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Abstract:  About 50% of the population is suffering from a more or less distinct defective vision. As corrective means, glasses or contact lenses are applied, by means of which the refraction of the cornea (it corresponds to about 60% of total refraction of the human eye) is corrected. Apart from a correction of astigmatism, vision was improved by perforating cornea interventions in the 19th century already. Today, laser surgery of the cornea (refractive keratectomy) and the LASIK (laser in situ keratomileusis) method, which is based on the use of an excimer laser, in particular is applied to correct the cornea. To plan the intervention and build up confidence in the patient, the virtual eye represents a very useful means. Moreover, it serves as a general platform for experiments without the patient being subjected to any risks.
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1. INTRODUCTION

Every year, about 10 milion of implantations of intra-ocular lenses made of PMMA (polymethyl methacrylate, high-quality plexiglass) are made in world. This plastic implant usually is monofocal and provides for a good visual power at the distance. The meanwhile developed acrylate lens takes over the original optical function of the human lens and additionally has an accommodative capacity, as it can be deformed by the remaining strength of the eye muscle of the cataract patient. Hence, this lens represents a cataract and refraction lens at the same time.

[image: image8.emf]Studies of the entire system behavior (taking into consideration both external and internal accommodation) based on the biomechanics of the virtual eye will contribute decisively to identifying the accommodation processes.

A fundus camera is applied to store the eye ground as a photography. The digitized image can then be evaluated on a computer using appropriate image processing methods. By increasing the contrast, for instance, details can be generated, which may remain hidden from the ophthalmologist during visual inspection. An automated fundus examination using the WWW-based virtual eye service is expected to represent a useful tool to support diagnosis by ophthalmic clinics and ophthalmologists. In particular, medical technology (virtual eye) and biotechnology are combined in a useful manner (e.g. by a constant evaluation of the human macula under curative treatment).

2. objectives and principles

The fundamental principle of the virtual eye is the 3D representation of an individual human eye inside a modern computer environment as a World Wide Web service for ophthalmology. This means the presentation of 3D images of the eye in auto-stereoscopic systems using cylindrical lenses and the 3D interaction function. Additionally, simulation of the optical and the biomechanical behavior of the human eye is an essential feature. Last but not least, pattern recognition mechanisms are used. The virtual eye concept is shown in Figure 2. 
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The in vivo interface produces the geometrical data of the human eye (e.g. from a patient in a hospital) as an input for the 3D image function of the virtual eye (online). The ex vivo interface produces material data of dissected eyes as an input for the biomechanics simulation part of the virtual eye (offline). The 3D image/interaction functions provide 3D geometry data for biomechanics simulation, i.e. simulation of the  biomechanical behavior of the eye model as a function of material data and further in vivo data (e.g. intra ocular pressure). 

At last, the optics simulation part simulates the changed optical properties of the virtual eye depending on the new geometry (resulting from the biomechanical behavior). In this cycle, e.g. an arbitrary number of virtual surgical operations is possible.

3. simulation and diagnosis

The goal of the simulation is to find an improved vision of the respective human eye by introducing geometrical changes (e. g. variation of the cornea). It is not possible and also not necessary to build a simulation model, which contains all details of a human eye. Instead, it is sufficient to generate a simplified model first, which contains the significant features of the human eye only. Such a model is the so called “Gullstrand Eye” which is shown in Figure 3. 
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 Gullstrand model of  the human eye

 


3.1 Optics

To simulate the eye, a model has to be generated, which contains the relevant optical components required to describe the optical behavior. Several simplifications are made: The multi-layered cornea is considered to be optically homogeneous with a mean refraction index. The multi-layered lens, which in fact is a gradient index lens (GRIN), is assumed to be a homogeneous lens. This yields the components shown in Figure 3: Homogeneous cornea, anterior chamber of the eye, iris diaphragm, homogeneous lens embedded in the anterior and posterior lens shell, homogeneous vitreous body, and retina with the respective refraction indexes and geometries. The surfaces of all optical components are first considered to be spherical, while the retina is assumed to be plane. 

Simulation is based on photometric calculations [2,3]. For this purpose, rays are generated on the basis of an object pattern. These rays are propagated through the optical system "eye" and collected in an image on the retina, as shown in Figure 4.
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For reasons of simplicity, a grid-like object structure is selected. During simulation, this structure allows conclusions to be drawn with regard to the quality of imaging in terms of visual acuity and possible geometrical distortions. 

By varying individual parameters (object distance, cornea or lens radius), more or less sharp images of the object pattern can be simulated on the retina by means of irradiation distribution calculations, as obvious from Figure 5. Usually, a smooth transition from "unsharp" to"sharp" and further to "unsharp" is obtained, as the respective optical parameter is varied in small steps during the simulation series. 
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The subjective impression obtained during observation plays an important role. It is impossible to make reproducible statements regarding the value of the optical parameter, at which maximum sharpness is reached. For obtaining an objective measure of the individual sharpness of each irradiation distribution image of a simulation series, image processing methods are applied to analyze brightness distribution in an image. This yields an objective measure, by means of which the images simulated on the retina can be assessed in terms of sharpness. When calculating the respective sharpnesses from the images shown in Figure 5 and representing them graphically, the curve presented in Figure 6 is obtained. It shows sharpness as a function of the varied optical parameter. This method thus allows making unambiguous statements with regard to the value at optimum sharpness (highest local contrast).

3.2 Biomechanics

For the modeling and simulation of the “Gullstrand Eye”, the finite element method (FEM) is applied [4]. It allows calculating the deformation of the biological tissue as a function of interventions for both globally and locally refined structures. At first, a coherent volume model is described. The geometry data are taken, e.g. from the 3D interface of the virtual eye and used as a basis of the FEM model (Figure 6). 
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Solid model of the “Gullstrand Eye”

 


For the discretization of the volume model, suitable mesh topologies are applied to calculate the deformations at the mesh points of interest. Both structured and unstructured meshes as well as mixed types occur. Thus, local refinements can be considered.

Apart from these structural data, material parameters are required for generating the physical model and calculating the strains and distortions. The extremely complex, inhomogeneous biological tissue material is provided by the in vivo and the ex vivo interface. Then, a load (intra ocular pressure, muscle effect, resection, incision) is applied to the structure subject to parameterizable material, and the mechanical reaction behavior is simulated. This allows performing parameterized interventions on the “Gullstrand Eye” in a patient specific and pre operative manner.

Starting from the simplified structure of the “Gullstrand Eye”, extensions of the biomechanical model are required. These extensions refer to both the cornea and the lens model and take the inhomogeneous material distribution in the biological tissue into account by a layer model. Furthermore, suspension of the lens with its muscle tissue has to be considered. The external force acting via the muscular fibers in connection with the internal material stresses then provide for the corresponding accommodation behavior.

3.3 Pattern Recognition

For an automated examination of the fundus of the eye, images can be taken using a fundus camera. Upon transmission to the computer, these images can be evaluated using digital image processing methods. 

Processing options range from simple image improvement to complex pattern recognition. Image improvement, for instance, allows to increase the contrast and, thus, to make details visible, which otherwise would disappear in the background and remain hidden from the ophthalmologist during his visual examination. Pattern recognition is based on sophisticated methods of using color and texture features to extract and classify details from images. Apart from classical image processing methods, neural methods are applied. They allow identifying e.g. blood vessels or pathologic modifications. Classifications of this type are also required to determine the respective local reference points from stereo image pairs and calculate the 3D coordinates for a spatial acquisition, investigation, and representation of the retina. Based on the differential images of an image sequence, e.g. the course of a treatment could be studied, represented, and documented.

This also requires pattern recognition. Last but not least, image processing is needed to obtain an objective measure for evaluating the simulated images in terms of sharpness during the optics simulation described above.

IV. Distributed simulation and data service 

The virtual eye, the in vivo and the ex vivo interface are of a distributed nature. Only hospitals can support the in vivo interface. Development of the 3D image/interaction functions is a typical task of IT research and IT industry. Modeling, simulation and measurement are rather tasks to be accomplished by engineers. For the realization of the virtual eye, it is necessary to bring these different tasks together. This can be done using a central communication server (Figure 7).
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. Environment of the “Virtual Eye” system
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It is therefore necessary to support a common data structure and a reliable communication protocol. Embedding these facilities in the World Wide Web guarantees a flexible handling of the virtual eye. The end users of the virtual eye (e.g. hospitals) do not need any complex and expensive simulators. Personal computers or workstations, including a connection to the Internet, are standard in most institutions today or will be in the near future. For using the services of the virtual eye, an auto stereoscopic display including a 3D interaction system will be helpful.

4.1 Common Data Structure (XML)

For the simulation of the optical behavior of the “Gullstrand Eye”, free space methods are used. To simulate such an optical behavior, the user interface has to generate a simulation job for the optics simulation. This simulation job must be transmitted to the communication server. The simulation job is described in the Extensible Markup Language (XML). XML is the universal format for structured documents and data on the Web. Programs, which produce such structured data often store them on a disk, for which they can use either a binary format or a text format. The latter allows looking at the data without the program that produced it, if necessary. XML is a set of rules (guidelines, conventions) for designing text formats for such data. Thus, files are produced, which are easy to generate and read (by a computer), unambiguous, and avoid common pitfalls, such as lack of extensibility, lack of support for internationalization/localization, and platform dependency.

Like HTML (Hypertext Markup Language), XML makes use of tags (words bracketed by '<' and '>') and attributes (of the form name “value”). While HTML specifies the meaning of each tag and attribute (and often, how the text between them will look in a browser), however, XML uses the tags only to delimit pieces of data and leaves the interpretation of the data completely to the application that reads it.

XML files are text files, but even less than HTML are they meant to be read by humans. They are text files, because that allows experts (such as programmers) to more easily debug applications. In emergencies, they can use a simple text editor to fix a broken XML file. The rules for XML files are much stricter than for HTML. A forgotten tag or an attribute without quotes makes the file unusable, while in HTML such practice is often allowed explicitly or at least tolerated. It is written in the official XML specification: Applications are not allowed to try to second-guess the creator of a broken XML file; if the file is broken, an application has to stop right there and issue an error.
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4.2 Communication Protocol (SOAP)

To realize communication in the virtual eye, SOAP is used (Simple Object Access Protocol). SOAP is described as follows: SOAP is a lightweight protocol for exchange of information in a decentralized environment. It is an XML-based protocol that consists of three parts: An envelope that defines a framework for describing what is in a message and how to process it, a set of encoding rules for expressing instances of application-defined data types, and a convention for representing remote procedure calls and responses. SOAP can be used in combination with a variety of other protocols [1].

The “Virtual Eye” system possesses a heterogeneous computer environment (Figure 8) that consists of various computer platforms and operating systems.

Furthermore, the various computers are separated and located in free choice distances from each other. Therefore, use of a commonly applied and available standard was required. It chose a web-based approach using SOAP and HTTP.

The interfaces between the server and the simulation tools were implemented on the various computers using SOAP. These interfaces were specified to have a standard form in order to enable communication of the functional modules involved in the virtual eye via the same defined protocol.

As a result, they do not require a common computer or homogeneous development environments. To keep the interface as simple as possible, the number of commands implemented was minimized. The functions implemented provide for the setting up (OAconnect) and termination (OAdisconnect) of a connection, the starting of an application (OAstartApp), and the requesting of an application result (OAreqApp). The parameters of the individual functions or the results of the function calls are transmitted as XML (Extensible Markup Language) string.
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Figure 4. Retinal image representation



_1190620762.doc
[image: image1.jpg]



 Cornea         Lens






           Fovea




         Centralis


   Anterior     Pupil


  Chamber


Figure. 3. Gullstrand model of  the human eye
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Figure 6. Solid model of the “Gullstrand Eye”
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Figure 5. Representation of a sequence of simulated optical imaging of a point grid with varying object distances
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Figure 7. Environment of the “Virtual Eye” system
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Figure 2. Concept of the  “Virtual Eye” system
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