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Abstract—Background: Due to the slow progression of
the Glaucoma disease, a large study population and long-
time observations are needed to gain insights into its
long-term effects and progression rates. Since modalities
can export data in machine-readable formats, statistical
analyses of the large number of examinations is feasible.
These data have been integrated in a central patient
registry, the Erlangen Glaucoma Registry (EGR).

Objectives: The primary focus of the EGR system
design has been its fitness for analyses. It holds almost
all the available research data for registered glaucoma
patients. This allows for cross-sectional and longitudinal
observations and for evaluation of prognostic validity of
diagnostic procedures.

Methods: An adequate technology for integration of
data and flexibility in data analysis is a database man-
agement system (DBMS). Here, a careful schema design
is mandatory. Adding new modalities leads to schema
modifications which are supported by defining a core
database schema and attaching all data to this core.
On that basis, a large number of modalities have been
connected to the EGR.

Results: The registry contains data of 1,400 patients in
the main longitudinal study. It has successfully helped in
scientific research, as can be seen in a large number of
published papers. For example, validation of new sensory
physiological methods requires patients with reliable diag-
noses. The existence of a well-documented patient collective
facilitated finding such patients. Conclusions: The EGR
holds a unique amount of available data gathered in large
longitudinal studies. It was successful in terms of medical
results obtained. Developed as an evolutionary system, it
can easily be extended.

Index Terms—Glaucoma, Medical Record Systems
(computerized), Registries, Longitudinal Studies

I. INTRODUCTION

Glaucoma is a slowly progressing eye disease that
is accountable for more than one thousand new cases

Fig. 1. Progression Charts

of blindness in 2003 in Germany [1] and for 120,000
cases of blindness in the U.S.A., which is 9% to 12% of
all cases of blindness [2]. Due to the slow progression
of the disease, a large study population and long-time
observations are needed to gain insights into its long-
term effects and progression rates [3]. Fig. 1 shows an
example of an individual glaucoma progression chart.
It contains the history of several measurements for one
patient and allows for a quick overview. New methods
for early detection can only be evaluated retrospectively,
as there might be no sufficiently well established method
available to compare the new methods against. This,
too, requires long-term observations to correlate later
progression with findings obtained several years earlier.



During the nineties, more and more modalities allowed
to export data in machine-readable formats. This made
statistical analyses of the large number of examinations a
lot more feasible. It was expected that the emergence of
historical examination data would gradually allow for de-
ductive revisal of the diagnostic methods that have been
applied to patients some years ago. For example, patients
with actual glaucoma that remained unrecognized during
early detection screening are selected for a re-audit. This
allows to evaluate whether current diagnostic methods
would have provided correct indication of the glaucoma
using the historical modalities’ data.

Information technology has fostered medical co-
operation by providing technical means for the cor-
relation of data from different laboratories [4]. Such
collaboration has naturally led to the creation of a central
patient registry, the Erlangen Glaucoma Registry (EGR).
The EGR as a central platform for glaucoma diagnostics
has been initiated by Prof. Naumann in 1991 and is
remarkable for both its patient and research scale. It
facilitates long-term research and has enabled a number
of new analyses, e.g. [5].

A few similar approaches can be located in the liter-
ature and in the World-wide Web. However, a registry
with the focus on Glaucoma could hardly be found.
An early article [6] describes a glaucoma database with
manual input. The technology of that time was limited
compared to that of today, and no direct input from
modalities was possible. There is no description of pos-
sible longitudinal studies. The Web page of the National
Eye Database (NED) of the Association of Clinical Reg-
istries in Malaysia (ACRM) [7] mentions a "Glaucoma
Registry (in progress)", but no further information is
available. The Australian and New Zealand Registry of
Advanced Glaucoma [8] has collected DNA samples of
400 patients so far to identify and disseminate clinical
and epidemiological risk factors. The EUREQUO project
builds a registry for cataract and refractive surgery [9].

For some diseases, registries are very common. Proba-
bly the most well-known are cancer registries [10] which
date back to the 1920s and can be either epidemiological
or clinical. In contrast, all glaucoma registries that we
are aware of are clinical registries. Registries in general
for other diseases such as the ICU incident registry [11]
usually concentrate on input from various kinds of users
and thus emphasize user-friendly interfaces. EuCliD [12]
is a tool for supervising selected quality indicators of
about 200 European dialysis centers. Its data model is
rather simple and consists of just 5 modules. Thus, it
uses a Lotus Notes-based flat-file database instead of

a relational database. The number of patients equals
14,000. Data can be entered manually or by interfaces to
existing local data management systems. Data analysis
is performed with statistical tools like SPSS.

Some registries are designed specifically for clinical
trial design. Peelen and coworker [13] showed how such
registries can foster research by choosing good eligibility
criteria for balancing statistical power and study costs.
The EGR has also been used for recruiting participants
for individual studies, but this is only a side-effect of
EGR.

In contrast to most other approaches, we have con-
centrated on the import of data from different modalities
and lab applications, thus enabling automatic data entry
wherever possible. The objectives of this paper are to
present the EGR’s architecture and data model and to
describe its contribution in achieving a-posteriori revisal
of diagnostic methods. Furthermore, the additional ben-
efits of an integrated IT system in terms of automation
of tasks and the recruitment of patients for new studies
are described.

II. OBJECTIVES

The design of the EGR system had several objectives
in mind. Primary focus has been its fitness for analyses.
By integrating more and more data from modalities and
lab applications into this system, it has been enriched to
hold any available research data for registered glaucoma
patients. That allows for cross-sectional and longitudinal
observation of patients with open angle glaucoma or
glaucoma suspect. The rationale has always been the
evaluation of diagnostic and prognostic validity of mor-
phometrical, sensorical and hemodynamical diagnostic
procedures (e.g. [14]). Beyond determining correlations
between different diagnostic methods, this registry fur-
thermore allows to find patients that meet the eligibility
criteria for new studies. Finally, the EGR as central inte-
gration platform also aims to reduce workload for users,
e.g. with automated discharge letters. For the success of
the EGR, usability is crucial, because it is integrated
in the daily work of medical end-users who do not
have deep technical expertise. New examination types
emerge quickly, so the EGR must be a responsive IT
infrastructure that can react adequately to growing needs.
This requires the capability to add new functionality with
minimum effort and without the risk of breaking the
design.



III. METHODS

Standardized inspection of fundus photographs ac-
cording to Jonas [15], tonometry and white-on-white
perimetry form the goldstandard of the EGR. Their
data had to be included from the beginning together
with anamnesis data and clinical findings as well as
morphological data and results from sensory tests that
were developed at the University Eye Hospital in Er-
langen, e.g. temporal contrast sensitivity and blue-on-
yellow Visual Evoked Potentials (VEP). Later, Heidel-
berg Retina Tomography (HRT), Scanning Laser Doppler
Flowmetry (SLDF), Nerve Fiber Analyzer (GDx), Opti-
cal Coherence Tomography (OCT), Doppler Sonography,
Electro-Retinograms (ERG), and Frequency-Doubling
Technology (FDT) were added. For a separate group of
patients, fundus images from the Kowa camera, HRT
and FDT data have been collected. In addition to these
data, anamnestic data and diagnostic findings are also
included. For many patients, the information has been
gathered for an extensive period. Evaluations are sup-
ported by mechanisms to select, combine, and extract
data in a format for further analysis (i.e. SPSS). This
allows, for example, evaluation of functional-structural
relationship [14], a comparison of central corneal thick-
ness and intra-ocular pressure (IOP) in patients with
large optic discs and physiological macrocup [16], and
the correlation of optic disc morphometry with confocal
SLDF measurements [17]. An adequate technology for
the integration of data from many sources and for
flexibility in data analysis is a database management
system (DBMS). It provides data independence, multi-
user operation, data integrity, and access control. Re-
lational DBMS are well-established and suffice for the
requirements of the EGR. However, a careful schema
design is mandatory. It creates data structures appropriate
for easy integration of input data and neutral to the
different evaluations to come. Adding new modalities
or data input from other sources often leads to schema
modifications which are a tough problem in the appli-
cation of a DBMS. However, they can be supported by
defining a core database schema and attaching all data
to this core (Fig. 2). The core schema is intentionally
kept simple and mostly consists of tables for patients
and inspections. Each data element is either patient- or
inspection-specific. There may be an arbitrary number
of patient-specific data elements per patients. Similarly,
any number of inspection-specific data elements may be
stored and a patient may be examined any number of
times. The simplicity of the core allows it to remain

Fig. 2. Core database schema

unchanged in spite of the continuous evolution of the
system. All schema modifications can then be done by
simply adding tables. Stable core data structures are
of paramount importance allowing meaningful analyses
covering long periods of time. The complete schema
contains about 70 tables. For known analyses that use
EGR data, views have been defined that combine all
relevant data in one table. These are complex queries
stored in the database and given a name, so they appear
as a stored table. This significantly eases the use of the
data while at the same time allowing for changes in the
base tables. For completely new analyses, experienced
users may use the query language - typically SQL - to
tailor the extracted data set to their particular needs.

To determine the satisfaction of users with the sys-
tem and identify areas for further improvement, we
conducted a survey by interviewing physicians and re-
searchers with the help of a standardized questionnaire.
The feedback from the survey is discussed in Sect. V-A.
The basic architecture of the EGR can be vertically
divided into four layers (Fig. 3). The top layer consists
of the data sources. These can be subdivided into three
groups: modalities, current applications and legacy ap-
plications (with their own local databases). Data from
modalities and legacy applications is filtered through the
second layer, while current applications already contain
the checks and refinement that are performed there.
The second layer-called the integration layer-comprises
a classical ETL staging area [18]. Its duty is to perform
data cleansing, quality checks and schema transformation
so that the data matches the schema of the EGR. Individ-



Fig. 3. Architecture of the Erlangen Glaucoma Registry

ual software needs to be written for each modality and
legacy application. This is necessary because there are no
standardized data formats for ophthalmologic modalities.
Instead, all vendors define their own export format (e.g.
CSV, XML or Excel) that may change with new versions
of a modality or even with software updates. The third
layer is the central database. This layer is where the data
is actually stored. Finally, the fourth layer is the one the
EGR is all about. Its purpose is to facilitate research by
helping in analyzing the data. It allows the export of EGR
data into various other formats and applications. We see
the views targeted at analyzing data as part of this layer.
The benefit of such architecture is flexibility: In each of
the layers modifications are possible that do not affect
the other layers. Data is entered directly into the system
by three physicians and three technical assistants, with
a number of other people entering data into modalities
and legacy databases. These data are then integrated into
the central database via automated batches.

IV. RESULTS

This section is divided into three subsections. Sect.
IV-A describes how different data sources were inte-

grated as well as the amount of data contained in the
EGR. Sect. IV-B focuses on medical results obtained
with the help of the EGR, while Sect. IV-C describes
improvements in processes.

A. Data Integration

The integration of data from various heterogeneous
sources has been successful and created a central data
resource for numerous evaluations. The combination
of diagnostic findings with the input data from IOP,
papillometry and perimetry form the goldstandard of
glaucoma diagnosis. The availability of these data in the
EGR allows to understand the physician’s decision. Fur-
thermore, the goldstandard data can be used to measure
the diagnostic and prognostic validity of other ophthal-
mological diagnostic procedures. The registry currently
contains data about 1,400 patients and study participants
in the main longitudinal study. Among them are 365
normals (i.e. healthy subjects) that serve as control
group. The patients usually receive follow-up inspections
every year, while healthy participants are examined less
frequently. The total number of inspections in this study



exceeds 6,400, the average number of inspections per
patient is about 4.4.

This number is lower than what might be initially
expected, but can be easily explained by two factors:
First, patients drop out of the study for various reasons,
one of which is age. The median age of patients is about
61.5 years. Thus, travelling to the research center for two
days of inspections may become too tedious for some
people. Second, new subjects continue to be recruited for
the study. Newly recruited subjects simply cannot have
received a large number of inspections yet. For example,
256 patients have received 10 or more examinations,
with a maximum of 19 examinations for some patients.
The patients are usually reexamined on a yearly basis.
Two large screening studies account for another 3,181
subjects. Additionally, there are more than 4,000 patients
from several individual studies.

B. Implications for medical research

The Erlangen Glaucoma Registry has successfully
helped in scientific research. This can be seen in a large
number of published papers referring to the EGR (e.g.
[14], [17], [19], [16]). For example, several new sensory
physiological methods have been developed. Validation
of these methods requires patients with reliable di-
agnoses. The existence of a well-documented patient
collective facilitated finding such patients ([20], [21],
[22], [23], [24]). Several co-operations with industrial
partners led to the introduction and improvement of
new modalities, e.g. HRT (1995), GDX (1997) or OCT
Spectralis (2008). Again, the EGR was used to validate
modalities’ results and to define norm values for their
measurements ([5], [17], [25]). The long-term nature of
the EGR made it possible to test methods for short-
and long-term reproducibility ([26]). Additionally, it
allowed a posteriori-analyses of different therapies ([27])
as well as the influence of physiological or lifestyle-
related factors [16], [28]. Finally, it became possible to
test different methods for their predictive value ([17],
[19], [29], [30], [31], [32]). This, too, requires observing
a large patient collective over a long time, as progression
rates are relatively low.

C. Effects on User Workload

Besides allowing scientific analyses, another goal of
the EGR is to assist its users in their daily work. This
led to the development of several custom applications:
Making and tracking appointments is facilitated by the
ability to list all patients that should be re-examined
in the near future. This helps ensuring that glaucoma

patients are re-examined on a yearly basis. Discharge
letters containing all relevant examination data as well
as a therapy recommendation can be automatically gen-
erated. This is easily possible as all needed data is
already stored in the database. This significantly reduces
the effort of writing discharge letters. These letters
contain the diagnosis and recommended therapy and
are sent to a physician in private practice who treats
the patient between examinations at the eye-hospital.
Individual Glaucoma Progression Charts (Fig. 1) allow
the physician to quickly gain insights on a patient’s
medical history. They are also used as an educational tool
in weekly internal training sessions as the progression
charts allow to easily present a certain case along with
its special characteristics.

V. DISCUSSION

While there is always potential for enhancements, the
EGR has worked reliably for several years. The primary
purpose of EGR as always been driven by the specific
medical goals. As a centralized system, the EGR fosters
control over the data. The use of a DBMS necessitated
consolidation efforts between the participants and a
computer scientist is required to keep the system up
and running. Yet, any solution with local data copies
scattered in a desktop environment, or - even worse -
a file-based data organization, suffers from redundant
data, conflicts between users, and erroneous data with
consistency violations. The consolidated data schema
improves data quality by preventing inconsistent data and
uncontrolled data redundancy. Especially in medical and
research environments with a high turnover rate, only a
central system allows to find and interpret older data that
might otherwise get lost after first publication or when
scientists have long moved on to different places. This
directly helps to achieve the main goal of the EGR -
namely fostering medical research. Data quality and
interpretability are essential for achieving meaningful
results - especially for long-term studies. Additionally,
a DBMS-based system greatly facilitates new analyses
through its powerful and well-understood query capabil-
ities. Especially combining data from multiple sources is
greatly facilitated compared to the other means of data
storage that were mentioned above. The successful uti-
lization of the EGR for medical research shows that the
goal of being a reliable research tool has been reached.
While primarily designed as an integration platform to
facilitate data analysis, it has proven to be an efficient
tool for many other purposes, like the recruitment of



patients, deriving norm values for modalities, testing
predictive values, and its educational exertion.

A. User Feedback

In order to determine users’ satisfaction with the
system, we conducted an informal survey and asked
them about the accomplishments and shortcomings of
the EGR. This survey indicated the following: In general,
the users seem to be quite satisfied with the system and
bug numbers are perceived to be low. When specifically
asked about the shortcomings of the system, one issue
stood out remarkably: There is a need to explore the
existing data more easily. This includes e.g. getting a
quick overview of parts of the existing data, writing
their own queries or determining the number of patients
eligible for a planned study. The necessity to ask an IT
expert for a filtered or aggregated list of patients and
examinations and post processing in a statistics pack-
age is seen as too cumbersome for some cases. While
this process is perceived as adequate when analyzing
results and preparing publications, there exists a desire
to quickly do some preliminary checks and aggregations
in order to identify interesting patterns and promising
questions for further analysis. It can be concluded from
medical researchers’ responses, that the data evaluations
they want to perform are highly individual and require
great flexibility.

B. System Outlook

The survey has given valuable hints for further devel-
opment. The shortcomings in ad-hoc support are natural:
such analyses require precise communication between
the system administrator and the medical experts in
order to gain an accurate definition of the emergent
requirements. Another factor is that such analyses are
executed only when conducting a study but not in daily
routine, thus, they are only sporadically executed and
have less chance to mature.

It seems impractical to build both powerful and easy-
to-use query facilities into the system. Yet, in order to
provide adequate support, serviceable database views
will be identified and created that mitigate the com-
plexity of querying a complex database schema with
several indirections between relevant tables. It also seems
promising to foster trainings for medical researchers in
the application of existing graphical query tools like MS-
Access. In addition, we plan to allow for parameterized
analyses, such that users can customize the most fre-
quently utilized querys.

VI. CONCLUSION

In this paper, we described the architecture and current
state of the Erlangen Glaucoma Registry. It serves as a
central repository for all data gathered in large longitu-
dinal studies. We have shown the success of the EGR in
terms of the unique amount of available data and medical
results obtained with its help. The EGR was always
planned as an evolutionary system that could easily be
extended over a long period of time. While primarily
designed as an integration platform to facilitate data
analyses, it has proven to be an efficient tool for many
secondary purposes as well. Ideas for further analysis
and improvement of the system have been presented.
Last but not least, a centralized yet flexible system
helps keeping control over the data. Despite the high
initial implementation costs, the project has proven to be
successful. We see the EGR as a solid basis for future
analysis of glaucoma.
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