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Abstract
Understanding of dry eye syndrome (DES) today is driven by in vivo analysis of tear osmolarity, tear 
film break up time, impression cytology and description of symptoms. Existing in vivo models of DES 
need severe alterations of tear production or corneal integrity. For a more detailed analysis of DES 
under particular environmental and treatment conditions a considerable lack of in vitro methods 
exists. The main disadvantage of current in vitro models is the limited experimental time frame of 
only several hours and the impossibility to evaluate healing of epithelial defects. In the present 
study, evidence is given that these restrictions can be overcome by modifying the established Ex 
Vivo Eye Irritation Test (EVEIT) to realize a model system for DES. This test is based on abattoir rabbit 
eyes allowing an experimental time frame of up to 21 days using self-healing corneal cultures. In first 
experiments it is demonstrated that different severity levels of dry eye can be simulated in the EVEIT 
system. High-resolution optical coherence tomography (OCT) is applied to monitor the initial phase 
of DES under evaporative stress acting on the cornea. We observed changes in corneal layer thick-
nesses and in scattering properties of the stroma, which are sensitive indicators of environmental 
stress leading to irritation of the ocular surface under dry eye conditions. The combination of corneal 
culture under desiccating conditions and OCT monitoring offers a new perspective in understand-
ing and treating of DES and is expected to allow for significant pharmacological screening tests.

Copyright © 2010 S. Karger AG, Basel

The integrity of corneal epithelium depends on a constant supply of healthy tears [1]. 
Dry eye syndrome (DES) is caused by a deficiency in tear production or an inordinate 
amount of tear evaporation during the open-eye state, leading to an unstable tear 
film [2]. Tear fluid deficiency results in weakening of the corneal infection barrier 
and drying up of the superficial corneal epithelium, which subsequent leads to ocular 
surface damage and increased risk of sight-threatening corneal infection and ulcer-
ation [3–5]. DES is associated with a wide spectrum of symptoms, such as itching, 
grittiness, pain, blurred vision, and in severe cases visual disability or blindness [6, 
7], and represents one of the most frequently established diagnoses in ophthalmology 
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[8]. A number of epidemiological studies have consistently documented a significant 
increase in the prevalence of DES with age. The incidence is in the range of 10–33% 
in the population aged more than 65 years, depending on the structure of the study 
[9–11]. In addition to age-related DES, air conditioning and low humidity have been 
identified to be the origin of initial symptoms of DES [12]. Recently, a large-scale sur-
vey confirmed reduced health-related quality of life in patients with primary Sjögren’s 
syndrome, expressed by (for example) higher hospitalization rates as well as signifi-
cantly greater depression and cognitive symptoms when compared to a control group 
[13].

Because of its high incidence, the accompanying limitations in quality of life and 
its potentially severe consequences, numerous clinical and experimental studies have 
been conducted to examine the multifactorial immunopathogenesis and develop 
appropriate treatment strategies for DES [14–18]. Dry eye animal models play an 
important role in this research and are applied to study pathogenesis, diagnosis and 
therapy. Here, mainly in vivo models of rabbits, mice, rats, cats, dogs and monkeys 
have been developed to mimic the multiplicity of pathophysiological mechanisms 
involved [2, 5, 19, 20]. Live animal models, which are used to examine quantita-
tive tear film deficiency and environmental stress, use surgical removal, irradiation 
or closure of the lacrimal gland excretory duct [21–23], prevention of eyelid closure 
[24], drug-induced suppression of tear secretion [5] and increased tear evaporation in 
a controlled low-humidity environment [25], optionally supplemented by a reduced 
blinking frequency induced by physical strain [26].

Since corneal inflammation, for example, induces increased lacrimation [27], 
changes in the tear secretion or goblet cell secretion (as a reaction to the externally 
forced dry eye conditions) are likely within these models. These unknown parameters 
can have an evident effect on the significance of the results obtained [4]. In addi-
tion, to achieve statistical certainty in spite of interindividual differences, extensive 
series of animal experiments have to be performed, which are time-consuming and 
resource-intensive. Therefore, reliable and highly standardized methods are required 
to provide economic and logistical advantages. One potential avenue is to replace ani-
mal tests by organotypic living models in research and pharmacological tests investi-
gating specific problems in dry eye.

Many intrinsic parameters like immune, endocrine and neuronal factors can only 
be modeled using living organisms. In contrast, investigation of extrinsic parameters 
– like generalized quantitative tear film deficiency or environmental stress and treat-
ment modalities addressing these effects – can also be conducted using withdrawn 
organs and cell or organ cultures. An ex vivo model of dry eye was demonstrated for 
the first time by Choy et al. [4, 7], using freshly enucleated porcine eyes. Within this 
model, the variation in mimicked lacrimation and blinking intervals allows for the 
simulation of dry eye conditions of different levels of severity [28]. This model has 
already been applied to compare the effects of different artificial tears under simu-
lated dry eye conditions [29]. Evaluation criteria accessible within this model are: 
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corneal damage (graded by fluorescein staining) and viability of cells in the central and 
peripheral region of the corneal epithelium (assessed by the trypan blue dye exclusion 
test after 4 h). Here, the time frame is limited by the increasing mortality rate of cells 
due to the reduction in their metabolic capabilities in the external environment.

To expand the usable time scale for experiments and to allow for a detailed analysis 
of corneal regeneration following corneal drying under different treatment condi-
tions, it is feasible to apply corneal cultures as a substitute for the entire bulbi used 
by Choy et al. [4, 7, 28]. To reach this goal, we intend to integrate the established Ex 
Vivo Eye Irritation Test (EVEIT) into a model for DES, and in this report we present 
a feasible method for doing so. Fundamental experiments using time-resolved high-
resolution optical coherence tomography (OCT) to investigate the initial behavior of 
the model under dry eye conditions are presented. Thereby, a detailed insight into the 
dynamic response of the cornea to different simulated lacrimation intervals is given. 
To demonstrate the capability of the combination of the introduced dry eye model 
and OCT examination, we additionally analyzed the effect of artificial tears applied 
under simulated dry eye conditions.

Materials and Methods

Ex Vivo Eye Irritation Test
The EVEIT allows for the prediction and grading of eye irritation and corrosion in chemical toxi-
cology without the need for animal experiments [30]. This model is based on rabbit corneas slaugh-
tered for food production. It has been proven to react very similarly to human eye tissue concerning 
behavior during chemical irritation and burn in single and repeated exposures. In a long-term 
approach, the self-healing system using organ culture methods (derived from human corneal cul-
ture) allows for an experimental time frame of up to 21 days. This enables the observation of bio-
chemical and morphological changes after specific chemical exposures, including the evaluation of 
recovery after chemical or mechanical trauma. The healing process observed after mechanically 
induced epithelial damage within the EVEIT system is demonstrated in figure 1, using fluorescein 
staining for follow-up examination.

Engineered corneal tissue constructs tend to have a lack of epithelial integrity, permeability, and 
mechanical properties of the cornea [31]. The EVEIT system a priori contains the metabolic, 
functional and anatomical features of the living organ, and therefore there is no need to provide 
evidence of its similarity to natural cornea. The possibility of evaluating healing after corneal 
damage in vitro is a unique feature of the EVEIT [30] that will greatly enhance the prediction of 
pharmacological effectiveness using the intended DES model.

An alternative short-term approach of the EVEIT is performed on whole globes to investigate 
acute damage and penetration during chemical eye burn limited to a maximum observation period 
of approximately 6 h. Currently, the EVEIT is being further developed and standardized to meet 
the requirements for formal regulatory acceptance as a predictor of eye irritation.

Optical Coherence Tomography
In previous studies, it has been demonstrated that OCT is a valuable tool for evaluating morpho-
logical changes induced by the treatment conditions being tested and analyzing the process of 
recovery after chemical trauma within the EVEIT system [32, 33]. Compared to conventional his-
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tological examination, this method enhances process monitoring from static invasive endpoint 
analysis to real-time dynamic observation. It therefore enables in situ monitoring of the area and 
the depth of damage, as well as recovery progress over time.

The basic principles of OCT have been extensively discussed elsewhere [34]. Briefly, OCT is the 
optical analog to medical sonography. For cross-sectional image reconstruction in OCT, near 
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Fig. 1. Documentation of epithelial recovery, observed within the EVEIT system using fluorescein 
staining. Corneal culture imaged directly after epithelial abrasion in 4 areas, measuring approxi-
mately 4 mm2 each (a). Images obtained 12 h (b), 24 h (c), 36 h (d), 48 h (e), and 60 h (f) after abrasion 
to document the healing process.
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infrared light (backscattered from structures within the sample) is analyzed by low-coherence 
interferometry. Hence, a light wave is split into a reference beam with variable path length and a 
probe beam, which is focused onto the sample. An interference signal is only generated if the path 
difference of both arms is smaller than the coherence length of the light source. Therefore, the axial 
resolution in OCT is determined by the coherence length, and consequently by the spectral 
bandwidth of the employed light source. In analogy to microscopy, the lateral resolution in OCT is 
determined by the cross-section of the laser beam at the sample site.

The high-resolution OCT system used in this study employs a Ti:sapphire laser oscillator 
(GigaJet 20, GigaOptics GmbH, Konstanz, Germany) centered at 800 nm as a low-coherence light 
source. Dispersion management within the laser cavity was deployed to optimize the coherence 
length of emitted light to 3.6 μm in air. The light source emission was coupled into the fiber-based 
interferometer of a commercial OCT system (Sirius 713, 4optics GmbH, Lübeck, Germany). The 
latter was modified to support the superior axial resolution specified by the coherence length of the 
Ti:sapphire laser. Axial and lateral resolutions within tissue were 2.6 and 10 μm, respectively. The 
A-scan rate of the OCT system was 50 Hz and the number of data points for each A-scan with an 
imaging depth of 600 μm was 512. A characteristic tomogram of an untreated rabbit cornea 
monitored by this OCT system is given in figure 2, demonstrating an overview of the scanned 
region (fig. 2a) and a magnification of the corneal apex (fig. 2b). Here, the epithelial and endothelial 
layers, the stroma, as well as Descement’s membrane are distinguishable. Ten adjacent A-scans 
around the center of the image were averaged and plotted in figure 2c, representing the OCT signal 
amplitude on a logarithmic scale. Layer thicknesses of the cornea can be derived from the distances 
of the corresponding entrance signals. Here, the repeatability (defined as the standard deviation of 
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Fig. 2. High-resolution OCT image of an untreated rabbit cornea ex vivo. a Overview over the 
scanned region. 4,500 × 600 μm. b Magnification of the corneal apex. 600 × 600 μm. c Logarithmic 
intensity profile corresponding to b given by the average of 10 adjacent A-scans, demonstrating the 
entrance signals used to derive layer thicknesses.
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the differences obtained in 5 independent and randomized measurements of epithelial thicknesses) 
was 1.76 μm, and therefore clearly below the axial resolution of the system.

Experimental Procedure
Within the research project described here, the short-term EVEIT was applied to define appropri-
ate dry eye conditions to model different grades of dry eye. Additionally, the initial phase of corneal 
drying while simulating different lacrimation intervals and environmental conditions was studied. 
For this purpose, enucleated white rabbit eyes were used. Rabbit heads were obtained from an abat-
toir and kept cool until enucleation of the eyes. Only clear corneas without any epithelial defects 
were processed. All measurements were performed within 12 h after animal death. Excised globes 
were stored at 4°C within a moist chamber to ensure preservation of the corneal epithelium. Thirty 
minutes prior to measurements, all eyes were raised to a temperature of 32°C, corresponding to the 
corneal surface temperature observed in humans [35]. Corneal surface temperature was measured 
by an infrared thermometer, and was kept constant at 32 ± 2°C throughout the experiment by 
immersion of the posterior half of the bulbus into a temperature-controlled water bath (fig. 3). The 
bulbus was fixed within the water bath by a plastic ring with the cornea face up. Lacrimation was 
simulated by applying single drops of Ringer’s solution (5.34 μl) at a defined interval onto the cor-
neal surface. To this end, a cannula connected to a perfusion pump (IPC high-precision multi-
channel dispenser, Ismatec, Zürich, Switzerland) was placed above the cornea. By positioning the 
cannula relative to the cornea, an even distribution of the solution over the corneal epithelium was 
ensured. To simulate different environmental conditions, the humidity of the ambient air could be 
reduced by exchange with dried air at variable flow rate. For this purpose, a gas hose with internal 
diameter of 3.0 mm was used, as illustrated in figure 3. The distance from the nozzle to the corneal 
apex was 40 mm.

solution applied
for lacrimation

OCT probe

cannula

bulbus

water bath

temperature controlled
hot plate

gas hose

dried air

10°
45°

Fig. 3. Experimental setup used to investigate the desiccation of the cornea under simulated dry 
eye conditions.
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The development of corneal drying and the effect of simulated lacrimation on the corneal 
epithelium were monitored by OCT imaging with a frame rate of 15 tomograms per minute. The 
observation period of each run was 16 min, recording a total of 240 tomograms. All OCT 
measurements within this study were performed on the corneal apex (fig. 3). Tomograms applied 
for time-resolved measurements were composed of 167 A-scans with a lateral step size of 7 μm. 
Imaging was started directly after exposure of the cornea to ambient air, defining time point zero. 
Layer thicknesses of corneal epithelium and of the entire cornea were derived from the optical path 
lengths in between the corresponding entrance signals of epithelium and stroma on the one hand 
and epithelium and endothelium on the other hand, as demonstrated in figure 2c. A refractive 
index of 1.385 was assumed for the conversion of optical to geometrical path lengths [36].

Each experiment within this study was repeated twice, using enucleated eyes of different rabbits. 
Besides variations in the central corneal thickness of the untreated eyes in the range of 473 ± 30 μm 
and subsequent deviations in the observed corneal thicknesses during treatment, no significant 
variations in experimental outcome following identical treatment conditions were observed.

Results

Within our model, both the lacrimation interval and the humidity at the corneal sur-
face can be varied to simulate different severities of dry eye. For the closely related 
model described by Choy et al. [4], which used enucleated porcine eyes, a lacrimation 
interval of 60 s is necessary to obtain a significant dry eye effect within a timeframe of 
4 h. Here, air flow (not explicitly defined) was applied to increase the rate of evapora-
tion on the corneal surface. To determine the effect of different magnitudes of the air 
flow, the initial phase of corneal desiccation was monitored by OCT at different flow 
rates using the short-term EVEIT.

Figure 4 shows a time-series data set obtained at a lacrimation interval of 60 s and 
a constant air flow of 2.0 l/min. Each tomogram depicts a cross-sectional image of the 
cornea at the end of the respective lacrimation interval. Two effects of the applied dry 
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Fig. 4. OCT image sequence, obtained at a lacrimation interval of 60 s and a constant air flow of 2.0 
l/min, demonstrating corneal desiccation under simulated dry eye conditions over a time period of 
16 min. Each tomogram depicts a cross-sectional image of the cornea at the end of the respective 
lacrimation interval.
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eye conditions on the corneal structure can be seen in this time series: first, the cor-
neal thickness decreases continuously with time; second, the OCT signal amplitude of 
the anterior stroma increases with time. Figure 5 illustrates the OCT images obtained 
during a single lacrimation interval within the same run depicted in figure 4. The first 
and the last tomograms within this series were recorded during the simulated lacrima-
tion process, which becomes apparent from the liquid layer depicted on the surface of 
the epithelium. After application of Ringer’s solution onto the corneal epithelium, the 
thickness of the liquid film decreased over time. However, at the end of the lacrimation 
interval, the liquid film still had a detectable thickness >3 μm. This finding holds true 
for all lacrimation intervals observed within this run, as is confirmed by the tomograms 
depicted in figure 4. Another important finding from the analysis of the lacrimation 
interval in figure 5 is the variation in epithelial thickness. In between 2 wetting proce-
dures, simulating lacrimation at 60-second intervals, a continuous decrease in the layer 
thickness of the corneal epithelium was observed, whereas a rapid increase was found 
during the adjacent moistening procedure. A quantitative analysis of these findings is 
given in figure 6 for 3 runs recorded at different rates of dried air flow over the bulbus. 
Corneal and epithelial thicknesses were evaluated from the 240 tomograms obtained 
throughout each experiment and plotted against time. Vertical lines within the graphs 
define the current moments of corneal wetting as derived from OCT imaging. Here, 
minor deviations from the interval timer of the perfusion pump can be observed.

In figure 6a, measurements obtained without supplying dried air are analyzed. 
Measurements depicted in figure 6b and c were conducted at flow rates of 2.0 and 
4.0 l/min, respectively. OCT data demonstrated in figures 4 and 5 are included in 
the diagram presented in figure 6b. In all these experiments, we observed a signifi-
cant decrease in corneal thickness, which was determined to be 8.0, 16.3 and 44.7% 
of the initial thickness measured without air flow and flow rates of 2.0 and 4.0 l/
min, respectively. Besides the continuous decrease in corneal thickness over time, 
an oscillation of corneal and epithelial thickness was observed on the timescale of 

856 s 860 s 864 s 868 s 872 s 876 s 880 s 884 s 888 s 892 s 896 s 900 s852 s848 s

500 μm

10
0 

μm

844 s

Fig. 5. OCT image sequence, obtained at a lacrimation interval of 60 s and a constant air flow of 2.0 
l/min, demonstrating corneal reaction within a single lacrimation interval under simulated dry eye 
conditions.
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the lacrimation interval of approximately 60 s. Without air flow and with an air flow 
of only 2.0 l/min, the oscillation builds up during the observation period. Here, its 
amplitude exceeded the observational accuracy of the layer thicknesses only after 480 
and 120 s, respectively.

The effect of artificial tears applied to the model under such simulated dry eye 
conditions is analyzed in figure 7. For corneal wetting, Hylocare® (Ursapharm GmbH, 
Saarbrücken, Germany) was used, which replaced Ringer’s solution in the experiment 
depicted in figure 6b. By applying this highly viscous tear replacement solution at 
a lacrimation interval of 60 s in combination with an air flow of 2.0 l/min, a 6.9% 
decrease in corneal thickness was observed within 16 min. No variations in epithelial 
thickness exceeding the observational accuracy were observed within this time span.

To observe the effect of the lacrimation interval on the desiccation of the cornea, it 
was reduced to 20 s. This value has proven to be suitable to simulate non-desiccating 
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Fig. 6. Temporal development of corneal and epithelial thicknesses under simulated dry eye condi-
tions derived from OCT time series. Vertical lines within the graphs indicate moments of simulated 
lacrimation. Values taken without supplying dried air (a), and at flow rates of 2.0 (b) and 4.0 l/min (c).
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conditions in the dry eye model of Choy et al. [4]. The air flow was adjusted to 2.0 l/
min. Results obtained under these conditions within our system are presented in fig-
ure 8. Here, no variations in epithelial thickness exceeding the observational accuracy 
can be observed. Furthermore, the reduction of corneal thickness observed within 16 
min is limited to 2.4% of the initial thickness. This is significantly less than the value 
of 16.3%, obtained for a lacrimation interval of 60 s under otherwise identical experi-
mental conditions (fig. 6b).

Discussion

In this study, different evaporative conditions and intervals of simulated lacrimation 
have been studied in order to experimentally induce and treat dry eye symptoms 
using an in vitro model. High-resolution OCT provides objective information about 
the initial process of corneal desiccation, with different manifestations in the epithe-
lium and stroma; thus, demonstrating that OCT is a valuable tool to adjust suitable 
conditions to model different severities of DES.

Time-resolved OCT imaging of corneal desiccation under dry eye conditions 
show an obvious increase in OCT signal amplitude in the anterior stroma over time, 
as given in figure 4. The OCT signal amplitude is determined by the scattering cross-
section of the tissue under examination, and is therefore defined by its microstruc-
ture. Healthy corneal stroma transmits 99% of the incident light without scattering 
[37]. It is generally accepted that the fibril diameter, the interfibrillar distance and the 
lattice-like organization of the collagen fibrils play a crucial role in stromal transpar-
ency [38]. The observed increase in OCT signal amplitude can therefore be ascribed 
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to structural changes in the anterior stroma, induced by a water flux to the corneal 
surface and subsequent stromal drying. This conclusion is supported by the observed 
decrease in corneal thickness over time. Figure 4 shows that the layer thickness of 
the tear film on the corneal surface clearly exceeded 3 μm during the entire experi-
ment. As a result, under the applied conditions, corneal desiccation cannot be due to 
dry spots and evaporation directly on the corneal surface, but has to be accounted 
for by osmolar forces [39]. Evaporative removal of water from the tear film leads to 
an increase in osmolarity, and this in turn results in a detectable withdrawal of water 
from the stroma.

The main source of water in rabbit corneas is the free water within the tissue, 
which amounts to 76.3% of the corneal weight [40]. Removal of water from the ante-
rior stroma results in increasing concentrations of salts within the cornea, leading to 
osmolarities of up to 600 mosm/kg measured in DES eyes. Thus, the water flux from 
the stroma to the corneal surface will decrease with decreasing difference in osmo-
larity. If the flux becomes to low to compensate for water loss in the epithelium, the 
epithelial thickness begins to oscillate at the lacrimation frequency, as demonstrated 
in figures 5 and 6, driven by the osmotic forces of the evaporating tear film. The 
observed rapid increase and slower decrease in thickness also supports this hypoth-
esis, as a reduction in osmolarity is almost instantaneous when the tear substitute is 
applied, while evaporative increase in osmolarity is slow. In our model, such osmolar 
stress delivered to the epithelium was observed only after increased scattering in the 
anterior stroma was visualized in OCT imaging. Therefore, it can be concluded that 
water flux from the stroma to the epithelium can initially compensate osmolar desic-
cation of the epithelium.

The induced continuous change of swelling and shrinking is a membrane-destroy-
ing mechanism, resulting in surface damage of biological barriers, which is a typical 
clinical sign of dry eye, usually observed by fluorescein staining.

Reduced corneal thickness, as observed in our model system, has been assessed 
as a target variable in dry eye therapy by Karadayi et al. [41]. They documented cor-
neal thicknesses before and after therapy of dry eye patients with tear substitutes. 
This study confirmed a mean increase in corneal thickness of 29 μm for patients with 
DES after 2 weeks of therapy. For normal individuals, lacking any symptoms of DES, 
the mean increase was only 3 μm. Clinical studies on trachomatous dry eyes and on 
DES have confirmed that corneal thinning is a valuable clinical sign of DES [42, 43]. 
This fact can easily be incorporated into our dry eye model using OCT for follow-up 
observation, e.g. in therapeutic studies.

In the normal eye, one third of the tear flow evaporates. However, in dry eye, up 
to three quarters of the tear film evaporates depending on the distinct pathological 
entity [44, 45]. Because evaporation accounts for a significant proportion of the tear 
loss in patients with dry eye, it also plays a crucial role in modeling of DES. Assuming 
constant temperatures of tear film and surrounding air, the evaporation rate is 
inversely proportional to relative humidity. This was used to study the influence of 
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tear evaporation on the initial process of corneal desiccation by applying dried air 
at different flow rates at the corneal surface (fig. 6). Here, measurements without air 
flow (fig. 6a) and with an air flow of 2.0 l/min (fig 6b) can be described as combined 
tear deficient and evaporative dry eye conditions. These are characterized by a pre-
ceding desiccation of the anterior stroma and subsequent alternating shrinkage and 
swelling of the epithelial layer, driven be osmotic forces of the evaporating tear film, 
as discussed earlier. The higher evaporation rate, which takes place when dried air is 
applied, only results in quantitative differences concerning the rates of stroma desic-
cation and corneal shrinkage and is subsequent to the point in time when significant 
oscillation of the epithelial thickness is observed.

At even higher evaporation rates, the tear film break-up time is less than 60 s, and 
therefore below the lacrimation interval applied. At an air flow of 4 l/min, tear film 
break-up time can be estimated from OCT data to be 32 s (not shown here). In this 
case, epithelial damage is not only driven by osmolar forces, but also by evaporative 
desiccation of the epithelial cells. This is apparent in the instantaneous and irrevers-
ible shrinkage of the epithelial layer observed under these conditions (fig. 6c). Such 
severe evaporative conditions are not adequate to induce dry eye conditions, and con-
sequently will be avoided in further studies. This is justified by the fact that blinking 
is especially controlled by ocular surface conditions, resulting in an increased blink 
rate below the tear film break-up time for dry eye patients with normal corneal sen-
sitivity [46, 47].

Within the first experimental application of our method in pharmacological 
screening, repeated use of hyaluronate-containing eye drops under simulated severe 
dry eye conditions was investigated. Application of such a tear replacement solution 
clearly showed a significant reduction in stained epithelial cells in the trypan blue 
exclusion test using the porcine dry eye model of Choy et al. [29]. This finding could 
be reproduced successfully by our model; thus, providing initial confirmation of the 
applicability of the presented dry eye model in pharmacological tests. It can be con-
cluded from the obtained OCT data that application of this artificial tear replace-
ment prevents the epithelium from being exposed to osmotic stress (fig. 7), while the 
opposite is observed for application of Ringer’s solution as a tear replacement under 
the same conditions (fig. 6b). Two reasons can be attributed to this finding. First, the 
water-binding capacity of sodium hyaluronate may increase the water content of the 
epithelium; second, the high viscosity of the fluid which increases the contact time on 
the corneal surface.

For use as a negative control, simulation of normal tear film conditions is also 
important. This is achieved using higher lacrimation rates, as demonstrated in figure 
8. Here, stromal desiccation and thereby corneal shrinkage are clearly reduced. In 
particular, no change in epithelial thickness is observed. Thus, it can be concluded 
that evaporation within the timeframe of 20 s does not lead to excessive osmolarities 
of the tear film. Accordingly, no damage to the corneal epithelium induced by osmo-
lar stress is expected under these conditions.
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The results obtained in this preliminary study form a solid basis to further develop 
the dry eye model introduced here. An important next step will be the transition from 
the short-term to the long-term approach using the corneal culture system established 
within the EVEIT. As the time in which the cornea is exposed to dry eye conditions 
is a key factor for the induced corneal damage, it will be necessary to adapt the envi-
ronmental conditions for taking this step. For example, it will be necessary to investi-
gate whether a further reduction in the lacrimation interval below 20 s is required to 
simulate normal conditions over a period of several days. Here, OCT monitoring will 
be a valuable tool to adjust these conditions, as it supplies not only information about 
the corneal desiccation, but also gives a detailed insight into the osmotic processes 
which introduce this stromal and epithelial damage.

Conclusion

There is no doubt that a meaningful in vitro dry eye model will achieve widespread 
use in order to address scientific problems and develop new treatment strategies and 
diagnostic approaches for DES. First important steps towards this goal have already 
been demonstrated within the research project described here, including an appli-
cable corneal culture system, dynamic OCT monitoring of corneal response to the 
applied dry eye conditions, and adjustable experimental conditions to model differ-
ent severities of DES. Combining the introduced short-term approach of the dry eye 
model with the presented corneal culture system will be the next step towards a new 
and innovative dry eye model. This will allow, for the first time, investigation of the 
healing processes under simulated dry eye conditions in vitro.
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