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Stefan Schramm*, Alexander Dietzel, Maren-Christina Blum, Dietmar Link and Sascha 
Klee  

Technical light-field setup for 3D imaging of 
the human nerve head validated with an eye 
model 

Abstract: With the new technology of 3D light field (LF) im-
aging, fundus photography can be expanded to provide depth 
information. This increases the diagnostic possibilities and ad-
ditionally improves image quality by digitally refocusing. To 
provide depth information in the human optic nerve head such 
as in glaucoma diagnostics, a mydriatic fundus camera was up-
graded with an LF imager. The aim of the study presented here 
was the validation of the technical setup and resulting depth 
estimations with an appropriate eye model. The technical setup 
consisted of a mydriatic fundus camera (FF450, Carl Zeiss 
Meditec AG, Jena, Germany) and an LF imager (R12, Raytrix 
GmbH, Kiel, Germany). The field of view was set to 30°. The 
eye model (24.65 mm total length) consisted of a two-lens op-
tical system and interchangeable fundus models with papilla 
excavations from 0.2 to 1 mm in steps of 0.2 mm. They were 
coated with red acrylic lacquer and vessels were drawn with a 
thin brush. 15 images were taken for each papilla depth illu-
minated with green light (wavelength 520 nm ± 20 nm). Papilla 
depth was measured from the papilla ground to the surround-
ing flat region. All 15 measurements for each papilla depth 
were averaged and compared to the printed depth. It was pos-
sible to perform 3D fundus imaging in an eye model by means 
of a novel LF-based optical setup. All LF images could be dig-
itally refocused subsequently. Depth estimation in the eye 

model was successfully performed over a 30° field of view. 
The measured virtual depth and the printed model papilla 
depth is linear correlated. The presented LF setup allowed 
high-quality 3D one-shot imaging and depth estimation of the 
optic nerve head in an eye model. 
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1 Introduction 
Classical fundus photography is an established and fast 

method for diagnosis and documentation of retinal diseases. In 
contrast to current scanning methods like scanning laser oph-
thalmoscopy or optical coherence tomography, it offers only 
2D information of the fundus. The new light field (LF) tech-
nologies offer the possibility to capture an 3D image in one 
shot [1]. Additionally, the image quality can be improved sub-
sequently by digitally refocusing [2]. In particular, the acqui-
sition of 3D information provides depth information that can 
increase diagnostic capabilities of the fundus photography, 
e.g., for glaucoma diagnosis.  

One strong risk factor for glaucoma is a suspicious optic 
nerve head appearance with an abnormal cupping or an in-
crease in the cup-to-disc ratio [3,4] with an increase in papil-
lary depth accompanied by steeper excavation walls, which is 
measurable in 3D space. With demographic change in the in-
dustrialized countries, the incidence of glaucoma is increasing. 
As this eye disease is one of the most common causes of blind-
ness [5,6], cost-effective, rapid and safe screening is a key fac-
tor in rapid medical intervention. 

Other authors have already shown that light field fundus 
photography on the human eye is possible in principle, but 
they use their own designed fundus cameras with simple op-
tics. The image quality therefore does not permit a useful depth 
estimate. [7–9] 
Our approach is to equip a standard fundus camera with a light 
field imager to determine the depth of the papilla. To validate 
the technical setup and the depth estimation, an eye model with 
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interchangeable fundus models regarding different papilla 
depths was designed and realized to perform a study. 

2 Methods 

2.1 Eye Model 

The main aspects that the eye model should address are the 
modelling of the back reflections of the cornea and the internal 
reflections, a size ratio to the real human eye of 1:1 and the 
interchangeability of the fundus with different papillary 
depths. Therefore, the design starting point was the radius of 
the corneal anterior surface with 7.707 mm and the require-
ment for a two-lens system to generate a correspondingly large 
number of reflections. The optical transmission properties 
should be similar to those of the human eye. Figure 1 shows 
the resulting eye model with a total length of 24.65 mm from 
the cornea anterior surface to the fundus surface in an isomet-
ric and a sectional view. The optical parameters are listed in 
Table 1.  
 

 
 
 
 
 
 
 
 
c 
 
 
 
 
 
 

 
Lens holder for the cornea model and lens model as well 

as the housing and the fundus models were 3D-printed with a 
resolution of 25 µm on an Objet30 Prime printer (Stratasys 
Ltd, Eden Prairie, USA) with white plastic (VeroWhiteTM, 
Stratasys Ltd, Eden Prairie, USA). The fundus models were 
coated with red acrylic lacquer (MolotowTM, Feuerstein 
GmbH, Lahr, Germany), and vessels were hand drawn with a 
thin brush with black acrylic lacquer. 

To estimate the optical performance of the eye model, the 
Modulus of the optical transfer function (MTF) of the eye 
model was calculated with Zemax OpticStudio® (Version 

21.1.1, Zemax Europe, Ltd., Stansted, United Kingdom) Fig-
ure 2 shows the resulting MTF of the eye model in comparison 
to the measured MTF of Guirao et al. 1999. He measured the 
MTF of the human eye as a function of age [10]. With a pupil 
diameter of 4 mm the eye model fits the measured MTF of the 
age group of 40 – 50 years best. 

 
Table 1: Surfaces of the eye model with its radius, distance to the 
next surface and material. 

Surface 
Radius 
(mm) Distance (mm) Material 

Cornea 
Front 7.707   

  1.5 N-BK7 
Cornea 
Back 8.886   

  4.5 Air 

Pupil -   

  1.5 Air 

Lens Front 14.288   

  4 N-LAK10 

Lens internal -13.762   

  1 N-SF57 

Lens Back -68.516   

  12.15 Air 
Fundus -10 

 
  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Comparison of the simulated Modulus of the optical 
transfer function (MTF) (solid line) at 0° with 4 mm pupil-diameter 
with the measured MTF from Guiaro et al. 1999 for Group B 
40 - 50 years (dashed line). The simulated MTF slightly 
overestimates the measured MTF in parts. 
 
 

 

Cornea  

Pupil Lens 

Lens holder  

Housing 

Fundus  
Figure 1: Isometric view of the eye model (left) and a sectional 
view of the eye model (right) showing the parts of the eye model 
(linear translation stage for focus adjustment and screws are not 
labeled for clarity). 
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2.2 Technical Setup 
The technical setup consisted of three main parts: a fundus 
camera (FF450, Carl Zeiss Meditec AG, Jena, Germany), an 
LF imager (R12, Raytrix GmbH, Kiel, Germany) connected 
with an c-mount adapter and the Raytrix LF software (RxLive 
5.0.046.0, Raytrix GmbH, Kiel, Germany). 

The fundus camera is a standard device with an illumina-
tion wavelength of 520 nm ± 20 nm. The field of view of the 
fundus camera was set to 30°. The f-number of the aperture of 
the fundus camera can be estimated with 5.6. 

The LF imager consists of a microlens array (f-num-
ber = 2.4) with lenses in a hexagonal grid of three focal lengths 
and a 16-bit monochrome half-inch sensor with a maximum 
framerate of 29 frames per second. This setup corresponds to 
an LF camera type two [2,11]. 

The LF imager is operated with its specific LF software 
which is also used for depth estimations.  

 
 

2.3 Imaging procedure and 
measurement analysis 

For each papilla depth 15 images were taken. The camera 
was readjusted with every image capture including the illumi-
nation intensity and exposure parameters of the LF imager.  
The image brightness was adjusted so that the papilla, which 
is the brightest area of the image, was at the limit of saturation.   

The local depth was determined by averaging over a cir-
cular region. The diameter of this region was according to the 
complete bottom of the papilla and kept constant for all meas-
urements. The papilla depth was then determined as the differ-
ence between the flat surrounding region and the bottom of the 
papilla. 

All 15 measurements for each papilla depth were aver-
aged and used for a linear regression with the real model pa-
pilla depths.  

Since the LF system is not metrically calibrated, the meas-
urements are given in virtual mm.(v-mm). 

 
 
 
 
 
 
 
 
 
 

3 Results 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

 
3D fundus imaging with die novel LF-based optical setups in 
the here presented eye model was possible for all papilla 
depths. Figure 3 shows refocused partial images with an ap-
proximate 10° field of view of an eye model papilla with 
0.8 mm depth. Refocusing on the retina (Figure 3 (a)) and on 
the papilla ground (Figure 3 (b)) was possible for all images. 
Also, the generation of a total focus image with a maximum 
depth of focus (Figure 3 (c)) was possible for all taken images.  

Depth estimation was successfully performed for all pa-
pilla depths over a 30° field of view. Figure 4 shows boxplots 
for each papilla depth and the linear correlation between the 
estimated virtual depth in v-mm and the real eye model papilla 
depth in mm. The narrow boxes indicate a good repeatability 
of the measurement. The linear fit has only a small negligible 
offset. 

  
 
 
 
 
 
 
 
 
 

 
Figure 4: Relationship between the measured depth of the papilla 
in v-mm and the depth of the papilla in the eye model in mm. The 
boxplots represent the distribution of model papilla depths over 
n = 15 LF measurements per fundus model. Dotted line: linear fit 
with Y = measured virtual papilla depth and x = model pa-
pilla depth. 
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Figure 3: Refocused partial images (approx. 10° field of view) of 
the eye model papilla with 0.8 mm depth (a): retina focused; 
(b): papilla bottom focused; (c): total focus image with maximum 
depth of focus; (d): total focus image with depth map overlay, green 
color indicating low regions, orange indicating high regions. 
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4 Discussion 
In the eye model study presented here, we have shown that 
depth estimation at the papilla with an LF fundus camera is 
possible in principle. Subsequent digital image enhancement 
by refocusing and total focus generation was possible for all 
images and represents a clear benefit for fundus photography.  

A depth estimation was also possible for all images. The 
linear regression mapped the measurements well, indicating a 
linear relationship.  With the good correlation to the real depth 
of the fundus model and low scatter of the estimated depth val-
ues, the method of papilla depth estimation is valid. In addi-
tion, the low value dispersion indicates good reproducibility. 
To obtain a realistic order of magnitude, the next step is to 
metrically calibrate the entire system including the software 
with its parameters specific to LF fundus imaging. In addition, 
further parameters, such as angle of the excavation walls or a 
cup-to-disk ratio equivalent, regarding early glaucoma detec-
tion can be implemented.  

The eye model used here has good optical performance on 
the optical axis. However, with the design requirements set, it 
does not model all the optical properties of the human eye. 
Many other eye models presented in the literature include spe-
cific aspects of optical imaging with corresponding model 
complexity [12–15]. If it is possible to reproduce typical aber-
rations of the human eye in the model and to integrate a di-
mensional scale, a metric model-based calibration can be per-
formed with it. 

Thus, the integration of the LF technology can be a future-
oriented extension of classical fundus photography. 
Author Statement 
Research funding: The author state no funding involved. Con-
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