology.com.

Visits by channel #2 (www.facebook.com/
AtlasOphthalmology): In November 2013 the
access channel Facebook has had a mean reach of
N=1470+£350 subjects per week with
N=350+259 post clicks per week, respectively.
91 % of the visitors of the Facebook channel have
had an age lower than 35 years, and 48 % were
female. The visitors (fans) were coming predom-
inantly from the Arabian and Asian countries.
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Fig. 8.7 Atlas of Ophthalmology 2.0: Using Web 2.0
technology navigation through the cases of Atlas 2.0 was
possible by anatomical order or by issues according to the

The number of people who saw any activity from
the page including posts, posts by other people,
page-like ads, mentions, and check-ins was in
average N=393 per day. Table 8.3 depicts the

date of publication. Registered visitors could leave com-
ments to distinct cases (Reprinted with permission from
Verlag ONJOPH.COM)

numbers of visitors of the Facebook channel by
country of the month of November 2013.

Visits by channel #3 (iPhone and iPad applica-
tion): In November 2013, in average N=831
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Table 8.1 Visits in November 2013 using www.
atlasophthalmology.com

Country/territory Visits % Visits

1.  Germany 4,225 17.96
2. United States 3,523 14.98
3. Japan 1,831 7.79
4. Russia 1,390 591
5.  Spain 1,389 5.91
6. Mexico 856 3.64
7. India 695 2.96
8.  United Kingdom 645 2.74
9. Brazil 510 2.17
10.  Switzerland 498 2.12

Reprinted with permission from Verlag ONJOPH.COM
In November 2013, N=19,214 people visited the site
www.atlasophthalmology.com with, in total, N=23,518
visits and N=169,369 page views. The main portion of
visitors (more than 50 %) came from the countries
Germany, the USA, Japan, Russia, and Spain

Table 8.2 Mobile techniques visiting http://www.
atlasophthalmology.com in November 2013

Operating system Visits % Visits
1. i0S 3,147 56.37
2. Android 2,156 38.62
3.  Windows Phone 111 1.99
4.  (Not set) 66 1.18
5. BlackBerry 46 0.82
6.  Symbian OS 23 0.41
7.  Series 40 21 0.38
8. Nokia 7 0.13
9. Bada 4 0.07
10.  Samsung 1 0.02

Reprinted with permission from Verlag ONJOPH.COM
Overview of used mobile techniques in November 2013
visiting  http://www.atlasophthalmology.com.  About
N=5,200 out of 23,000 users used mobile techniques to
get access to the medical cases

unique visitors per week were documented,
observing N=4,577 + 135 images per week using
the iPhone and iPad application.

Summing up all access channels, N=7,367
unique visitors per week were documented. 65 %
used the website www.atlasophthalmology, 24 %
used Facebook, and 11 % used the iPhone appli-
cation as access channel. Table 8.4 depicts the
weekly visitors by type of access channel.

Table 8.3 Numbers of visitors of the Facebook channel
of the month of November 2013 by country using www.
facebook.com/atlasophthalmology

Country Fans
Egypt 1,099
India 378
Pakistan 205
United States 192
Germany 187
Syria 181
Saudi Arabia 150
Libya 143
Russia 122
Iraq 115

Reprinted with permission from Verlag ONJOPH.COM

Table 8.4 Visits per week in November 2013 by access
channel

Unique visitors per

Channel week Percentage %
Website 4,793 65.0
Facebook 1,743 23.6
iPhone iPad app 831 11.4
Total 7,367 100

Reprinted with permission from Verlag ONJOPH.COM
Overview of all visitors visiting the social media platform
Atlas of Ophthalmology by access channel. Here the num-
ber of weekly visitors of ophthalmic cases in November
2013 by the type of access

8.5 Discussion
There were limitations of the social media for
health communication. The main recurring limi-
tations of the social media are quality concerns
and the lack of reliability of the health informa-
tion. Authors of websites are often unidentifiable,
or there can be numerous authors, or the line
between producer and audience is blurred [12].
When using the described open-access journal
Atlas of Ophthalmology, three overarching bene-
fits can be identified: (1) The general public,
patients, and health professionals have had the
potential to increase the number of interactions
and were provided with available, shared, and tai-
lored information. (2) The medical content offered
within our social media widened the access to
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those who may not easily access health informa-
tion via traditional methods, such as younger peo-
ple, ethnic minorities, and lower socioeconomic
groups. (3) In addition we think that an important
aspect of using our social media platform for oph-
thalmic health communication is that it provided
valuable peer support for the general public and
patients in respect to ocular diseases.

Ophthalmologic education in general is based
largely on the visual evaluation of real medical
cases and images. We intended to establish a
worldwide multilingual open-access journal pre-
senting ophthalmic case reports, which covers
the whole field of ophthalmology. In November
2013 more than 2,000 cases were available by
four different access channels, website http://
www.atlasophthalmology.com, Facebook www.
facebook.com/AtlasOphthalmology, iPhone and
iPad application, and Atlas2.0 version. The major
portion of users who visited the ophthalmic case
collection by the website www.atlasophthalmol-
ogy.com was 65 %. The access channel Facebook
was used by a quarter of all visitors. The users of
the Facebook channel predominantly came from
Arabian and Asian countries.

In total and summing up all access channels,
the average number of visits per week in
November 2013 was about 7,300. The cases and
images of the open-access journal Atlas of
Ophthalmology were consulted in particular by
faculty, residents, interns, medical students, and
ancillary personnel for purposes of teaching
and research. Due to the very comprehensive and
well-assorted collection of cases and pictures, the
atlas was used as a picture pool in the course of
preparation of lectures. The use of pictures was
free of charge for noncommercial purposes.
Moreover, the pictures of the atlas were applied
on different external websites as source of infor-
mation. When images were needed for commer-
cial purposes, the user had to pay for the download
of the selected images. For noncommercial and
commercial usage, a certificate for permission to
use the images was necessary. Numerous benefits
of using our social media platform for ophthal-
mic health communication were obvious for the
general public, patients, and health professionals.
A major benefit of the open-access journal Atlas

of Ophthalmology for ophthalmic health commu-
nication was the accessibility and widening
access of health information of ocular diseases to
various population groups, regardless of age,
education, race or ethnicity, and locality, com-
pared to traditional communication methods.

Conclusion

The open-access journal Aflas of Ophthal-
mology publishing more than 2,000 cases with
more than 9,000 images on the social media
platform represented one of the most exten-
sive and best commented collections of oph-
thalmologic images. In November 2013 the
average number of visits per week was about
7,300, when summing up all three channels of
access. About 14,000 registrations were docu-
mented. The case and picture database was
available by four channels: by website http://
www.atlasophthalmology.com, by Facebook
www.facebook.com/AtlasOphthalmology, by
an iPhone and iPad application, and by Atlas
2.0 version. Submission, review, and publica-
tion were performed completely by an online
system. Google search listed the journal Atlas
of Ophthalmology as number 1 with the com-
ment “The Online Atlas of Ophthalmology is
the biggest database with high-quality, peer-
reviewed and commented pictures on the entire
Internet.”
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Fig. 9.1 Computer-aided screening consists of subse-
quent building blocks: Initially, the anamnesis and image
data of the entire screening collective is analyzed to prese-
lect unsuspicious cases. The remaining set has to be

fibers gets evident by the significant narrowing of
the visual field. Several studies showed that screen-
ing programs for glaucoma [5] can reduce this
high number of unreported cases. The main goal
of these screening applications is the detection of
suspicious cases from a large population and their
successful routing to more extensive clinical exam-
ination for a final diagnosis. Common screening
populations are characterized by a high amount of
normals which have to be assessed manually by the
involved reading center (Fig. 9.1 step (3)).

Computer-aided diagnostics (CAD) supports
an ophthalmologist in the preparation of a medical
diagnosis based on automatic data-mining meth-
ods. In particular, CAD is applicable in screening
setups in order to reduce the number of normals
for manual judgment, which helps to increase the
efficiency of the reading centers (Fig. 9.1 step (2)).
This is done by an upstream analysis of the per-
sonal data, e.g. images or anamnesis data, utilizing
pattern recognition techniques that automatically
perform a preselection of suspicious cases. Here, a
computer-aided assessment augments the manual
assessment provided by the reading center. As
depicted in Fig. 9.1, this approach is considered as
computer-aided screening (CAS). The proposed
strategy can also be realized in a telemedical setup
where image acquisition and examination are done
spatially and temporally separated.

Scope

This contribution provides an overview on
the recent advances in the development of pat-
tern recognition techniques for automatic
glaucoma detection. We will focus on fully auto-
matic techniques applicable within a screening
environment utilizing pure structural retinal fun-
dus data published in 2008 or later.

manually assessed for further exclusion of unremarkable
subjects. Only a small proportion of the initial set will be
forwarded to clinical assessment to gain a final diagnosis
and follow-up treatment if necessary

Outline

The remainder of this chapter is organized as fol-
lows: After the introduction of common imaging
modalities to document ONH morphology, we
provide an excursus on pattern recognition. As
major part of this work, two methodologies are
presented that arise from current automatic glau-
coma detection literature on structural retinal
image data: (i) structure-driven and (ii) data-driven
techniques. Finally, the methods are compared and
evaluated toward the application in CAS.

9.2 Imaging Modalities

One main part in diagnosing glaucoma is the assess-
ment of the ONH morphology. Besides the slit lamp
that allows a live examination of the eye background,
several digital imaging modalities got established.
These devices allow the documentation of the ONH’s
structure by acquiring 2-dimensional (2-D) or
3-dimensional (3-D) image data as shown in Fig. 9.2.

Fundus imaging is one of the most commonly
used technologies in ophthalmology to obtain
high-resolution color photographs of the human
retina [7, 8]. The fast image acquisition and rela-
tively low costs of a digital fundus camera make
this modality attractive to document the retina
during screening. The acquired images can be
analyzed to detect pathological degenerations
caused, e.g., by glaucoma [9].

Confocal laser ophthalmoscope commercially
available as Heidelberg retina tomograph (HRT)
[10] acquires topographic and gray-scaled reflec-
tance images of the ONH. In particular, the topo-
graphic images capturing the ONH’s shape allow
the extraction of parameters to discriminate
between normals and glaucomatous subjects [11].
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Fig. 9.2 Sample images capturing the optic nerve head
(ONH) region: (a) high-resolution color fundus image, (b)
topographic image acquired with Heidelberg retina tomo-
graph (HRT), and (c¢) OCT line scan intersecting the ONH

Optical coherence tomography (OCT) [12] as
the optical pendant to ultrasound enables the acqui-
sition of depth profiles and even entire 3-D vol-
umes of the retina. As the image data also records
the retinal nerve fiber layer (RNFL), OCT data
allows a detailed judgment of the retinal constitu-
tion and a reliable diagnosis of glaucoma. In addi-
tion, OCT data can be utilized for CAD applications
as it was demonstrated by Huang and Chen [13]
and Burgansky et al. [14]. As an alternative device
for measuring the RNFL thickness, also scanning
laser polarimetry (SLP) can be utilized.

From this retinal image data, pattern recognition
techniques can extract glaucoma-related markers
utilized during the computer-aided assessment
within a screening scenario as shown in Fig. 9.1.

and depicting the different retinal layers including the reti-
nal nerve fiber layer as the top one (Reprinted from [6]
with permission from Elsevier)

9.3 Excursus: Pattern

Recognition Pipeline

The goal of pattern recognition is to analyze
and classify patterns such as images or speech.
For this purpose, pattern recognition systems
are divided into multiple processing stages
that are organized as a pipeline with similar
underlying structure for different real-world
problems [15]. In terms of glaucoma detec-
tion based on retinal image data, this pipeline
is outlined in Fig. 9.3. Please also refer to
Fig. 9.1 as the pattern recognition pipeline can
be embedded within the automated glaucoma
assessment step.
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Training data set (manually assessed)

X ={(xp)li=1,...,n}

Pattern recognition pipeline

Data

Examination .
Quality assessment .

Imaging madality

Fig.9.3 Pattern recognition pipeline applied to automated
glaucoma detection: Retinal image data is (i) acquired
with an eye imaging modality such as fundus imaging or
optical coherence tomography (OCT), (ii) preprocessed
and analyzed as preparation for pattern recognition

Data Acquisition
In an initial data acquisition stage, sensor data
such as images or speech is captured. Analog sen-
sor data is commonly converted into a discrete
mathematical representation for further process-
ing by means of pattern recognition methods.
Example: For image-based glaucoma detec-
tion, the human eye is captured with an imaging
modality. In a common clinical workflow, digital
fundus cameras are employed to analyze the
optic nerve for traces of glaucoma. As glaucoma
detection relies on the quality of the acquired
image, data acquisition also involves quality
assessment for image data. In case of fundus
imaging, several automatic and objective quality
indices have been proposed to recognize images
not usable for further processing [16—18].

Data Preprocessing and Analysis

Pattern recognition techniques require an appro-
priate preparation of the acquired data. Therefore,
preprocessing steps are required to correct invalid
or erroneous measurements present in the raw
data. Different parts of the acquired signal that
are relevant for a specific pattern recognition

preprocessing
and analysis

Data enhancement
Segmentation

Pattern
classification

Feature
extraction

Discrete set of features Decide for class

yely

normal vs. glaucoma

|

|

i |
ye{N.G}
|

|

Cup-to-disk ratio
Disk size

techniques, (iii) used to extract relevant features to detect
traces of glaucoma, and (iv) used in a classification stage
trained with manually classified image data. A common
example workflow is visualized for glaucoma detection
based on fundus photographs

problem are extracted and analyzed. Then, these
parts are used to measure certain parameters and
to classify patterns in the underlying sensor data.

Example: Retinal image analysis [19] pro-
vides methods to process and analyze retinal
image data in order to measure clinical parame-
ters of the eye. In terms of fundus imaging, pre-
processing for image enhancement includes
illumination correction [20] to adjust uneven
contrast and denoising techniques [21] to enhance
the quality of noisy data. Preprocessing is also
beneficial to remove features not related to glau-
coma and to make the measurement of disease-
specific parameters more reliable [22]. Common
analysis steps include a segmentation of the ONH
for glaucoma assessment [23-25].

Feature Extraction

Feature extraction reduces the complexity of the
prepared data by modeling it with a finite set of
features organized as a feature vector x e R? .
Each single feature x; is a mathematical descrip-
tion of a certain parameter or measurement.
Features can be either continuous, e.g., geometric
measurements such as lengths or diameters of



9 Computer-Aided Diagnostics and Pattern Recognition: Automated Glaucoma Detection 97

anatomical structures, or discrete, e.g., the sex of
a human subject. Additionally, dimensionality
reduction may be used in an optional step to
reduce the complexity of raw features x to obtain
a compressed feature vector x’e ¢ where
d' <d. Feature selection techniques learn the most
meaningful features X’ in an automatic manner
based on example data. Opposed to this approach,
principal component analysis (PCA) is a com-
mon tool to perform dimensionality reduction in
an unsupervised procedure.

Example: Features that can be extracted from
fundus images are geometric parameters of the
ONH segmented in the previous stage of the
pipeline. This includes the well-known cup-to-
disk ratio (CDR) denoted as x, or the size of the
optic disk denoted as x,. The associated feature
vector is given by X=(x;,x,)T.

Pattern Classification

Sensor data represented by a feature vector X is
characterized by a class label ye ) where
Y= {yl seees y,(} denotes a discrete set of k classes.
However, the true class label is unknown and must
be determined from the features. A classifier pre-
dicts a class label y* from the features x in an auto-
matic manner. Therefore, the classifier is derived
from a training set X ={(x,,y,)|i=1,...,n} t0
learn the relationship between the features x; and
the associated class y;. The set X is composed
from n training patterns X, ...,X,, where the true
class label y; for each x; is known and is used as
gold standard. State-of-the-art classifiers com-
monly used in practical applications are support
vector machines (SVM), random forests, artificial
neural networks (ANN), or boosting methods such
as AdaBoost [15].

Example: In glaucoma detection, we are inter-
ested in the state of glaucoma, and the aim is to
solve a two-class problem with ye{N,G}
whereas y=N for a normal subject and y=G for a
subject suffering from glaucoma, respectively.
Nayak et al. [9] proposed an ANN to discrimi-
nate between healthy normals and glaucomatous
eyes based on features gained from fundus
images. Therefore, the ANN is trained with pat-
terns obtained from manually labeled fundus
images provided by an ophthalmologist.

9.4 Glaucoma Detection by

Means of Imaging

One trend in ophthalmology is the quantitative sur-
vey of the retinal fundus based on image data
acquired in a noninvasive and in vivo way. These
techniques utilize characteristics of the ONH as
parameter and can be embedded within glaucoma
screening programs [26]. As already depicted in

Sect. 9.1, they can be automatically employed

within a computer-aided assessment step to detect

traces of glaucoma based on image data and to pro-
vide an initial exclusion of most likely normal cases.

Two major types of methodologies can be
distinguished:

Structure-driven techniques commonly automate
the extraction of established structural param-
eters of the ONH, e.g., the diameters of the
optic disk and cup. These parameters are
already known in the medical community and
also statistically verified but are often deter-
mined manually.

Data-driven techniques utilize data-mining
methods applied on the entire image to obtain
discriminative markers for glaucoma detec-
tion. In contrast to structure-driven techniques,
no direct relation between the ONH structure
and the marker can be further obtained.

9.4.1 Structure-Driven Glaucoma

Detection

In structure-driven glaucoma detection, disease-
specific indicators of clinical significance are
measured quantitatively. In general, glaucoma is
characterized by a continuous, irreversible loss of
ganglion cells [3]. This loss is the root cause for
a set of structural ONH changes which can be
captured by fundus imaging modalities as intro-
duced in Sect. 9.2: (i) Thinning of the neuroreti-
nal rim and (ii) a simultaneous extension of ONH
cupping can be measured in fundus photogra-
phies and HRT images [27] as shown in Fig. 9.4
for an example fundus image [8]. (iii) The thin-
ning of the retinal nerve fiber layer can be quanti-
fied, e.g., by OCT devices, and correlates with
visual field defects due to glaucoma [28].
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Fig. 9.4 Fundus image showing the optic nerve head
(ONH): The optic cup is visible as bright spot inside the
optic disk enclosed by the neuroretinal rim (Image data is
taken from the high-resolution fundus (HRF) database

9.4.1.1 2-D Optic Nerve Head Analysis

A medically established feature accepted for
glaucoma diagnosis is the cup-to-disk ratio
(CDR) defined as:

d
CDR = 22

disk

9.1

where d,, and dgy denote the vertical cup and
disk diameter, respectively. With a thinned neu-
roretinal rim and an enlarged cup in case of glau-
comatous eyes, a larger CDR indicates an
increased risk of glaucoma.

Originally, the CDR was manually determined.
An automated calculation is possible when utiliz-
ing recent image segmentation algorithms. A
supervised procedure employs pixel classification
to discriminate between disk, cup, and remaining
background, e.g., based on superpixels [25].
Contrary, region-based methods rely on active
contour models for disk segmentation and vessel-
bend detection [23]. In case of stereo fundus
imaging, the depth map obtained from a stereo
image pair can be utilized to increase the reliabil-
ity of the cup segmentation [29]. Once disk and
cup are segmented, d.,, and dyy are measured to
determine the CDR according to Eq. (9.1).

The CDR may also be combined with further
structural features such as the blood vessel areas

in inferior, superior, nasal, and temporal (ISNT)
quadrants or the distance between optic disk cen-
ter and ONH as proposed by Nayak et al. [9]. The
optic disk size should also be included to glau-
coma classification as it highly correlates with
CDR [30].

9.4.1.2 Topographic Optic Nerve
Head Analysis

One inherent limitation of the CDR is that it
ignores the underlying surface of the ONH as it is
a 2-D feature only. HRT imaging enables the
topographic analysis of the optic nerve which has
been also investigated for glaucoma detection
[11,31].

In the approach of Swindale et al. [11], a
surface model z: > —  estimated from ONH
images defines the depth z as a function of the
position (#, v) on the ONH. This model consists
of two parts modeling the surface: (i) the para-
bolic retinal fundus and (ii) the ONH cup, which
is parameterized by ten features. These encode
meaningful structural features such as center,
radius, slope, or depth of the optic cup as well as
secondary parameters such as cup gradient mea-
sures derived from the model. They differ for
healthy and glaucomatous subjects and are uti-
lized for glaucoma detection. The resulting glau-
coma probability score (GPS) is obtained by a
Bayes classifier which allows to introduce an
adapted loss functions [15] in order to penalize a
misclassification of a glaucoma patient as a
healthy one, usually referred to as false negative.
This is useful in a screening scenario where
unrecognized cases should be avoided.

Twa et al. [32] modeled the ONH depth profile
utilizing pseudo-Zernike radial polynomials. The
parameters are then used as features within a
decision tree classification. This method can be
considered as a generalization of Swindale et al.
[11] as a generic parametric function is used in
comparison to a cup-specific parametric model.

9.4.1.3 Volumetric Retinal Nerve

Fiber Layer Analysis
In addition to 2-D and topographic modalities,
OCT imaging enables an in-depth analysis of the
retinal layers. To enable a reliable determination
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of the RNFL, modality-specific image artifacts
such as speckle noise [33—-35] and motion arti-
facts [36] need to be compensated beforehand.
Afterward, an automatic analysis of the RNFL by
image processing and classification methods is
promising for glaucoma detection [13, 14].

A threshold-based classification schema con-
sidering the single average RNFL thickness is
proposed by Pachiyappan et al. [37]. The RNFL
is automatically segmented by active contours.

The amount of input features is extended by
Bizios et al. [38] who added new parameters to
the conventional structural measurements that
capture percentile thickness values of different
retinal quadrants around the ONH. For classifica-
tion, (i) an SVM and (ii) neural network classifi-
ers were applied and compared.

An automatic framework for glaucoma
detection that also extends the feature space has
been proposed by Mayer et al. [39]. Based on an
automatic segmentation of the RNFL in circular
B-scans centered at the ONH [40], the following
features are extracted from the RNFL thickness
profile and used as classifier input: (i) statistical
features including minimum, maximum, and
mean values of the profile and (ii) the entire
thickness profile compressed by a PCA model.
The yielded feature vector x only represents the
appearance of the RNFL without including any
anamnesis data and is utilized by an SVM
classifier.

Overall, the structure-driven methods for glau-
coma detection mainly rely on a small set of highly
discriminative and medically motivated features.

9.4.2 Data-Driven Glaucoma
Detection

In data-driven approaches, the entire image data
is exploited by general-purpose features such as
spectral or texture features that are established in
signal and image processing. These features are
neither directly related to glaucoma nor of clini-
cal meaningfulness but represent an abstract
mathematical description of the retina. Novel
techniques employing this concept for glaucoma
detection are described in the following sections.

9.4.2.1 Higher-Order Spectra (HOS)

and Texture Analysis
The glaucoma detection method introduced by
Acharya et al. [41] exploits higher-order spectra
(HOS) features that are combined with texture
features.

The proposed HOS features exploit phase and
amplitude information of fundus images. Spectral
descriptors are obtained from this information and
are used as features for glaucoma classification.

The variation of pixel values in an image
encodes its texture. For the extraction of texture
features, two quantities are analyzed:

(i) The gray-level co-occurrence matrix encodes
the number of combinations for different
pixel values in an image. Additionally, a dif-
ference matrix encodes probabilities that a
certain gray-level differences between two
pixels occur. This is derived from the co-
occurrence matrix.
The run-length matrix Py(i, j) encodes how
often a pixel value i successively appears j
time for a certain direction given by angle 6.
From these quantities, texture descriptors are
derived as features. For a mathematical defi-
nition of the complete feature set, the inter-
ested reader is referred to [41].
HOS and texture features are combined as a
joint feature set to discriminate healthy and glau-
coma subjects. Therefore, SVM, random forests,
and naive Bayes classifiers have been investi-
gated showing competitive performance in terms
of sensitivity and specificity.

(i)

9.4.2.2 Wavelet-Based Features

Dua et al. [42] proposed to use the discrete wave-
let transform (DWT) as a feature extractor in
glaucoma detection from fundus images showing
the ONH.

The DWT decomposes the input signal, i.e.,
the fundus image, into spatial and frequency
domains at different scalings and is well estab-
lished in signal and image processing. To identify
the most discriminative descriptors for glaucoma
detection, this extensive set of features is then
reduced by feature ranking and selection. Similar
to [41], several classifiers such as random forest,
SVM, and naive Bayes have been investigated.
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9.4.2.3 Eigenimages and Glaucoma

Risk Index (GRI)
The concept of appearance-based pattern recog-
nition for glaucoma detection on fundus images
was introduced by Bock et al. [6] and is inspired
by the Eigenimages originally proposed for face
recognition [43].

First, input images are preprocessed using
ONH centering, illumination correction, and
blood vessel inpainting to remove image charac-
teristics not related to glaucoma. Then, three dif-
ferent feature types are extracted from the
images: (i) the raw image intensities, (ii) the
Fourier coefficients, and (iii) the B-spline
coefficients. Each of these feature sets is sepa-
rately compressed by an unsupervised PCA to
condense the major image variations into a com-
pact format. Finally, an SVM classifier hierarchy
is employed. In the first stage, each feature vector
per feature type is classified by one probabilistic
SVM yielding three distinct glaucoma probabili-
ties. In the second stage, these three probabilities
are then merged to an intermediate feature vector
and used as input for an additional probabilistic
SVM to obtain a final probabilistic glaucoma risk
index (GRI). The processing pipeline for the GRI
computation is outlined in Fig. 9.5.

9.4.2.4 Independent Component
Analysis

A further appearance-based method for glau-
coma detection has been proposed by Fink et al.
[44]. This method utilizes the independent com-
ponent analysis (ICA) [45] on images captured
with a confocal laser ophthalmoscope (Heidelberg
retina tomograph (HRT)). In contrast to PCA,

ICA decomposes the signal into statistically
independent factors. The entire HRT image is
treated as a feature vector and used to derive its
ICA decomposition coefficients. The final clas-
sification is then achieved by applying a K-nearest
neighbor classifier utilizing these coefficients as
a feature.

9.5 Summary

This section summarizes the performance of the
described structural and data-driven approaches.
Subsequently, both paradigms are discussed and
compared.

9.5.1 Performance Comparison

For quantitative evaluation, the following mea-
surements are considered: (i) the accuracy to
assess the percentage of correctly classified
images, (ii) the sensitivity and specificity to quan-
tify the trade-off between a sensitive glaucoma
detection and an unreasonable high false-positive
rate, and (iii) the area under the receiver operating
characteristic curve (AUC) to evaluate for the
overall performance. While the AUC measure-
ment is independent from a binary cut-off thresh-
old during classification, the remaining
measurements might be adjusted by selecting a
different threshold, e.g., optimized for a screening
scenario. Table 9.1 summarizes quantitative results
as reported in the cited original publications. The
numbers are not necessarily gained from the same
sample set and may have different distributions of

Preprocessing

= Vessel removal :
ONH normalization

Fig. 9.5 Glaucoma risk index (GRI): The processing
pipeline performs three major steps: (i) preprocessing to
eliminate disease independent variations, (ii) data-driven
feature extraction based on different feature types and

Feature extraction

lllumination correction - Raw pixel intensities
=1 FFT coefficients

B-spline coefficients

Classification
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principal component analysis (PCA), and (iii) two-stage
probabilistic classification using support vector machine
(SVM) to achieve the final risk index
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glaucoma disease, age, sex, or race. If multiple
classifiers were evaluated on the same feature set,
we report the best performance achieved.

The results indicate that image-based glau-
coma detection achieves a notable accuracy and
an AUC of at least 80 %, respectively. Considering
fundus photography and HRT imaging, both
structural and data-driven methods can achieve
an accuracy of around 90 %. However, volumet-
ric analysis based on OCT data is characterized
by an outstanding AUC of up to 98 %. Thus, nei-
ther structural nor data-driven methodology is
outperforming the other one, while the volumetric,
structure-driven techniques seem to be most
discriminative.

9.5.2 Structure-Driven vs. Data-
Driven Approach

The presented paradigms achieve a comparable
glaucoma detection performance within the same
imaging modality although they both rely on con-
trary basic assumptions.

Structure-driven methods depend on a small,
but highly discriminative, set of features, neglect-
ing the bigger part of the image data. In general,
these are either computed by fitting a parametric
model to the image data or segmenting retinal
structures. The obtained indicators were manu-
ally selected and proved by clinical studies and/
or trials. In mass screening, an automated and
reliable analysis, e.g., of the CDR, relies on an
accurate segmentation of cup and disk. However,
since boundaries of these structures are not well
defined and highly variable, such an automatism
is difficult to achieve in practice.

In data-driven approaches, no manual preselec-
tion of the image content is performed, but the entire
image data is utilized. The desired compact set of
discriminative features required for a reasonable
classification is then obtained by a subsequent auto-
matic feature selection and compression. Thus, the
data-driven techniques might extract novel features
that are not yet captured by structure-driven
approaches. A further medical analysis of these data-
driven features is promising as it might provide new
insights to glaucoma disease and its variations.

Conclusion

This chapter presents novel trends for glau-
coma detection by means of pattern recogni-
tion. These techniques employ noninvasive
and in vivo imaging of the human retina and
can be embedded to computer-aided screening.
In the course of this chapter, methods based on
fundus photography, topographic HRT imag-
ing, and volumetric analysis using OCT are
reviewed. The two major methodologies, i.e.,
(i) structure- and (ii) data-driven techniques,
utilize complementary image information and
showed a comparable performance.

Even when first experimental evaluations
showed promising results, there are several
ways to extend these techniques and to gain
new insight to glaucoma disease and its charac-
teristics. Since all presented methods employ a
single imaging modality, multimodal tech-
niques are an interesting extension. Therefore,
complementary information, e.g., 2-D photo-
metric data obtained from fundus photography
augmented by volumetric data acquired by
OCT, can be used to extract a multimodal fea-
ture set. In addition, features obtained by struc-
tural and data-driven methods can be combined
to a hybrid classification approach. This might
improve automatic glaucoma detection in order
to reduce the amount of manually assessed
screening patients and may help to reduce the
costs of glaucoma screening programs.
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10.1 Mobile Technology

in Tele-education
10.1.1 Definition and Terms

Tele-medicine is defined as “the use of medical
information exchanged from one site to another via
electronic communications to improve, maintain,
or assist patients’ health status” [1]. As such, tele-
medicine includes electronic health, telehealth,
telematics, and also tele-education [2]. Over the
past decades, tele-medicine and tele-education, in
particular, have seen a dramatic change as physi-
cians and educators have embraced novel technol-
ogy. Long gone are the days of distributing DVRs:
educational programs are now available online,
either as scheduled live web conferencing (webi-
nars) or on-demand. The main advantages of tele-
education are increased flexibility, increased
capacity for educational institutions compared with
traditional learning, and uniform distribution of
educational material outside academic centers [2].

Tremendous advances in the field of mobile
communication over the past decade have con-
tributed significantly to both the availability and
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popularity of tele-education, largely as a direct
result of the advent of the smartphone allowing
content to be downloaded through the network
carrier data service while on the go. The Oxford
English Dictionary defines a smartphone as “a
cellular phone that is able to perform many of the
functions of a computer, typically having a rela-
tively large screen and an operating system capa-

ble of running general-purpose applications” [3].

10.1.2 History

The first smartphone was first introduced by IBM
in 1993, even although at that time the term
smartphone had not yet been coined. IBM’s
“Simon” was the most advanced and high-tech
cell phone of its time, featuring emailing capa-
bilities, a calendar, world clock, fax function, a
calculator, and games, all controlled through a
touch screen interface. Some of the early smart-
phones included Nokia’s 9000, launched in 1996,
and Ericsson’s R380, which was released in the
year 2000. It was in fact the concept version for
the R380, named “GS 88 Penelope,” which was
called a “Smart Phone.” Research in Motion Inc.
released their 6000 series Blackberry in 2003,
which dominated the global smartphone market
for the following 5 years. Earlier Java-based
Blackberry models had cell phone capabilities
but required a headphone for cellular communi-
cation. Rapidly, future models evolved to include
color screens, Bluetooth™ capability, integrated
speakerphones, global positioning system (GPS),
a camera, trackball interface support, internal
memory cards, and additional software, marking
the start of a transition from devices primarily
targeted at businesses to consumer models. The
major event in the history of smartphones was the
launch of Apple’s iPhone in January 2007, which
started a transformation of the perception of cel-
lular and mobile communication, which is per-
haps best summarized by a quote attributed to
Steve Jobs, CEO of Apple Inc., that “the phone
was not just a communication tool but a way of
life.” With the ability to run third-party software
applications, so-called apps, available through
Apple’s iTunes Store, the iPhone truly deserved

the name “smart phone” and revolutionized the
cellular communications market (see Fig. 10.1).
The first Android operating system phone, the
HTC Dream, was then released on the US mar-
ket in 2008, 2 years prior to the first Google
phone. A comprehensive up-to-date history and
perspective on smartphones is given in [4]. Today,
it is estimated that approximately 50 % of the
general population in the USA and more than
95 % of US physicians own a smartphone, and
smartphones have become an integral part of our
daily lives for work, study, and play.

10.1.3 Today

Today’s smartphone market is dominated by two
players, Apple Inc. and Google Inc., who combine
92.3 % of all smartphone operating system ship-
ments in the first quarter of 2013 [5]. While
Android had a 75 % market share, iOS contributed
17.3 % to the total operating system shipments,
with Windows Phone and Blackberry OS making
up 3.2 and 2.9 %, respectively, according to the
same study. However, despite the dominance by
Android overall, the healthcare sector remains
strongly dominated by Apple. While it is notori-
ously difficult to accurately determine mobile
communication hardware preferences, estimates
suggest that almost 90 % of physicians use and
prefer Apple mobile devices over Android or any
of the other competitors. Why? Several reasons are
likely the cause for this very uneven distribution
compared with the general public:

1. Apps. There is a much larger number of high-
quality medical applications for the Apple
platform compared with Android (cf. 6).

2. Integration. Apple has maintained a strong
position by integrating several devices, and
many apps work on both the iPhone and
Apple’s iPad or have even been converted to
dedicated tablet versions.

3. Compatibility. Apple provides iOS updates
for most supported devices ensuring that apps
continue to work. In contrast, there are multi-
ple versions of the Android OS on the market
and not all apps work seamlessly with all the
versions.
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Fig.10.1 The smartphone has changed our lives and also
the healthcare profession. Office-based tasks can now be
completed “on the go,” and the smartphone has taken the

4. Implementation. Many academic institutions
have implemented Apple hardware, notably
iPads, into their education curricula as well as
patient care. Apple’s strength in integration
clearly has swayed the decision making of
healthcare professionals and educators toward
choosing an iPhone over an Android-based
smartphone.

What does the future hold? In the short history
of mobile phones and smartphones, no single
player has dominated the market both in terms of
technological innovation and market share for
more than 5-6 years. Research in Motion has
begun a major restructuring of the company and
recently released 4G LTE-compatible devices,
the BlackBerry Q10 and Z10 smartphones, as
well as their BlackBerry PlayBook tablet. It

place of reference books, the desk phone, stationary
Internet computers, and handheld assistants (Illustration:
Joe Moran, UMKC School of Medicine)

remains to be seen whether the BlackBerry™
will have its comeback. Nonetheless, industry-
leading security standards and exceptional email
integration remain the most important purchase
decision factors for a BlackBerry device.
Furthermore, BlackBerry sales may benefit from
new regulations and privacy concerns regarding
the security of medical records.

Software applications, apps, are available
through application distribution platforms based
on the mobile operating system. For iPhones and
iPad, apps are available through the Apple App
Store, while Android apps are distributed via the
Google Play. Microsoft and Research in Motion
operate the Windows Phone Store and BlackBerry
App World, respectively. Many apps, including
specialized medical apps, are free, while others
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are offered for purchase (in the medical field
often the case for reference works and textbooks)
or on a subscription model. In the following, we
will describe some of the various types of apps
available for ophthalmologists.

10.2 Appsand Tools
for the Ophthalmologist
and Vision Researcher

The number of apps specifically designed for
the healthcare provider is rapidly growing, and
there are countless apps with an ophthalmologi-
cal focus [6, 7]. Recent studies have shown that
up to a third of physicians make prescription
decisions based on data from smartphone apps
[8]. However, with patient safety in mind,
assessing the quality, accuracy, and currentness
of the content makes choosing an app far from
a simple task. The larger the number of apps
used for medical decision making, the greater
the time and effort required to update the apps,
organize the device, and remember “which is
which.” This also means that an app that incor-
porates as many features into one application as
possible and at the same time maintains a user-
friendly and logical interface will provide the
greatest gain in productivity.

The one single most comprehensive app on
the market, available for both iPhone and
Android, is the Eye Handbook. Eye Handbook
was originally launched for iPhone in 2009 and
has since had more than 750,000 downloads and
updates, making it the most popular ophthalmo-
logical smartphone app.

10.2.1 The Eye Handbook

The Eye Handbook (Cloud 9 Development,
LLC) was developed by ophthalmologists for
ophthalmologists and features the most compre-
hensive collection of tools for ophthalmological
testing as well as patient and physician education.

The Eye Handbook is a free application that is
currently available in the iTunes and Google
Play Stores.

The included testing tools such as near vision
cards, color vision plates (see Fig. 10.2), ani-
mated pediatric fixation targets, Amsler grids,
etc. (for complete listing, see Table 10.1), will of
course not replace office-based testing under
ideal conditions; however, these tools can be par-
ticularly useful in the clinical setting when per-
forming inpatient consults and emergency room
visits. An additional advantage is their use in
rural areas and in assisted living facilities, where
office visits often pose a significant strain and
burden on patients.

One important aspect in the daily clinical
practice is patient education. Providing verbal,
visual, or written material to improve patient
understanding of ophthalmic diseases and dis-
ease processes is a critical factor for successful
treatment approaches as well as compliance.
Eye Handbook provides a plethora of patient
resources, which include a 3D rendering of
a rotating eyeball allowing the physician to
delineate specific anatomical considerations in
medical or surgical disease management. Also
included is a list of the most common disease
processes encountered in the day-to-day oph-
thalmology practice. Short, succinct narratives
provide relevant and credible patient education,
including links to several third-party website
with informative content. A section for cod-
ing provides ICD-9, CPT codes, and a spe-
cial section for commonly used modifiers in
ophthalmology. This provides an easy-to-use
always-available coding resource for the prac-
ticing physician. The newly launched Media
Center and Forums sections provide various
educational tools (flash cards, surgical videos,
and lectures) and the opportunity to share and
discuss complicated cases with colleagues.
Various medical and ophthalmological calcula-
tors are also included (see Fig. 10.2).

At this time, the Eye Handbook is the most
comprehensive and up-to-date ophthalmology
app available for iPhone and Android [6, 7]. The
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Back Transposition Cal...

Calculate
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Color Vision (3/16)

Fig. 10.2 Screenshots from the Eye Handbook app. Left:
The transposition calculator is one many calculator tools
available in the application. Right: Color vision slide to

Eye Handbook is offered as a free app through
the Apple iTunes Store for iOS and the Google
Play Store for Android OS.

10.2.2 Atlas of Ophthalmology

The Atlas of Ophthalmology app is the iPhone ver-
sion of the online-based Atlas of Ophthalmology.
A pictorial documentation of eye disease, the
emphasis of the Atlas is placed on highlighting
the clinical manifestations and various stages
through around 2,500 photographs and ancillary
tests, rather than by providing a detailed overview
of disease pathophysiology, diagnosis, and treat-
ment. The Atlas is offered free of charge as long
as it is used for educational purposes.

diagnose colorblindness (Reproduction of screenshots
with permission by Cloud Nine Development, LLC)

10.2.3 Epocrates Rx

Besides specialized ophthalmological apps, there
are a number of general medical apps, which also
can prove useful to the ophthalmologist.
Epocrates Rx is a free drug reference app that
provides up-to-date information on drugs and
drug interactions. The information on drugs
includes search functionalities for generic and
trade names and information on adult and pediat-
ric dosing. Each entry also provides details on
adverse effects, drug interactions, and black box
warnings as well as the pharmacological profile
of the drug. The app also provides estimated
retail drug pricing for patients and information
regarding the coverage/reimbursement by a large
number of US insurance plans.
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Table 10.1 Features available in the Eye Handbook app

Calculators

Age to bifocal add
Amplitude of accommodation
Diopter to radius conversion
Glaucoma risk calculator
IOL calculators

IOP-CCT calculator

SIAC

Toric calculators
Transposition calculator
Vertex conversion

Visual acuity calculator

Testing
Accommodation test
Amsler grids

Color vision

Contrast sensitivity test
Duochrome test
Fluorescein light

Near vision cards

Near vision cards (inverted)
OKN drum

Peds fixation targets
Peds optotypes
Penlight

Pupil gauge

Red screen bilateral
Red screen unilateral

Other features
Coding
Equipment

Eye atlas

EHB manual
Meds

References

RSS feeds
Treatment
Patient tools

Eye diagrams
Media consent form
Patient education
Vision symptoms

Ruler
Worth 4 dot

Physician and patient tools available in the Eye Handbook app. The app offers a large number of calculators and tools that
can facilitate eye exams in the non-office setting. The Media Consent form allows the patient to sign a release right on the
screen permitting the publication and educational use of audio, video, and photography, as well as sharing the media with
other medical personnel for consultation. The consent form can be emailed directly and can be stored on the device

IOL intraocular lens, CCT central corneal thickness, SIAC Surgically Induced Astigmatism Calculator, OKN optoki-

netic, EHB Eye Handbook, RSS Rich Site Summary

Epocrates Rx also contains a number of useful
reference features. Pill ID not only provides an
image of a given drug and a detailed description
of the pill characteristics, it also allows identify-
ing a pill based on its physical characteristics
(such as color or shape) and/or the imprint code.
Helping patients identify the correct pills or
ensuring that medications are sufficiently differ-
ent for patients to easily distinguish can help pre-
vent medication errors, which are frequently
associated with serious consequences.

10.2.4 Clinical Trial Information

Clinical trial information is also available at the
fingertip, and a growing number of apps feature
access to clinical trial databases. The app Clinical
Trials (StopWatch Media Inc., Philadelphia, PA,
USA) mines databases by the National Library of
Medicine and National Institutes of Health to list
over 86,000 clinical trials registered with the US
government. Access to the information is provided

by means of an intuitive search interface with
search options and limiters similar to the regular
web interface. Advanced search options in the
Clinical Trials app include searching for type trial
(observational, interventional, or expanded access),
location, clinical trial phase, and enrolment status.
Various email features within the app are designed
for emailing both individual trial information and
an entire list of relevant trials using the iPhone’s
email interface, allowing easy sharing of the infor-
mation with patients and colleagues. Furthermore,
the app has customizable email templates for con-
tacting the study coordinator and principal investi-
gators with questions regarding the trial.

10.2.5 Wills Eye Manual and Other
Reference Resources

Various time-tested references are now available
in the mobile format and e-books. Wills Eye
Manual is available on a yearly subscription
basis. Various other ophthalmology textbooks are
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also now available on a number of different pur-
chase or subscription models. Similarly, most
peer-reviewed ophthalmology journals can be
accessed through their respective apps or a
smartphone-friendly website interface.

10.2.6 Tools for Vision Research

Over the past years, the presence of smartphones
in the basic science laboratory has significantly
increased. Especially popular among younger stu-
dents and research staff, the smartphone has
replaced timers, calculators, and other small digi-
tal aids. Moreover, the number of specialized basic
science applications has steadily increased over
recent years. Again, estimating the number of sci-
entific apps is difficult to estimate, mostly as many
apps currently available may be categorized as ref-
erence, medical, productivity, or utility app.

More recently, many manufacturers now also
provide iPhone or Android apps as product sup-
port. While some of these are mere smartphone
versions of websites or online catalogs, others
include technical references and animated tutori-
als for a variety of equipment and consumables
used in a modern vision research laboratory.

10.3 The Smartphone as a Device
for Research and Diagnostics

Technological advances have turned the smart-
phone in a powerful computer that can compete
with laptops and stationary computers, and com-
puting capabilities have surpassed the microchips
in small handheld research and diagnostic devices.
Most recently, a number of devices have appeared
on the market that utilize the smartphone, in most
cases the iPhone, as the portable hardware, com-
puting, or image acquisition backbone.

10.3.1 iExaminer
Welch Allyn Inc. (Skaneateles Falls, NY) recently

launched the iExaminer add-on, which turns their
market-leading PanOptic Ophthalmoscope into a

Fig. 10.3 The Welch Allyn iExaminer turns the iPhone
into a high-resolution imaging device for fundus and reti-
nal nerve (Photo with permission from Welch Allyn Inc.)

smartphone-powered digital imaging device (see
Fig. 10.3). Using an adaptor that aligns the opti-
cal access of the PanOptic Ophthalmoscope to the
visual axis of the iPhone camera allows the cap-
ture of high-resolution pictures of the fundus and
retinal nerve. Images are acquired and saved using
the iExaminer app. Featuring the unique field of
view of the PanOptic Ophthalmoscope, which
provides a five times larger fundus view than a
typical ophthalmoscope and a 25° field of view
without the need for dilating the pupil, the iEx-
aminer allows fundus imaging in the non-office
setting. Of particular note, the iExaminer has
received 501(K) FDA clearance. It is anticipated
that such an inexpensive solution will enable
screening for ocular disorders in the primary care
or non-office setting, especially for the prevention
or early diagnosis of diabetic retinopathy.
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Fig. 10.4 (a) The mobile device-based imaging setup of
the BiO-ring closure assay. The 96-well plate is placed on
the top of the setup. The smartphone device is located at
the bottom of the setup, with the camera facing upward to
image the whole plate. (b) A sample image taken with the
mobile device of 30 rings of HEK293s and ibuprofen.
Note the dark color and the resolution of the rings within
the media. Scale bar: 5 mm. (¢) Dose-response curve of

10.3.2 The BiO-Ring Closure Assay

The BiO-ring closure assay (n3D Biosciences
Inc., Houston, TX) uses an iPhone/iPod in com-
bination with their proprietary 3D cell culturing
technology using the magnetic levitation method.
In this configuration, the mobile device is used
for image capture (see Fig. 10.4a) of cells migrat-
ing in a 3D cell culturing environment. In this
assay, the rate of migration can be used to gener-
ate dose—dependence curves for measuring drug
toxicity or efficacy, as shown in the case for ibu-
profen, a known nephrotoxic drug, and exposure
on human embryonic kidney (HEK-293) cells
(see Fig. 10.4b, c). The use of the smartphone
device allows for compact and environmental
experiments to be performed with standard cell
culturing incubators while forgoing the need for
large and expensive imaging equipment such as
microscopes. The dark brown color of the
nanoparticles and the density of the 3D culture in
this system allow distinguishing the 3D culture
and provide contrast against the surrounding
media. Commonly available mobile devices have
cameras with sufficient resolution to capture
whole plates rather than individual wells, and
these mobile devices can be programmed to take
images at specific time points. This method elim-
inates the need to image cultures under a microscope

Ring closure rate (% of control)

2 R 8 1o 12
—20 4 ! Ibuprofen Concentration (mM)
IC50=1.48

ibuprofen and HEK293s resulting from the analysis of
changes in ring diameter measured from images shown in
(b) as a function of time. The rate of ring closure was
found by fitting diameter—time curves using linear least-
squares fits and then normalizing the rates to control. The
ICsy was found to be 1.48 mM. Error bars represent stan-
dard deviation (figure with permission from n3D
Biosciences Inc., Houston, TX)

at multiple time points, which reduces the risk of
contamination from moving plates in and out of
sterile environments.

10.3.3 Other Devices

Over the past year, a growing number of iPhone-
powered medical and diagnostic devices have been
launched. These include adapters for slit lamps
(Slit Lamp iPhone Adapter by Optivision2020,
Inc.), probe adapters for measuring blood glucose
levels (iBGStar by Sanofi-Aventis LLC), and even
connections for mobile ultrasound diagnostics
(MobiUS™SP1 by MobiSante Inc.). The number
of such devices is likely to grow exponentially over
the coming years, especially given the endorsement
and approval by the FDA for mobile solutions that
can assist prophylaxis and early diagnosis of a num-
ber of devastating disorders of societal importance.

Conclusions

Over the past decade, we have witnessed a
revolutionary change in the field of medicine:
tele-education and tele-medicine have become
omnipresent, as cell phones have developed
into high-end portable computers. While early
smartphones provided email access and lim-
ited browser capabilities, large multimedia file
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downloads in high-definition (HD) quality are
now possible and, more importantly, extremely
fast, as carrier network data speeds match or
even exceed the average data transfer rate of a
home DSL service. Furthermore, memory and
storage have increased such that a practically
unlimited number of software applications
can be downloaded to the latest generation of
smartphones. Most apps are offered free or for
a modest fee and can be installed on multiple
devices, which has led to a healthy competi-
tion between app developers and prevented
market dominance previously seen with stan-
dard office software for desktop computers.
Perhaps one of the biggest questions in
recent years was whether the smartphone would
increase productivity or simply add distraction.
Productivity apps certainly now seamlessly
integrate all sources of information, and high
data speeds and availability of network data ser-
vices and public and corporate WiFi hotspots
provide for the continuous synchronization of
files between office computers, cloud servers,
and the smartphone. Dictation tools and smart
touch input allow “typing” at similar speeds as
on a regular, full-size keyboard and make the
tedious input using the number keyboard on a
small cellular phone a distant memory.
Professional apps, such as the Eye Handbook
presented above, now also increase our produc-
tivity in the clinical and laboratory setting, by
providing a single tool to assist with patient edu-
cation, clinical testing and diagnostics, refer-
ence works, and much more. Similarly, using
the smartphone as medical or diagnostic device,
data is available immediately for wireless syn-
chronization and dissemination. So overall, the
smartphone certainly has the capabilities to
make us more productive and efficient, when
utilizing available tools to their maximum
extent. However, education on efficient smart-
phone use is necessary to fully utilize the bene-
fits it offers, much similar to the early computer
courses in the early days of the digital age.

Otherwise, smartphones will remain an expen-
sive gadget for recreational use.
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