
Within the last decade, lamellar keratoplasties have 
extended the surgical spectrum of corneal transplantation 
[1,2]. However, penetrating keratoplasty (PK) continues to 
be the most common form of allogeneic tissue transplantation 
worldwide [3,4]. For PK and lamellar corneal transplantation, 
immune-mediated corneal graft rejection remains the most 
common reason for graft failure [5-8]. To gain better insight 
into the processes that lead to graft rejection, animal models 
are indispensable.

Until now, the two most commonly used animal systems 
to study corneal graft rejection have been mouse and rat 
keratoplasty models. To define the onset of rejection, animal 
corneal graft rejection models depend on either a clinical 
score (CS) system (frequently called the rejection index) [9] or 
measurements of the increase in the central corneal thickness 
(CCT) during rejection [10].

Clinical score: Clinical score systems describe the corneal 
opacity through integration of the underlying parameters 
edema (due to endothelial dysfunction) and cellular infil-
tration. Currently, the clinical score represents a subjective 
assessment. This raises issues with interobserver variability, 
reproducibility, and objectivity. Furthermore, the definition 
of the time point of rejection is not well standardized. This is 
because the established score systems vary in the number of 
grading levels (e.g., four or up to six grades) and the endpoint 
definition of rejection (e.g., exceeding a score of either “2” or 
“3” or being calculated differently as the addition of various 
parameters, such as corneal neovascularization) [10-13]. 
The clinical score cannot be robustly derived solely from 
photographs as, for example, the illumination and the light 
incidence must be individualized for each observer and each 
animal. In summary, the major disadvantage of the current 
evaluation of rejection in rodent keratoplasty models is the 
lack of objectivity and verifiability: none of the CS systems 
generate source data that provide the requested reproduc-
ibility in animal studies.

Central corneal thickness: Therefore, to determine the 
time point of rejection, Flynn and coworkers suggested 
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pachymetry [14]. The most important advantage of pachym-
etry measurements is that images can be used as source data 
and these images can be evaluated by different investigators 
at any time. Nevertheless, it is currently unclear whether 
an adequate increase in pachymetry is a valid surrogate for 
graft rejection because other parameters, such as stromal 
infiltration and/or neovascularization, are disregarded in this 
approach.

In this context, Liu and coworkers claimed that ante-
rior segment spectral domain optic coherence tomography 
(ASOCT) not only evaluates corneal thickness more precisely 
but also analyzes anterior chamber inflammation (i.e., cellular 
infiltration, an additional surrogate parameter) as an early 
indicator of graft failure before changes in the rejection index 
in a rat transplantation model [10]. Thus far, this technique 
has been tested only in a rat model but not in a murine model.

Table 1. Clinical score. 

Grade Clinical description
0 completely transparent cornea
1 minimal corneal opacity with iris vessels easily visible
2 moderate corneal opacity with iris vessels still visible
3 moderate corneal opacity with only the pupillary margin visible
4 complete corneal opacity, pupil not visible

Figure 1. Kaplan–Meier curve and histology. Survival of allogeneic (continuous line) and syngeneic (interrupted line) transplants: 80% 
of syngeneic transplants survived. A: The median survival of the allogeneic transplants was 12 days. Cryosections were dissected at the 
indicated days after keratoplasty. B–G: The allogeneic transplants showed dense infiltration of inflammatory cells in addition to stromal 
edema. The syngeneic transplants showed less cellular infiltration around the sutures () and almost no edema (B–D: allogeneic day 15, E–G: 
allogeneic day 21, H–J: syngeneic day 21).
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Rat and murine graft models are well-established in 
experimental transplant studies. A major disadvantage of 
mice is the higher technical skill level required. However, 
murine models are favored over rat models because the 
murine immune system is well characterized; more knockouts 
and siRNA knockdowns and a broader supply of diagnostic 
tools, such as specific anti-mouse antibodies, are available. 
Furthermore, economic factors, such as animal logistics and 
husbandry, encourage the use of mice.

Aim of this study: Thus far, a systemic review of corneal graft 
rejection characteristics comparing newer techniques, such 
as ASOCT has not been performed in mice. Therefore, our 
aims were

• to evaluate the model,

• to introduce ASOCT as a tool for defining graft rejec-
tion in a murine keratoplasty model,

• to compare the current standard (i.e., CS) against 
ASOCT measurements (i.e., CCT),

• to calculate the optimal cut-off value that distinguishes 
between rejection and non-rejection in ASOCT analysis, and

• to compare both approaches in terms of intra- 
(performed by one observer) and inter-individual observer 
variability.

METHODS

Ethics: All animal experiments were approved by the Faculty 
of Medicine, University of Freiburg and the federal state of 
Baden-Württemberg represented by the regional council 
Freiburg. Animals were treated in accordance with the Euro-
pean Union regulations for the care of experimental animals. 
This animal study was conducted in accordance with the 
ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research.

Animals: Inbred adult female BALB/c (H2d) mice (Charles 
River, Sulzfeld, Germany) were used as graft recipients; 
female C3H/He mice (H2k; Charles River, Sulzfeld, 
Germany) were used as allogeneic donors and BALB/c mice 
as syngeneic donors. Animals were treated in compliance 
with German, European, and Federation of Laboratory 
Animal Science Associations (LAS) regulations for the care 
of experimental animals.

Orthotopic corneal transplantation: Orthotopic corneal 
transplantation was performed in 6- to 12-week-old mice. 
The transplantation method we used was initially described 
by Zhang et al. [15] and further modified by Ardjomand et al. 
[16]. For our model, we established additional minor modi-
fications. Anesthesia was performed with intraperitoneal 

application of 10 mg/kg bodyweight xylazine (Bayer, 
Leverkusen, Germany) and 100 mg/kg bodyweight ketamine 
(Essex, München, Germany). A 2.0-mm diameter donor 
corneal graft was sutured into a 1.5-mm recipient corneal 
bed with eight 11–0 nylon single sutures (ETHILON® 
Nylon Suture, Ethicon Inc., Somerville, NJ). The donor 
female animals were 6 to 12 weeks old. All corneas used 
for corneal transplantation were completely clear before the 
grafting procedure; corneas with scarring or other opacifica-
tions were excluded. The corneas used for corneal grafting 
had central corneal thickness of between 52 and 67 pixels. 
The anterior chamber was reshaped after surgery with sterile 
saline solution, and Ofloxacin ointment (Floxal, Dr. Gerhard 
Mann, Chem.-pharm. GmbH, Germany) was applied to the 
cornea. The corneas were initially clear after keratoplasty. 
The eyelids were sutured with 7.0 Seralon (Serag-Wiessner 
GmbH & Co. KG, Naila, Germany) to protect the cornea over 
the initial 48 h. From the 3rd postoperative day and every 
3rd day afterward, the eyes were examined using a surgical 
microscope. Technical failures, such as intraocular hemor-
rhage, signs of infection, collapse of the anterior chamber, 
or cataract, were excluded. The corneal sutures were not 
removed.

Definition of corneal graft rejection and rejection kinetics: 
The grading of corneal opacity has been described by Sonoda 
and Streilein [17], was further modified by Larkin et al. [16], 
and has been used by our group to assess corneal graft rejec-
tion in rats [18]. All grafts were examined every 3rd day in a 
masked fashion by two independent investigators for signs of 
opacity according to the following scoring. The onset of graft 
rejection was diagnosed when the corneal opacity increased 
to grade 3 (no iris vessels discernible) in a graft previously 
clear after transplantation. The grading used was defined as 
follows (see Table 1).

Anterior eye segment optical coherence tomography: The 
Micron IV Retinal Imaging System (Phoenix Research 
Laboratories, Pleasanton, CA) and the Anterior Segment Slit 
Lamp Imaging System and Image Guided Optical Coherence 
Tomography for Mice (Phoenix Research Laboratories, Cat. 
No. 9002) were used for ASOCT. For analysis, the animals 
were anesthetized with an injection of 10 mg/kg bodyweight 
xylazine (Bayer) and 100 mg/kg bodyweight ketamine 
(Essex).

Evaluation of OCT images: Tomographic images were used 
to measure transplant thickness in pixels, defined in a central 
vertical section using Cell Finder software [19]. OCT tends 
to distort anatomic structures. To exclude systemic errors, 
we always performed vertical and horizontal thickness 
CCT measurements within the same eye and defined the 
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average central thickness in pixels. All grafts were analyzed 
by imaging one horizontal virtual section and one vertical 
virtual section through the transplant every 3rd day starting 
with day 6 after keratoplasty.

Histology: All specimens collected were frozen in TissueTek® 
O.C.T.™ Compound (Sakura Finetek Europe, Alphen aan 
den Rijn, The Netherlands) and stored at −20 °C. Six-micron 

sections were cut in a Microtome 3050S (Leica, Wetzlar, 
Germany), stained with hematoxylin and eosin and periodic 
acid-Schiff, and examined under a light microscope.

Statistical analysis and ROC analysis: Receiver operating 
curve (ROC) calculations were performed using the R plat-
form [20]. Data are presented as mean ± standard error of 
the mean (SEM). Statistical analysis was performed using 

Figure 2. ASOCT. A: The upper left panel shows an example of an untreated cornea before transplantation. C: The upper right panel shows 
an anterior segment spectral domain optic coherence tomography (ASOCT) image of a transplanted cornea at day 15 after transplantation; 
the yellow line indicates the caliper for the graft thickness assessment. The black bars (B and D) indicate the location of the ASOCT 
section. Examples of syngeneic (E and F) and allogeneic grafts at day 6 (G and I) and day 15 after keratoplasty (H and J). Each panel shows 
photographs of the cornea (E–J). The black bar indicates the location of the tomographic section. The photographs depict a clear corneal 
transplant at day 6 for all animals (E, G, and I). After syngeneic transplantation, the cornea remains transparent until day 15. Afterward, 
the allogeneic transplants show signs of rejection, that is, an increase in opacity and corneal edema (H and J). ASOCT shows no differences 
between the syngeneic and allogeneic transplants at day 6 (E, G, and I). However, there is an increase in edema at day 15 in the allogeneic 
keratoplasties (H and J). The syngeneic transplants showed a decrease in edema at day 15 (F).
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GraphPad Prism (GraphPad Software Inc., LaJolla, CA; 
version 6.0) or R. Before the analysis, the results were 
subjected to descriptive analysis and determination of 
normality using a Kolmogorov–Smirnov test. For samples 
with a normal distribution, we applied ANOVA (ANOVA) or 
Student t tests for unpaired samples. Survival analyses were 
tested with the log-rank test. P values of less than 0.05 were 
considered statistically significant.

RESULTS

Aim 1: Model evaluation with clinical and histological find-
ings: Orthotopic corneal transplantation was performed in 
adult female BALB/c mice (n = 13). The female C3H/He mice 
served as allogeneic donors, and the BALB/c female donor 
mice served as syngeneic controls (n = 5). Rejection occurred 
in the allogeneic group between day 9 and 12 (median day 
12.0; Figure 1A). The syngeneic group, however, showed 20% 
graft rejection as defined in the conventional clinical grading 
evaluating graft transparency.

Graft rejections were confirmed with histology. Early 
stages of rejection were associated with endothelial dysfunc-
tion and epithelial edema (arrows in Figure 1D). Epithelial 
edema resulted over time in both groups (Figure 1G,J). 
Corneal infiltrate and increased corneal thickness persisted 
in the allogeneic group (Figure 1E-G). The syngeneic group 
showed fewer inflammatory cells in the corneal stroma 
(Figure 1I) except for focal inflammation next to the sutures 

(* in Figure 1J). Suture removal had no influence on the rate 
and time point of the onset of graft rejection (data not shown).

Aim 2: Graft imaging via ASOCT in a mouse model: Graft 
thickness was analyzed with ASOCT every third day. Corneal 
thickness was derived from ASOCT tomographic pictures 
using custom software based on the R platform [20] (yellow 
line in Figure 2C). The left panel (Figure 2A,B) shows an 
untreated cornea. The center of the cornea, the anterior 
chamber, and the anterior pole of the lens can be defined. 
The right panel (Figure 2C,D) depicts a cornea with edema 
on day 15 after transplantation.

Initially, all grafts were transparent on day 6. The ante-
rior chamber was intact; the corneas showed minor swelling 
(Figure 2E,G,I, day 6). At later stages (Figure 2F,H,J, day 
15), the edema in the syngeneic grafts (Figure 2F) resolved 
whereas it increased further in the allogeneic group (Figure 
2H,J). Photographs depict distinct opacity in the allogeneic 
transplants (Figure 2H,J in the lower panel) and constant 
transparency in the syngeneic graft (Figure 2F, lower panel).

Starting from day 6, we analyzed all grafts via ASOCT 
every 3rd day. Before transplantation (Figure 2A,B) or in the 
early stages of rejection (here shown for day 6, Figure 2 or 
Appendix 1 upper panel), the full corneal graft thickness was 
identified in both groups.

Details in the anterior chamber (e.g., f lair or cellular 
infiltrates) could not be used as a diagnostic parameter in the 
present study due to the swelling and reduced transparency. 

Figure 3. Correlation of CS and 
CCT. Starting at day 6, the clinical 
score (CS) increased in both 
groups until day 9. Thereafter, the 
score decreased after syngeneic 
transplantation and increased after 
allogeneic transplantation. Corre-
sponding to these findings, the 
corneal thickness (CCT) increased 
in both groups until day 9. After-
ward, the CCT decreased in the 
syngeneic transplants and increased 
in the allogeneic transplants. The 
red line indicates the rejection 
threshold at 267 pixels.
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The initial edema in the syngeneic group dissolved over time 
(Appendix 1, left upper panel). After the initial edema, no 
further increase in corneal thickness was found in these 
animals. In contrast, the animals with allogeneic corneal 
transplantation showed progression in corneal graft thick-
ness. In some cases, this edema even led to an inability to 
detect Descemet’s membrane (Appendix 1).

Aim 3: Correlation between CS and CCT: Graft rejection 
was defined clinically by grading graft transparency. Grade 
0 was defined as a fully transparent graft, through which the 
iris vessels and the pupil margin were easily visible. Grade 
3 represents progressing opacification with undetectable iris 
vessels but a still detectable pupil; this grade was defined as 
“rejected.” Grade 4 was defined as complete corneal opaci-
fication (see Table 1). The eyelids were sutured closed to 
protect the cornea for the initial 48 h; a clinical examination 
was performed starting at day 6 every 3 days. Both groups 
showed mild postoperative corneal opacification until day 9 
that decreased in the syngeneic group and increased in the 
allogeneic group (Figure 3; also see histology, Figure 1).

We correlated ASOCT with the CS to evaluate the 
dynamics and concordance between the corneal edema and 

the corneal thickness. The CCT correlated well with the 
clinical score (Figure 3). The CCT increased between day 6 
and day 9 with persisting or increasing corneal swelling in 
the allogeneic group and decreased swelling in the syngeneic 
group. In the untreated corneas, ASOCT allowed evaluation 
of the whole cornea, the anterior chamber, and the anterior 
lens pole (Figure 2A). Shortly after transplantation and 
during rejection, the increased corneal thickness precluded 
discrimination of deeper intraocular structures (Figure 2E-J).

Aim 4: ROC analysis: We calculated the AUC from the ROC 
analysis for the CCT predicting rejection as defined by the 
CS. Defining the onset of rejection at a clinical score of 3 
or higher (Appendix 2), the ROC analysis showed an AUC 
of 0.88. Thus, the increased CCT predicted a graft rejection 
event (see Figure 3). However, this was not the case for a 
clinical score of 2 or higher (Appendix 2). The AUC calcula-
tions revealed the optimal cut-off point for detecting rejection 
was a CCT value of 267 pixels (the CCT threshold in Figure 
3).

Aim 5: Interobserver agreement: We analyzed inter-inves-
tigator variability separately for the CS and the CCT. The 
allogeneic mice were evaluated by two investigators in a 

Figure 4. Comparison of CS and 
CCT between two investigators. 
Comparison of CS (A) and CCT 
(B) between two investigators: Two 
independent investigators evalu-
ated transplants via the clinical 
score system and anterior segment 
spectral domain optic coherence 
tomography (ASOCT) images 
of the same animals on the indi-
cated days after keratoplasty. The 
disagreement range using corneal 
thickness (CCT) measurements 
was lower in the CCT than using 
the clinical score (CS).
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double-masked fashion. Comparing the day of graft rejec-
tion defined by using the CS (Figure 4A) or the CCT (Figure 
4B) showed distinct inter-investigator reliability (e.g., graft 
rejection was already defined by one investigator at day 9 
using the clinical score but not by the second investigator).

The central corneal thickness increased over time after 
transplantation. Both investigators analyzed ASOCT images 
from day 6, 9, 12, and 15, and defined the CCT (Figure 4B). 
The disagreement range using CCT measurements—espe-
cially within the first 9 days—was lower in the CCT than 
using the CS.

DISCUSSION

Murine models comprise established in vivo systems for 
corneal graft rejection. Mice provide a well-known genetic 
background and represent a useful alternative to other rodents 
(i.e., mainly rats) or mammal corneal graft models.

As the first step, we used an established clinical score for 
grading corneal opacity. Defined by this score and working 
with C3H/He donor mice and BALB/c recipients, all grafts 
developed a rejection period. Using a clinical score system in 
the allogeneic controls seemed reasonable. However, one of 
the control animals showed symptoms of immune-mediated 
rejection (20%), although these symptoms disappeared later. 
Furthermore, graft rejection could be confirmed and corre-
lated with histological findings. Thus far, when focusing on 
corneal opacity, we distinguished between syngeneic and 
allogeneic corneal transplantation and consecutive immune 
rejection. Nevertheless, the interobserver (dis)agreement 
using the CS varied significantly, especially within the first 
9 days.

To further improve the rejection readout, we introduced 
ASOCT measurements in this murine corneal graft model. In 
terms of the increased opacity defined by the clinical score, 
we found an increase in the CCT measured with ASOCT. 
From the AUC calculations, the CCT cut-off point was 267 
pixels. This threshold distinguished between the rejection 
and survival of a graft. Additionally, OCT pictures taken 
of the mice and analyzed by blinded investigators showed 
better inter-investigator reliability than the clinical score. In 
a comparison of the two methods, the CCT evaluation showed 
high conformance. The CS correlated with the increasing 
corneal thickness in the OCT measurements.

We considered the detectability of Descemet’s membrane 
an anatomic landmark. In all syngeneic cases, Descemet’s 
membrane could be seen over the whole survey; this was not 
true for all allogeneic transplanted animals. Here, however, 
a difficulty arose that the corneal thickness could not be 

evaluated in its entirety if Descemet’s membrane was not 
accessible. Interestingly, single ASOCT images showed 
the distinction between epithelium and stroma, most likely 
Bowman’s layer. We therefore conceived the idea that ASOCT 
might be useful for distinguishing between different types 
of rejection. In humans, epithelial, stromal, and endothelial 
rejection has been reported. In rodents, however, this distinc-
tion has not been described. Therefore, we suggest further 
investigation into the correlation between histology and 
OCT images. There might be a correlation that distinguishes 
between endothelial versus stromal rejections with prominent 
graft swelling during stromal or endothelial rejection (and 
thus the loss of the detectability of Descemet’s membrane) 
versus a visible Bowman’s layer as a parameter for epithelial 
or anterior stromal rejection.

As a f inal result, we found that corneal graft 
reject ion in a mur ine model not only can be  
def ined by using a cl in ical score that deter-
mines g raf t  opacit y but also newer methods  
such as anterior eye segment OCT may be superior in 
terms of precision and objectivity. Two additional advan-
tages of OCT measurements are the generation of source 
data (which allows other observers to reproduce the time 
point of the rejection onset) and higher repeatability when  
working with OCT images. We recommend using this method 
in the future, not only to improve rejection readouts but also 
to be able to verify results at later points of time. It is likely 
that the effects of differently treated recipient groups are more 
obvious and occur earlier during the observation period.

APPENDIX 1. TIME COURSE OF CORNEAL 
THICKNESS MEASUREMENTS:

Exemplary syngeneic and allogeneic grafts illustrate the time 
course of corneal swelling after transplantation. All trans-
plants increased in thickness until day 9. Afterwards synge-
neic transplants showed a reduced corneal swelling almost 
attaining preoperative thickness; allogeneic transplants 
increased in thickness. To access the data, click or select the 
words “Appendix 1.”

APPENDIX 2. ROC ANALYSIS:

The first ROC curve shows a reliable predictability when 
graft rejection was defined with a clinical score of 3 or higher 
(A; AUC of 0.88). Changing the definition of graft rejection 
with score of 2 or higher led to a decrease of the AUC (B; 
AUC of 0.62). To access the data, click or select the words 
“Appendix 2.”
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