REVIEW ARTICLE

MEDICINE

The Papilla as Screening Parameter
for Early Diagnosis of Glaucoma

Georg Michelson, Joachim Hornegger, Simone Warntges,

Berthold Lausen

SUMMARY

Introduction: In the industrialized countries 67 million
people suffer from glaucoma, which represents the third
most common cause of blindness and thus has a high
economic impact. Early diagnosis of glaucoma, which does
not necessarily involve raised intraocular pressure, is
essential because by the time the patient notices functional
impairment the damage is irreversible. Early treatment can
decrease the rate of blindness 20 years later by about
50%.

Methods: Selective literature review and clinical investigation
of early glaucoma detection and of screening methods.

Results: Currently, no evidence-based recommendations
for glaucoma screening can be found in the literature. No
single method or combination of screening procedures can
be recommended unambiguously on economic grounds.

Discussion: From the clinical perspective sensitive, specific,
and cost-effective glaucoma screening seems feasible.
The high-risk group would need to be defined on the basis
of age and family history. A two-stage screening process
would then have to be established with initial computer-
supported telemedical sorting followed by telemedical
ophthalmological diagnosis of cases selected for clarification.
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laucoma disease is progressive and poses an

important challenge to healthcare systems. Inthe
industrialized countries, some 67 million people have
glaucoma; the prevalence is 2 to 3% in persons older
than 40 (1). From the 60t year of life, the prevalence
doubleswith every decade of life (2) (figure 1). Therate
rises from 0.1% in the fourth decade to 9.7% in the
eighth decade (3). In Germany, the proportion of people
older than 65 was 19.3% in 2005; it will increase to
28.7% in 2030 and 34.1% in 2050. These calculations
are based on datafrom the Federal Statistical Office (4, 5).
Assuming mean prevalence rates of glaucoma of 1.0%,
2.9%, and 5.3% for the age ranges 50 to 64, 65to 79, and
older than 80 years, respectively, and taking into
account the demographic changes in Germany up to
2050, the number of glaucomapatientsisset torisefrom
710 000 to more than 970 000 in 2030 and to 1.01 million
patients afterwards. The cal culated population prevalence
will amost double from 0.86% in 2005 to 1.26% in
2030 to 1.60% in 2050 (table 1a and 1b). Estimates for
Germany even now assume some 950 000 patients with
primary open-angle glaucoma (6). Ocular hypertension
with raised intraocular pressure is regarded as merely
one of severa risk factors that can occur in isolation
without morphological or functional signs of glaucoma.
Some 2510 50% of patientswith glaucomarelated atrophy
of the optic nerve have normal pressure glaucoma —
their intraocular pressureis not raised (7).

Some 50% of patients are unaware that they have
glaucoma (6, 8). Glaucoma is the third most common
cause of blindness in industrialized nations (9). The
annual incidence of glaucomarelated blindnessin Ger-
many isincreasing and will affect some 1900 peoplein
2020 (10). Some 4.5 million people worldwide will
develop bilateral blindness due to primary open-angle
glaucoma, and this number is set to increase to 5.9 mil-
lion by 2020 (11). Since patients notice glaucoma only
once functional impairments — and thus irreversible
damage — have developed, early detection and early
treatment are of crucial importance to avoid blindness.
In glaucoma, simultaneous specific damage affects the
neural fibers and astrocytes of the optic nerve and the
retinal ganglion cells. Only alossin neural fibers of at
least 50% enables the proof of visual field impairment.

In Germany, glaucoma screening is recommended
according to the guideline every 3 yearsin al persons
aged 40 to 64 years and in persons ol der than 65 every 1
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Prevalence of glaucoma as a function of age. Calculations of

the incidence and prevalence of open-angle glaucoma are based on
the glaucoma model of Quigley and Vitale (2). Data from 14 different
population based studies went into this model. The model calculations
relate to white (Caucasian) people. Mean prevalence rates from
different publications are also shown. The values were taken from
publications as follows: @ from (3), @ from (e5), and © from (e6).

to 2 years (12). Glaucoma screening can be accessed as
an "individual healthcare service" (which patients pay
for) and entails a medical history, general medical eye
examination with optic nerve checks and tonometry.
The costs will be covered by the statutory health insu-
rance companies only in patients in whom glaucomais
suspected or who have specific risk factors.

In this article, we will review the current situation
with regard to early diagnosis of glaucoma and the
available investigative methods, and will assess the
medical quality of screening examinationsfor the detec-
tion of glaucoma.

Methods

We conducted a selective literature search of relevant
German language and English language publications,
focusing particularly on review articles with much
cited randomized studies or meta-analyses of preventive
glaucomadiagnosticsand on our own scientific studies.
We searched the databases of the Cochrane Library, the
National Library of Medicine/National Institutes of
Health, and the German Institute for Medical Docu-
mentation, using the search terms "glaucoma’, "tele-
medicine", "screening", "evidence based", and
"economic". We identified possible other relevant
studies from the bibliographies of the retrieved
articles. We gave preference to studiesthat investigated
glaucomascreening intheWesternindustrialized nations.
We assessed the relevance of the studies on the basis of
our own clinical experience.

Results

Presenting and assessing the study methods

Glaucoma induced visua functional impairments have
to be distinguished from glaucoma induced changes to
the ocular morphology. Table 2 shows the sensitivities
and specificities of theindividual screening tests.

Functional perimetric investigative methods— such as
thefrequency doubling technique (FDT, spatial and tem-
poral contrast sensitivity) and blue-yellow perimetry —
enable detection of glaucomatous visua field defects
earlier than standard perimetry because they investigate
specia retina functions. Standard perimetry is more
suitable for documenting progression. Papillary changes
— such as a generalized or focal loss of the rim margin,
focal nerve fiber defects, and parapapillary hemorrhages
are pathognomonic for glaucoma (figure 2). For thisrea-
son, screening should entail assessment of the optic nerve.
Screening also enables confirmation of pre-perimetric
glaucoma with morphological changes that precede
measurable visual field defects. The most important
papillary and nerve fiber examinationsinclude:

® Ophthalmoscopic examination.

® Optic nerve head or nerve fiber photography using
anon-mydriatic fundus camerato determinetherelation
between the excavation and papillary marginsin avertical
direction (C/D ratio). Together with papillary size mea-
surements this is an important criterion in assessing
optic nerve head images with suspected glaucoma.
Interobserver reliability ishigh, at 0.84, asis consistency
with the C/D ratio determined by Heidelberg retina
tomography (13).

® Confocal scanning laser tomography for three-

dimensional measurements of the optic nerve head
with quantitative determination of papillary size
and rim margin.

® Scanning laser polarimetry (GDx) and optical

coherence tomography (OCT) measure the layer
thickness and topological distribution of the neural
fibresin the papillary region.

® Theretinal thickness analyzer (RTA) enables mea-

suring of the entire retinal thickness.

Tonometry is used to measure the most important
treatable risk factor-intraocular pressure. Goldmann
applanation tonometry of the anesthetized corneaisthe
current gold standard in patients whose corneal thick-
nessisnormal. In non-contact tonometry, ashort gust of
air isblown onto the cornea. The corneal curvature pro-
vides information on intraocular pressure.

In sum, no investigative approach provides sufficient
valid data by itself to perform glaucoma screening.

In the quantitatively best screening study, the sensi-
tivity of the frequency doubling technique (FDT) was
92% and the specificity 93% (14). The sensitivity of laser
supported imaging methods for the fundus — such as
Heidelberg retina tomography, optical coherence
tomography, and scanning laser polarimetry — depends
on the stage of the glaucoma disease and the optic nerve
head size. The more advanced the glaucoma, the easier it
may be diagosed. The bigger the papillathe more likely
it may be mistaken for macropapilla with physiological
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TABLE 1a

Calculated glaucoma prevalence in Germany

Prevalence Population Glaucoma Population Glaucoma Population Glaucoma
(%) (x 1000) patients (x 1000) patients (x 1000) patients
(x 1000) (x 1000) (x 1000)
50-64 1.0 15143 16 203 14870
65-79 2.9 12189 349 15931 457 iISESY) 382
>80 53 3681 196 6305 335 10152 540
> 50 31013 709 38439 974 38 357 1010

Prevalence calculated after (2) for age range medians of 57.5 years and 72.5 years and for 84 years of age.
Population data from Federal Statistical Office (4), extrapolation of the population for 2030 and 2050 according to Federal Statistical Office (6);

macroexcavation without glaucoma. The smaller the
papillathe more likely it is for a small excavation to be
assessed as normal, although the excavation is already
due to glaucomatous loss of neural fibers. Heidelberg
retina tomography, optical coherence tomography, and
scanning laser polarimetry achieve an increasing sensiti-
vity —wherethe specificity isfixed at 83% (true negative
diagnosis) —depending on the glaucoma stage and papil-
lary size, and thusatrue positive diagnosis (table 3) (15).

Sequential diagnostics under screening conditions
are advantageous (16). Using simple investigative
methods including a family history, visual acuity mea-
surement, and frequency doubling technique reduced
the number of participants by 59.3% in the first step. If
the findings were conspicuous, Heidelberg retina
tomography wasinitiated subsequently. The combination
of these approaches, which was optimized in respect of
the threshold values, yielded a sensitivity of 96.8% and
aspecificity of 89.7%.

However, even though hi-tech investigative methods
may be applied the final responsibility for the diagnosis
or suspected diagnosis lies with the ophthalmol ogist.

Limitations

No study has thus far investigated Heidelberg retina
tomography under screening conditions. The results of
the studies that investigated several approaches showed
unambiguously that sensitivity, specificity, and receiver
operating characteristic (ROC) curves —a method used
to optimize threshold values — were improved by com-
bining investigative methods and using appropriate
algorithms.

Cost effectiveness

A British modeling study from 1997 (17) calculated the
cost of different screening pathways per correct diagnosis.
The authors evaluated combinations of ophthalmos-
copy, tonometry, and perimetry in primary care with a
prevalence of undetected glaucomaof 0.6% in the popu-
lation older than 40. This screening pathway for all per-
sons—or personswith ahigh glaucomarisk (numbersin
parentheses) —showed, with asensitivity of 87% (80%),
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we used tables A6 and A7 with "mean" population, upper limit.

TABLE 1b

ot oo zo0| 0

Prevalence in population >50 years| 2.29 @ 2.53 | 2.87
0.86 1.26 1.60

Prevalence in total population

To calculate population based prevalence values, we assumed the prevalence
in people younger than 50 to be zero because reliable epidemiological values
are lacking and the formula from (2) is not suitable.

a cost effectiveness ratio of (converted) Euro 1500
(Euro 1300) for all direct medical costs per true positive
diagnosis, with a specificity of at |east 97%. The screen-
ing was most economical when performed in the context
of eye examinations for other reasons, minimizing the
ophthalmoscopy expense and indirect costsand involving
non-medical personnel — for example, in non-contact
tonometry and modern perimetry.

A Canadian study from 1995 compared the costs of
different screening pathways—mainly theinitial fundus
examination with tonometry and, with perimetry used
only in the second examination — and treatments with
the years of blindness avoided (18). Relative to the
population of Quebec (more than 7 million), 354 years
of blindness (39.4 cases per year) in 40 to 79 year olds
could be avoided, if participation and compliance are
75%, the treatment is 50% effective, and a 3 year
screening interval is adhered to. The calculated cost
effectivenessratio is Euro 70 000 per year of blindness
avoided. The benefits of the avoided visual impairment
were, however, not investigated. Owing to the uncertain
datasituation and the high costs, the authorswere opposed
to glaucoma screening.

Thejoint federal committee (G-BA) has not approved
glaucoma screening (19), for the following reasons:

® Intraocular pressure, when measured inisolation, is

merely one risk factor and is subject to substantial
diurna variation.

® |t is difficult to define a pathological stage that

precedes the symptoms of disease.
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Overview of sensitivities and specificities of investigative methods
Ophthalmoscopic examination >90 >90 (e7)
FDT 78.9-84.2 55.0-65.7 (16)
FDT + fundus camera 58.6 64.3 (e8)
FDT 92 93 (14)
HRT 15-70 83-98 (15)
HRT 26.5 (pre-perimetric) 65-95 (22)
97 (perimetric)

HRT 25-100 87-97 (23)
HRT 89.5-94.7 80.6-90.5 (16)
ocT 39-79 80-83 (15)
GDx 66 — 86 80-83 (15)
GDx 86 90 (24)
GDx 62-100 73-100 (e9)
Non-contact tonometry 14 98 (e8.25)
Visual acuity measurement, 96.8 89.7 (16)
family history, FDT, and HRT

RTA 75 =90 (e10)

FDT, frequency duplication test; HRT, Heidelberg retina tomography; OCT, optical coherence tomography; GDx, scanning laser polarimetry;
RTA, retinal thickness analyzer; pre-perimetric, without perimetric confirmation of visual field defect;

® |t is currently not known which testing method —

alone or in combination —is sufficiently precise.

® [tisnot known fromwhich age, and a what interval's,

screening makes sense.

By contrast, the Global AIGS Committee on Screen-
ing for Open-angle Glaucoma (20) and the United States
Preventive Services Task Force (UPSTF) (21, e1) found
good evidence that early treatment of glaucoma patients
with raised intraocular pressure identified through
screening reducesvisua field defectsand dowsglaucoma
progression. Quality of vision or life was not studied,
however, and no recommendations were made with
regard to regular glaucoma screening. Its cost effec-
tiveness can therefore be discussed only on the basis of
general considerations.

Discussion

In glaucoma screening, as a minimum, the optic nerve
head, visual function, medical history, and preliminary
findings — if present-should be assessed. As a second
step, in case of suspicious findings, the ophthal mologist
should examine anterior and posterior ocular sections,
intraocular pressure, corneal thickness, optic nerve
head, thickness of neural fiber layer in the papillary
region, and the static visual field, to specify thediagnosis
and determine the prognosis. Glaucoma screening is
thereforealink in aprocesschainin glaucomatreatment
— consisting of providing information to the public
about glaucoma disease, sequential screening, and oph-

perimetric, with perimetric confirmation of visual field loss

thalmological examination in patients with suspected
glaucomatous atrophy of the optic nerve.

One of the few population based screening studies of
satisfactory quality, which also showed good resultsfor
sensitivity and specificity (16), used simple methods
(family history, visual acuity testing, frequency doubling
technique, and Heidelberg retina tomography) that are
easily integrated into screening programs, aswell asan
ophthalmological examination and tonometry. The
sequential process was the main and crucial feature in
this study.

The screening pathway recommended in the guide-
lines (12) in the British modeling study showed lower
sensitivity and negligibly higher costs per true positive
diagnosis if additional perimetry was not performed in
patients at risk. However, the medical evidence regard-
ing screening investigations is scanty. Cost as an inter-
mediary parameter per true positive glaucomadiagnosis
is practical and should take into account not only
blindness but also glaucomarelated visual impairments,
while assessing the treatment with regard to morbidity
related result variables for the comparison of screening
investigations. We do not know of any modeling studies
for more recent investigative methods. The question of
whether glaucoma screening is cost effective can thus
not be answered on the basis of the published literature
or transfer of study results to Germany. A new evalua-
tion of glaucoma screening should take into account
improvements in the early detection of glaucomaon the
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Figure 2: Color papillary images showing different phases of glaucoma disease; a) healthy with regular margin, b) narrow, clearly visible nerve fiber defects in 2 h and
7 h, ¢) discrete focal nerve fiber defect in 12 h, d) wide nerve fiber defect in 6 h to 8 h, nerve fiber loss from 6 to 12 h, f) complete nerve fiber loss with deep papillary

excavation. With permission from

one hand, and the demographic trends in Germany on
the other hand. Owing to the higher life expectancy, the
prevalence may be expected to double by 2050, and
many patientswill therefore haveto spend moreyears of
their liveswith significant visual impairmentsincluding
blindness.

From an economic perspective, no unanimous
recommendation for an individual method or a combi-
nation of screening methods for glaucoma is possible,
because no evidence based recommendations exist for
particular individual investigative methods. A sensible
combination might include afunctional, morphological,
and non-invasive tonometry component. Establishing
methods to investigate morphology — such as Heidel-
berg retinal tomography, optical coherence tomography,
and scanning laser polarimetry into screening isamore
complex undertaking because some early glaucomasigns
may already be present even though nothing isfound on
standard examinations. Longitudinal studiesare needed,
which can show the delayed devel opment of visual field
defects according to preceding pathological-
morphological changes and thus prove the value of the
screening method. Future studies should also investigate
the most effective combination and sequence of investi-
gative methods with ahigh sensitivity and specificity. In
glaucoma patients identified by screening, randomized
controlled intervention studies should eval uate successful
treatmentswith regard to end point parameters and patient
management — for example, visual impairment.

For patientswith positive screening results, therapeutic
options exist for lowering intraocular pressure. The risk
of glaucomarelated blindness after 20 years can thus be
reduced from 27% to 14% for one eye and from 9% to
4% for both eyes (e2). The following treatments are
available:

® Topical drug treatment with prostaglandin analo-

gous, beta blockers, sympathomimetic drugs, alpha
receptor agonists, carboanhydrase inhibitors (the
latter may also be used systemically).

® | aser treatment with laser trabecul oplasty or cyclo-

photocoagulation.

® Surgical treatments using trabecul otomy or drainage

devices (9).

Lowering intraocular pressure is the most important
therapeutic approach, although it is not effective in all
patients because of the multifactorial pathogenesis of
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glaucoma disease. Complementary neuroprotective
treatments have therefore been developed (€3). Studies
in macague models have shown efficacy of memantine
against neural fiber loss of the optic nerve (e4). Effi-
cacy in humans has not been shown thusfar. Memantine
is an NMDA (N-methyl-D-aspartate) receptor antago-
nist, which islicensed for the treatment of Alzheimer's
disease.

An analysis of 26 studies (e11) concluded that early
treatment of raised intraocular pressure can reduce the
frequency of visual field defects. The largest of these
studies is the multicenter, single blinded ocular hyper-
tension study (OHTS), which includes more than 1600
patients (e12). By using preventive drug treatment with
eyedropsto lower intraocular pressure by an average of
22.5%, the stability of the visual field was maintained,
independent of the substance class of the eyedrops. The
Cochrane review by Vass et a. (e11) assessed the evi-
dencelevel of the OHT study asA, meaning "adequate.”
An intermediate analysis of the randomized Collabora-
tive Initial Glaucoma Treatment Study (CIGTS) (el3,
el4) compared medical treatment with eye drops and

Sensitivities (%) of HRT/OCT/GDx, with specificity
fixed at 83% (from [15])

Parameter Papillary size | Glaucoma stage,
(mm?) AGIS score
47 | 62| 74| 84

1.0
HRT-I_I-Mm.)rfieIds 20 58 | 71 82| 89
classification
3.0 68 79| 87| 93
1.0 88 93| 96 | 98
Stratus OCT-
nerve fiber thickness 20 7383 90 94
3.0 50 63| 76 | 85
1.0 86| 92| 95| 97
GDx VGG NFI 2.0 81| 88| 93| 96
3.0 741 84| 90| 94

HRT, Heidelberg retina tomography; OCT, optical coherence tomography;
GDx VCC, scanning laser polarimetry;

AGIS score: 0=glaucoma without visual field defects,

9=very advanced glaucoma with pronounced visual field defects.
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Normal Glaucoma

Color image

Normalized color image
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recognition and markers)

Correction for brightness
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Figure 3: Image processing steps of healthy and glaucomatous papillary: - color image,
normalized color image with automatic vascular recognition (only green channel),

green channel image focusing on papilla, with vascular segmentation and green channel
image focused on papilla excluding vessels

trabeculectomy — a glaucoma filtration procedure — to
lower intraocular pressure in more than 600 patients
with primary open-angle glaucoma. No difference was
found for the two therapeutic options with regard to
visual field loss after 5 years. The surgically treated
group had ahigher incidence of cataracts than the group
receiving medication. The Cochrane review by Burr et
al (el5) assessed the evidencelevel of the CIGT study as
A.

Outlook

Telemedical computer assisted sequential diagnostics

To diagnose suspected glaucoma with sufficiently high
specificity requires the simultaneous assessment of
several independent glaucoma specific signs. A collabo-
rative research project SFB 539-A4 based at Erlangen-
Nurnberg University is using an interdisciplinary
approach including the chair for pattern recognition and
theinstitutefor epidemiology and biometricsto develop
computer assisted diagnostics systems for glaucoma
screening.

The networked combination of screening devices
enables the sequential combination of automatic
preclassification of all fundusimagesinto "normal” or
"requiresfurther investigation" so asto reducethetime
takento evaluateimages (figure 3). The papillary images
— prepared using computer assisted techniques — that
require further investigation are then telemedically
evaluated by an ophthalmologist. The combination of
devices initially documents the spatial and temporal
contrast sensitivity, intraocular pressure, nerve fibers,
and the optic nerve head. The images and data are

saved on a server, processed on a computer, and auto-
matically evaluated using severa classification
methods. Images whose initial findings are classified
asabnormal aretelemedically assessed by aspecialized
ophthalmologist, inadifferent location and at alater time.
The patient can then view his or her report of findings
including images electronically after verifying their
legitimacy with a special username and password. The
report serves as the starting point for deciding whether
further ophthalmological diagnosis and treatment are
needed.
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