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ABSTRACT 
High resolution digital images of the retina can be obtained by 

photography with a Zeiss fundus camera followed by digitization of 
the photographic slide with a high resolution scanner. A complete 
model of this imaging system is developed based on its four 
components; the eye. the camera, the film and the scanner. The actual 
and modeled step responses and system noise are compared to validate 
the model A simulated retinal reflection is used to demonstrate the 
extent of Infonnation degradation caused by such an imaging system. 
Preliminary results of linear restoration using a simplified version of 
the complete model are given. Development of nonlinear restoration 
Incorporating the complete model is in progress. 

INTRODUCTION 
Photography of the eyes of ophthalmic patients is a commonly 

used and valuable clinical technique to document eye disease. The 
recent explosion of computing resources has made it feasible to use 
digital Image processing techniques to increase the amount of usable 
infonnation from ocular photographs. It is now also possible to 
quantify some of the abnonnalities detected in these photographs. 
Applications of digital image processing have mainly concentrated on 
the Images of the fundus (the inside. baclt portion of the eye). Some 
examples Include the enhancement of images for Increased visibility 
of features. debluning of images taken through cataractous lenses. 
segmentation of blood vessels. hemonbages. exudates and drusen. 
photogrammetty for the quantitative analysis of optic nerve head cup 
volume. and on-line measurement of retinal blood flow from 
fluorescein angiograms [I]. Although many investigators have 
explored the exCiting possibilities digital image processing can offer. 
little attention has been paid to the characterization of the Imaging 
system that produces the digital data. In this paper. we develop a 
thorough model of a high resolution digital retinal imaging system that 
can be Implemented in any laboratory with relatively low cost 

We preferred the most common approach of image 
acquisition; scanning existing 3Smm color transparencies with a high 
resolution scanner. This 'composite' setup Is not only cost-effective 
but also allows the use of the immense database of photographs taken 
over the years for patient follOW-Up studies. The alternative. direct 
digital fundus Imaging. Is possible either by mounting a ceo to the 
fundus camera in place of a film. or by using a scanning-laser
ophthalmoscope (SLO). Both of these methodologies currently suffer 
from low resolution and/or high cost as compared to the method used 
in this paper. but probably achieve higher SNR and better quantitation. 

In this paper. a complete model of the digital retinal imaging 
system Is developed by considering four separate components 
involved; the eye. the camera, the film. and the scanner. The validity 
of the model is verified by comparing measured and modeled total 
system noise and system step response. With the aim of giving the 
reader a feeling for the extent of the degradation. a plausible pattern 
of retinal reflectance Is simulated and the model is used to calculate 
the expected digital image. Preliminary results of linear restoration of 
both the simulated and the actual retinal images are shown. 

MODELING 
The four components of the digital retinal Imaging system are 

shown schematically in figure 1. Each one of the four components is 
modeled separately (not necessarily Independently) before being 
combined into a single complete model. 
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F1gure 1: Schematic diagram of high resolution digital flllldus 
imaging system. Illuminating light origiMJes inside the camua, 
travels to the fundus. and II ls partially reflected back. TM reflected 
lighl is imaged onto a photographic film, which ls digitized with a 
high resolution scanner. 

The Human Eye 
The light reflected from the fundus has to travel through many 

semi-transparent layers of the human eye before exiting through the 
pupil Scattering through the various layers causes bluning of the 
spatial infonnation content For a small region of interest, the blurring 
can be modeled as a linear. spatially invariant and isotropic system. 
Representative point spread functions (pSF) have been published for 
typical human eyes [2]. The PSFs are usually specified as a function 
of the pupil diameter. Due to the collection optics of the fundus 
camera we assume an effective pupil diameter of I.S mm and we use 
a corresponding modulation transfer function (MTF) [2]. MTF is the 
magnitude of the Fourier transfonn of the PSF. Considering the PSF 
is rotationally symmetric. definition of a linear system by the MTF is 
equivalent to the defintion by the PSF. 

11le Fundus Camera 
A Zeiss FF4 fundus camera w3$ used 1n-this work. Fundus 

cameras are special telescopes oflow magnification (2.5X) that use an 
aspherical lens to Image a hemispherical surface (the fundus) onto a 
planar detector (photographic film). Fundus cameras have been 
considered to be the main resolution limiting component in a furxlus 
photography system [3]. The only infonnation available about the 
Zeiss fundus camera is that it has resolutions of 8 JlIII and IS J1II1. as 
measured on the fundus. at the center of its optical axis and at the 
periphery. respectively. The bluning introduced by the fundus camera 
can be modeled as a linear system with a spatially variant PSF. 
Furthennore. for a small region of interest PSF can be assumed to be 
spatially invariant and isotropiC. As the shape of the fundus camera 
PSF is not known a functional fonn is ..ssumed that is both reasonable 
and mathematically simple. 11le correSpOnding MTF shape is modified 
so that the specified camera resolution corresponds to 10 percent 
modulation. 
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The Film 
Fujichrome 100 RD color slide film was used for all fundus 

photographs. 1bis is a medium resolution. medium noise film 
commonly used for clinical purposes. Film is a detector that converts 
light energy to optical density. The exposure to density mapping 
process is usually modeled as linear blur of exposing light followed 
by a nonlinear point process with the addition of signal dependent 
noise [4]. The effective exposure MTF and the nonlinear exposure to 
density mapping are film specific and are given by the film 
manufacturer. The film-grain noise is specified by the film 
manufacturer at standard measuring conditions which is extrapolated 
to the conditions used in this work. 

The Scanner 
The color slides were scanned with a Nikon LS3500 Slide 

Scanner. 1bis scanner uses a stationary linear amy of 4096 CCDs and 
a stationary light source. The slide is moved mechanically between the 
light and the detector array. The effective scanning aperture (pixel, 
size) is a square of 6 pm side. The scanner maps the infonnation of 
optical density embedded in the film to a transmittance value. The 
scarmer can be modeled as a nonlinear point process mapping density 
to transmittance, followed by a linear isotropic space-invariant blurring 
in the transmittance space and additive signal dependent noise [5]. All 
of the scanner characteristics were detennined experimentally using 
unifonn density filters for the nonlinear mapping and noise parameters 
and a very sha!p ( < 3 pm) density 'step' for blurring detennination. 

The Complete Model 
Figure 2 shows radial sections of the isotropic MTFs for all 

four systems in tenns of spatial frequency measured on the film plane. 
It is Important to keep in mind that the MTFs for the eye, the fundus 
camera and the film act In the exposure domain and can be combined 
into a single MTF by simple multiplication in the frequency domain. 
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Figure 2: Radial sections/rom the isotropic MTFs of the/our systems. 

The resulting imaging model equations are 
t • sl[d]*h_ + sl[djnl 

is the digital transmission Image, 
is the film density, 

(1) 

(2) 

is the exposure function due to reflection from the retina, 
are independent Gaussian noise sources with zero mean and 
unit variance, 
is the scanner PSF, 
is the combination of PSFs due to eye, camera and mm. 

The four nonlinear functions of (1) wi (2) arc 
1.114 ... 

SI[V] • 10 UN. ' the scanner point nonlinearity 

:L7I'.. 'gnal d nd f . 
Sl[V] • 0.231 +0.044 IOu;;&"' Sl cpe encc 0 scanner noise 

s,[v] is the nonlinear mapping from exposure to density that can be 
extracted from the D-logE culVe published by the film manufacturer 

s,[v] • O.07S/s,[v] , signal dependence of the film-grain noise 

Model Validation 
The models' validity was verified in two independent steps. 

First, nine unifonnly exposed slides at different densities were 
digitized. The mean value and the Slandard deviation of quantized 
intensities were measured in eight 2S6x2S6 subregions of each 
unifonnly exposed slide. These 72 pairs oevalues showing the slgnal
dependence of the total system noise are plotted in Figure 3. A 
comparison is made with mean and standard deviation values of 
simulated unifonn density images where noise was added using 
pseudo-random number generators according to the imaging model. 
Figure 3 clearly shows the close correspondence of the actual system 
noise and the expected noise due to our model. 
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Figure 3: Validation l( the noise modtl. 

The second step of validation was the verification of the 
blurring caused by three systems (camera, film and scanner) by 
photographing and digitizing a vertical sharp reflection 'step' . 
Consecutive digitized step profiles were averaged to obtain a smooth 
estimate of the system step response (cross-correlation was used to 
register the profiles before averaging). 1bc line-sprcad-function (LSF) 
was calculated by differentiating the smooth step response. LSF of a 
simulated step, degraded according to our model (not Including the 
blurring due to the eye) was comparable to the actually measured LSF. 

Simulation 
The model of digital fundus Imaging as specified by equations 

(1) and (2), gives very little intuitive feeling about the extent of the 
degradation of infonnation. Therefore, we simulated a realistic 
reflection function composed of differentiy sized patches of 20% 
reflectance on a background of 10% reflectance. The Illumination was 
simulated to be a function that slowly varies about a mean level. The 
degraded output of the imaging system was calculated using an 
exposure function which Is the multiplication of illumination and 
reflection functions and the exposure time. Figure 4 shows the 
simulated exposure function and the degraded transmittance image. 
The edges of large structures are blurred, small structures almost 
completely vanish and there is signal dependent noise in the image. 
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Figure 4: (A)Simulation of a digitized plausible reti~l reflection functio~. (B~imu~ted f"!"tion degraded 
according to the complete imaging model (C)RestoratlOn of the degraded simulatIOn With a linear restoration 
(O)Profile of plul intensities at level of the small arrow on the images. 

RESTORATION 
The main goal of our research is the analysis of retinal images 

showing tiny reflections unique to the carrier state of a blinding 
disease. X-linked retinitis pigmentosa (6). The reduction of noise and 
simultaneous sharpening of small blurred structures is paramount to 
our very high resolution application. Unfortunately. the two 
nonlinearities and the two signal dependent noise sources in our model 
make restoration a nontrivial problem. Therefore. as a first step. we 
simplified the complete model to linear blurring and signal 
independent noise. This simple model was used with a constrained 
least squares restoration method (7). The restoration of the simulated 
retinal reflection can be seen in Figure 4C. The remaining difference 
between the restored image (Figure 4C) and the original image (Figure 
4A) indicates that there is no perfect restoration. On the other hand. 
comparing the restored image to the degraded Image we see that even 
our simplistic restoration achieves good noise suppression and 
simultaneous enhancement of small structures previously blurred out 
An example of an actual retinal image and its restoration with the 
constrained least SQuares method are shown in Figure 5. 

(C) 
Figure 5: (A)Actual digitized 400x400 subregion of a high resolution 
retinal image (B)Restored retinal image. (C)Profile afpixel intensities 
at level of the small arrow on the images. 

CONCLUSION 
In this paper. we developed and validated a complete model 

of a high resolution digital retinal imaging system. We showed how 
the model can be used in attempts of restoration, i.e. the estimation of 
the underlying scene that gave rise to the image. In addition. our 
model may be valuable to many other i~age p~ssin~ ap~ro~~es 
in ophthalmology as it shows the degradation of mformation m digital 
images of the retina. Any simplifying assumptions. forced by 
mathematical tractability. can be based on our complete model instead 
of being ad hoc. 

Our efforts are currently concentrated on the incorporation of 
model nonlinearities and signal-dependent noise in the restoration. 
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