
Summary. The study aims to evaluate corneal healing 
post amniotic membrane transplantation in controlled 
corneal defects, justifying its application in routine 
ophthalmology practice. The objective is to establish a 
reliable method for assessing the repair process. 
      In three groups of six adult New Zealand rabbits, 
keratectomy and a monolayer transplant of dehydrated 
human amniotic membrane (AM) were conducted in the 
left eye (OS) with the right eye (OD) serving as the 
control eye. Clinical signs were assessed, and both eyes 
were enucleated at 1, 2, and 4 weeks for optical 
coherence tomography (OCT) measurements and 
histological analysis, collecting data from different 
epithelium, stroma, and limbus regions. This study was 
conducted using a formula that combines histologic data 
categorizing their presence and/or type as beneficial for 
corneal repair. 
      No statistically significant differences were found 
between the experimental and control eyes regarding all 
clinical signs and OCT measurements. However, a linear 
model using histopathological results showed a period-
implant mode interaction with statistical significance 
(P=0.010). 
      The use of the single-layer amniotic membrane 
resulted in improved corneal recovery with the stromal 
side showing better performance in the first week and 
the epithelial side proving to be more effective than the 
stromal side in the long term. For the first time, a 
statistical formula employing histopathological data is 
introduced to determine corneal recovery, potentially 
offering a more accurate and reliable method compared 
with the observation of clinical signs and corneal 
measurements with OCT. 
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Introduction 
 
      The outer fibrous tunica of the eye comprises the 
sclera and the cornea. The limbus serves as the 
transitional zone between the cornea (anterior) and the 
sclera (posterior). The cornea, positioned at the front of 
the eyeball and transparent in nature, facilitates the 
passage of light into the eye, thereby enabling vision. In 
mammals, the cornea comprises the external corneal 
epithelium, the corneal stroma, and internally, 
Descemet's membrane and endothelium (Maggs, 2009). 
      Corneal ulceration occurs when the corneal 
epithelium is breached, exposing the underlying corneal 
stroma. It ranks among one of the most prevalent eye 
diseases in veterinary ophthalmology and is particularly 
common in rabbits, as indicated by some authors 
(Andrew, 2002; Maggs, 2009). The disease is classified 
as one of the inflammatory keratopathies, which can 
manifest either as ulcerative or non-ulcerative. Clinical 
signs, possible treatments, and prognosis may vary 
according to the depth of the defect. It is important to 
note that depth is not the only factor affecting healing; 
bacterial or fungal contamination may also adversely 
affect treatment (Maggs, 2009). 
      In superficial ulcers, the absence of infection, the 
elimination of the original cause, and topical treatment 
usually suffice to resolve the condition (Maggs, 2009). 
      In cases of deeper ulcers complicated by bacteria or 
fungal involvement, resolving them may necessitate 
corneal surgery and the application of biomaterials (Xie 
et al., 2018; Gogova et al., 2020). Some examples of 
such materials include stem cell transplantation, the use 
of polymer membranes, oral mucosa, amniotic 
membrane, and porcine bladder, among others (Sorsby et 
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al., 1947; Arora et al., 2005; Lo et al., 2013). 
      The amniotic membrane has been shown to be an 
effective biological material for restoring conjunctival 
and corneal surfaces in both human and veterinary 
patients when used as graft material (Tejwani et al., 
2007; Rosen et al., 2018; Costa et al., 2019). In 
transplantation (Che et al., 2019; Dragúñová et al., 
2019), it can be employed either independently or in 
conjunction with other tissues, such as the umbilical 
cord. Additionally, it is applied in eye drops to facilitate 
corneal re-epithelialization yielding satisfactory results 
(Tighe et al., 2017; Murris et al., 2018). 
      The amnion possesses several advantageous 
properties including its anti-fibrotic, anti-angiogenic, 
anti-protease, and anti-inflammatory properties. These 
properties contribute to the reduction of neutrophil 
infiltration, lipid peroxidation, and keratocyte death, 
thereby preventing symblepharon formation and 
decreasing stromal inflammation (Tamhane et al., 2005; 
Tandon et al., 2011; Lo et al., 2013).  
      Advanced diagnostic imaging tests are employed to 
acquire the most precise and accurate information 
regarding an individual's eye condition. Optical 
coherence tomography (OCT) can provide cross-
sectional or tomographic images of the eye with 
micrometric resolution. Anterior segment OCT (AS-
OCT) is utilized for diagnosing corneal diseases or 
anomalies, such as dystrophies or foreign bodies, and 
their repair following specific eye surgeries, among 
other applications (Armarnik et al., 2019; Kuo and Lee, 
2019; Wang et al., 2019). Furthermore, studies have 
demonstrated its effectiveness in assisting corneal and 
intraocular surgery, particularly in determining the 
dimension of a corneal biopsy (Schmidt et al., 2019; 
Shan et al., 2019). 
      Moreover, histopathology serves as a valuable tool 
for examining morphology and analyzing its indicators 
can shed light on healing mechanisms by providing 
morphological evidence of the reparative process in 
corneal ulcers, while also gauging the extent of 
inflammation and fibrosis (Raghunathan et al., 2017; Jie 
et al., 2018). 
      The objective of this study was to scrutinize the 
corneal healing process by intentionally inducing a 
controlled stromal defect using an amniotic membrane. 

This investigation aims to validate the membrane's 
application as a viable treatment in routine clinical 
ophthalmology and to find a reliable method for 
evaluating the reparative process. 
      To assess the procedure, clinical signs, OCT 
measurements and histopathology were assessed at 
different stages of the recovery process. Comparisons 
were drawn between the amniotic membrane placed over 
the stromal or epithelial side of the defect and the control 
eye, where no membrane was applied. 
  
Materials and methods 
 
      This study was verified and approved by the ethics 
committee of the University of Las Palmas de Gran 
Canaria (OEBA-ULPGC 08/2016). 
 
Design 
 
      This clinical trial aimed to evaluate the effects of 
inserting an amniotic membrane (AM) into the eye for 
corneal recovery in rabbits. Eighteen healthy, adult New 
Zealand rabbits, in optimal physical condition, were 
involved in the study. The rabbits were divided into three 
groups of six individuals: “Group 1” (individuals 1-6), 
“Group 2” (7-12), and “Group 3” (13-18). Group 1 was 
sacrificed after the first week, Group 2 after two weeks, 
and Group 3 after four weeks. Measurements of total 
corneal thickness, maximum ulcer thickness, and central 
thickness were taken for each eye.  
      Treatments (mode de insertion of AM) were 
randomly assigned according to Table 1. 
 
Surgical approach 
 
      All rabbits underwent anesthesia using a uniform 
protocol and prepared for sterile procedures. A 
controlled stromal defect was induced in 36 eyes. This 
keratectomy was performed with a 7 mm vacuum 
trephine (Clear-vue®, Moria, France) set at a depth of 
200 microns, following the manufacturer's instructions. 
      A single 8 mm diameter and 0.2 mm thick layer of 
dehydrated human AM (Visio-Amtrix®, TBF-Tissue 
engineering, France) was applied exclusively over the 
defect to the left eye (OS). In half of the cases (1, 2, 3, 
7, 8, 9, 13, 14, and 15), the epithelial side of the 
membranes made contact with the corneal stroma, 
while in the other half, the stroma of the defect was in 
contact with the stromal matrix of the amniotic 
membrane. 
      Tissue glue (OcuSeal®, Beaver-Visitec Inter-
national, Waltham, MA) was used to adhere the 
membrane following the manufacturer's instructions. 
To prevent a corneal reaction, no stitches, flaps, or 
contact lenses were utilized to fix the membrane, 
allowing for the evaluation of inflammatory and 
reparative reactions without interference from suture 
material,  as well as the assessment of external 
evolution. 
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Table 1. Experimental model. Treatment Assignment. 
 
Number                            Eye                                       Follow-up days* 

of rabbits                 Left                      Right               7            15         30 
 
9                 AM in mode epithelial     Control             3            3           3 
9                 AM in mode stromal       Control             3            3           3 
 
*: Data are treatments and frequencies. Distribution of individuals (n=18) 
in different groups (n=3), treatment assignment according to epithelial 
side (n=9) or stromal side (n=9) in the left eye of each individual (the OD 
always acts as a control), and follow-up time until euthanasia (7, 15, and 
30 days).



Postoperative management 
 
      A topical antibiotic (Ofloxacin 0.3%; Exocin®, 
Allergan, Ireland) was applied every 12 hours to all 
subjects, in conjunction with artificial tears (Systane®, 
Alcon, USA) until complete epithelialization was 
achieved. 
      To prevent potential digestive issues caused by 
handling, analgesic therapy with buprenorphine (0.03 

mg/kg), metoclopramide (0.5 mg/kg), and ranitidine (2 
mg/kg) were administered every 12 hours for the first 
three postoperative days (given subcutaneously). 
 
Clinical signs 
 
      Throughout the initial week and bi-weekly thereafter 
until the study's conclusion, all eyes underwent daily 
remote and slit-lamp observations. These assessments 
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Fig. 1. Example of the different clinical 
signs studied. 1. Superficial 
vascularization (arrow). 2. Deep 
vascularization (arrow). 3. Corneal 
edema (arrow). 4. Conjunctival 
congestion. 5. Secretion. 6. 
Discomfort. 7. Blepharospasm.



involved documenting the presence or absence of 
superficial and deep vascularization, discharge, 
discomfort, corneal edema, blepharospasm, hypopyon, 
and conjunctival congestion. (Fig. 1). The classification 
was assigned a value of "0" for the absence of a clinical 
sign, "1" for mild presentation, "2" for moderate 
presentation, and "3" for severe presentation. 
 
OCT 
  
      On the specified date for each group, rabbits were 
euthanized and transconjunctival enucleation was 
performed on both eyes for subsequent OCT and 
histological analysis. 
      The OCT model employed in the present study was 
Stratus Cirrus 500®, Zeiss, Germany, operating in 
"anterior chamber" mode). Each cornea underwent 
several OCT examinations to derive average 
measurements, encompassing normal corneal thickness, 
maximum ulcer thickness (the maximum thickness 
adjacent to the keratectomy incision), and central 
thickness (the thickness in the middle of the 
keratectomy) (Fig. 2). 
      The OCT also provides information regarding the 
presence or absence of lesional and/or perilesional 
edema. According to their degree of edema, corneas 
were classified into four groups ranging from "0" (no 
edema) to "3". Perilesional edema was classified as "1" 
if the edema ranged from 400 to 500 microns, "2" if the 
edema ranged from 500 to 600 microns, and "3" if the 
edema exceeded 600 microns. For lesional edema, "1" 
denoted edema less than 400 microns, "2" for edema 
between 400 and 500 microns, and "3" for edema greater 
than 500 microns. (Fig. 2). 
 
Histopathology 
 
      Following OCT analysis, the eyes were preserved 
and fixed in 4% buffered formaldehyde. Macroscopic 
sections were made at the level of the anterior chamber, 
encompassing the cornea, limbus, and lens. The cornea 
was sectioned centrally and embedded in paraffin. Four-
micron sections were obtained and stained with 
hematoxylin and eosin (H&E). 
      In total, the 36 corneal samples underwent 
histological studies, with data collected from areas of the 
epithelium and stroma (central zone, intermediate zone 
between the center and one of the defects, and a point 
close to both defects). Additionally, the condition of the 
sclerocorneal limbus was also assessed.  
 
Epithelium: For each of these areas, the following 
information was obtained: number of cell layers 
(numerical value), and the presence (1) or absence (0) of 
the basal layer and the basement membrane. 
 
Stromal: keratocytes were studied and classified based 
on their activity at the stromal level, with a value (0) 
assigned to those without activity or mature keratocytes, 

typically found in lower strata of the corneal stroma and 
characterized by elongated, flat nuclei that are separated 
from one another. In contrast, keratocytes with larger 
elongated nuclei and appearing in greater numbers with 
less separation were identified as immature keratocytes 
with value (1), and the more active immature keratocytes 
with large nuclei and obvious nucleoli were identified as 
having value (2). 
 
      The same assessment was conducted at the stromal 
level determining the presence (1) or absence (0) of 
simple edema, myxoid edema, and capillary blood 
vessels. 
      For the sclerocorneal limbus: inflammation was 
assessed by examining the presence of lymphocytic 
infiltrates within the perivascular or interstitial spaces. 
Assigned values ranged from negative (0) to mild (1), 
moderate (2), and marked (3). The examination also 
included the presence (1) or absence (0) of neoformed 
capillaries as well as edema. 
 
Histopathological data analysis 
 
      Using the data obtained from the histology section, a 
formula was developed that integrated all the data based 
on whether their presence and/or type contribute to 
corneal repair. The formula is outlined as follows:  
Corneal repair= Epithelial regeneration+ Stromal repair+ 
Limbal repair. 
      For epithelial regeneration: data were collected at 
the different points described above (central zone, 
intermediate zone, proximal zone 1, and proximal zone 
2). The number of cells (NCEL) is considered a positive 
value, with a higher count of cell layers indicating a 
more advanced level of regeneration. Additionally, basal 
cells (BCEL) and the presence of the basement 
membrane (BMEM) are considered positive values, 
reflecting enhanced regeneration. Therefore: 
 
Epithelial regeneration= NCEL + BCEL + BMEM 
 
      Data related to stromal repair include the following: 
Concerning Keratocytes (KERAT), the degree of repair 
varies according to the stage. A value of "0" signifies the 
optimal condition. It is important to note that the 
presence of simple edema (EDEMA), myxoid edema 
(MIX), and vascularization (VASC) indicates a lower 
degree of repair. Accordingly: 
 
Stromal Repair=KERAT (0>1>2) - EDEMA - MIX - 
VASC 
 
      In the case of limb repair, the following data are 
considered: Inflammation (LIMBUS_INFL): depending 
on the degree of inflammation, indicates varying levels 
of repair activity with a value of “0” denoting the highest 
level of repair. Vascularization (LIMBUS_VASC) and 
edema (LIMBUS_EDEMA): Their presence implies a 
lesser degree of repair. Therefore: 
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Limbal repair=LIMBUS_INF (0>1>2>3) - LIMBUS_ 
VASC - LIMBUS_EDEMA 
 
Statistical analysis 
 
      Zero-inflated Poisson model 
 
      The impact of treatments on the progression of eye 
lesion counts in Blepharospasm, Discomfort, and 
Conjunctival congestion was assessed. However, the 
other clinical signs yielded too many null results, 
making them unanalyzable. Thus, for each marker, 
denoted as Nt,d,r,e to represent the lesion count in eye “e” 
(right or left) corresponding to the rth rabbit treated with 
“t” (Control, Epithelial, Stromal) on day “d" of follow-
up. Given that most counts are null, they were modeled 

using a zero-inflated Poisson mode. Additionally, 
considering repeated measures within each rabbit, we 
included the rabbit effect as a random effect, nested 
within, which is the eye effect (Hall, 2000). The 
resulting zero-inflated mixed model for each marker 
(Blepharospasm, Discomfort, and Conjunctival 
congestion) is as expressed as  

      being: ln(μt,d,r,e) = α + βd+ γt + ur + ve(r)  
Here, γt represents the fixed effect of treatment (Control 
is taken as reference and thus, γControl = 0), ur~N(0,σ2 ) 
denotes the random effect of the rabbit and ve(r) is the 
random effect of eye “e” nested in the rabbit “r”. 
Additionally, we assume that the probability of zeros 
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Fig. 2. Different OCT measurements. 1. Normal corneal thickness. 2. Maximum ulcer thickness. 3. Central thickness. 4. Perilesional edema. 5. Lesional 
edema.



p_d may depend on the day of observation, with a higher 
probability towards the end of the follow-up. 
 
      OCT 
 
      In the study of OCT measurements, the variables 
were summarized as medians according to the week, 
eye, and mode of placement of the AM (epithelial and 
stromal). 
 
      Corneal repair score 
 
      We propose a corneal repair score as a weighted 
average of the three repair markers, namely: epithelial, 
stromal, and limbus repairs. Thus, for both eyes, the 
corneal repair score is defined as a convex linear 
combination in the form: 
 
Corneal.Repair = w1 · R. Epitelial + w2 · R. Stroma + w3 
· R. Limbus 
 
To determine the coefficients w1, w2, w3, we consider 
the difference: 
 
D = Corneal. RepairLeft - Corneal. RepairRight 
 
Since the right eye was used as a control in all cases, D 
measures the effect of AM in its two modes of insertion 
in the left eye (epithelial and stromal) on corneal repair 

relative to the control (right eye). Thus, we refer to D as 
the superiority of the AM inserted in the left eye versus 
the control (right eye). Therefore, comparisons between 
treatments will be carried out using D-differences 
according to the following model:  
 
D = μ + α · AM + β · Period + γ · AM×Period + Error 
[M2] 
 
Here, “AM” represents the factor denoting the insertion 
mode of AM, with epithelial and stromal modes coded 
as 1 and 0, respectively (stromal is taken as reference), 
“Period” takes values of 0 or 1 based on the first or 2-4 
weeks and "Error" denotes the random variables 
corresponding to unexplained variability. We assume 
that these variables are independent and normally 
distributed with a mean of zero and standard deviation σ. 
      We choose the weights w1, w2, w3, as those that 
maximize the adjusted-R2 coefficient corresponding to 
the fit of the model [M2] using the least squares method. 
It is important to note that γ represents the effect of the 
interaction between AM and Period factors (AM 
concurrence in the epithelial mode with the second 
period).  
      The model was estimated using least squares and 
summarized by parameter estimates and standard errors 
(SE). Adjusted means for the differences D by period 
and mode of insertion of the AM were also estimated. 
Due to the low sample size, parameters were estimated 
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Table 2. Estimation of the zero-inflated Poisson models.  
 
Marker                                                                             Effect                                                    Coefficient (SE)                                                     P-value 
 
Blepharospasm                                                 (Intercept)                                                               0.88 (0.21)                                                         <0.001 
                                                                         Days (β)                                                                -0.57 (0.06)                                                         <0.001 
                                                                         Treatment (γt)                                                                                                                                        
                                                                               Control (reference)                                           0                                                                           - 
                                                                               AM in mode epithelial                                       0.48 (0.21)                                                           0.02 
                                                                               AM in mode stromal                                        -0.44 (0.27)                                                           0.102 

Discomfort                                                         (Intercept)                                                               0.96 (0.20)                                                         <0.001 
                                                                         Days (β)                                                                -0.54 (0.05)                                                         <0.001 
                                                                         Treatment (γt                                                                                                                                         
                                                                               Control (reference)                                           0                                                                           - 
                                                                               AM in mode epithelial                                       0.37 (0.20)                                                           0.063 
                                                                               AM in mode stromal                                        -0.44 (0.25)                                                           0.083 

Conjunctival congestion                                    (Intercept)                                                               1.32 (0.14)                                                         <0.001 
                                                                         Days                                                                      -0.42 (0.03)                                                         <0.001 
                                                                         Treatment (γt)                                                                                                                                        
                                                                               Control (reference)                                           0                                                                           - 
                                                                               AM in mode epithelial                                       0.18 (0.15)                                                           0.24 
                                                                               AM in mode stromal                                        -0.36 (0.18)                                                           0.048 
 
For Blepharospasm, Discomfort, and Conjunctival congestion, the lesion counts decrease throughout the follow-up period (P<0.001). Regarding 
Blepharospasm, the epithelial insertion mode was consistently associated with a higher expected number of lesions compared with the control (P=0.02) 
throughout the follow-up, while the stromal insertion mode showed no significant difference with the control (P=0.102). For Discomfort, although 
statistical significance was not reached, the expected lesion count in the nonconforming group tended to be higher when inserting the amniotic 
membrane in the epithelial mode relative to the control (P=0.063) and lower than the control when inserted in stromal mode (P=0.083). For Conjunctival 
congestion, the expected number of lesions was significantly reduced relative to the control for the stromal insertion mode (P=0.048), while the 
epithelial insertion mode showed no significant difference from the control (P=0.24). 



using 90% confidence intervals.  
      Statistical significance was set at P<0.05. Data  
were analyzed using the R package, version 4.2.1  
(R Development Core Team, 2022). The zero 
-inflated Poisson model was estimated using R- 
package “glmmTMB” (https://github.com/glmmTMB/ 
glmmTMB). The model for the differences in corneal 
repair (D) was analyzed using R-package “emmeans” 
( h t t p s : / / c r a n . r - p r o j e c t . o r g / w e b / p a c k a g e s / 
emmeans/index.html). 
 
Results 
 
Clinical signs 
 
      Data were collected by one investigator. All 18 

specimens were scanned and data collected daily from 
days 1 to 7. Scans were performed on days 7, 9, 11, and 
15 for the second group (rabbits 7-12). In Group 3 
(rabbits 13-18), scans were conducted on days 17, 21, 
23, 27, and 30. 
      Table 2 summarizes the estimation of the fixed 
effects corresponding to the zero-inflated Poisson model. 
For the three markers (Blepharospasm, Discomfort, and 
Conjunctival congestion), the lesion counts showed a 
consistent decrease throughout the follow-up period 
(P<0.001). Regarding Blepharospasm, the epithelial 
insertion mode was consistently associated with a higher 
expected number of lesions compared to the control 
throughout the follow-up (P=0.02), while the stromal 
insertion mode did not exhibit a significant difference 
from the control (P=0.102). Although statistical 
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Fig. 3. Evolution of lesion counts according to treatment and 
follow-up day. For each marker, evolution of lesion counts 
according to treatment. The curves correspond to the mixed-
model fits. 



significance was not achieved, the expected lesion count 
in the nonconforming group tended to be higher when 
the AM was inserted in the epithelial mode compared 
with the control (P=0.063) and lower than the control 
when inserted in the stromal mode (P=0.083). For the 
conjunctiva, the expected number of lesions was 
significantly reduced relative to the control for the 
stromal insertion mode (P=0.048), while the epithelial 
insertion mode showed no significant difference from 
the control (P=0.24). These results are illustrated in 
Figure 3. 
 
OCT 
 
      According to the measurements performed, different 
results were obtained concerning corneal thickness and 
the presence and type of edema. 

      Several OCT measurement results could not be 
obtained for all eyes: in Group 1 at 4OD and 6OD for 
total thickness (TT) and central thickness (CT); in Group 
2 at 7OS, 8OD, and 8OS for TT; 8OD for Ulcer Max 
Thickness (UMT) and in 8OD and 8OS for CT. 
      The characteristics of corneal thickness by eye and 
follow-up are summarized in Table 3, which presents 
median values of corneal thicknesses in each eye at 
different points of the keratectomy: the normal corneal 
thickness (total), ulcer maximum thickness (ulcer max), 
and central thickness (central). This summarization is 
organized based on the week of observation and the 
method by which the AM was inserted in the left eye of 
each rabbit. Throughout the follow-up period, 
thicknesses between the two eyes did not exhibit 
statistically significant differences, possibly due to small 
sample sizes. 
      The same occurs with Table 4, which presents the 
statistical analysis of lesional and perilesional edema. 
Over time, no statistically significant differences were 
observed between the control and study eyes. 
 
Histopathology 
 
      Table 5 summarizes the variations in corneal repair 
scores (epithelial, stromal, and limbal) between the two 
eyes, considering the mode of AM implantation and the 
week of follow-up.  
      In this table, it is noted that when evaluating 
differences in corneal repair (left minus right eye) based 
on the treatment group, the epithelial repair of the first 
week exhibits an almost statistically significant 
difference between the methods of membrane placement 
(P=0.077). 
      Figure 4 illustrates the findings of most cases in 
Group 1 during the first week of treatment. The presence 
of stromal reactivity and irregular regenerated 
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Table 3. Corneal thickness according to treatment mode and week. 
 
                                   Mode of insertion of the amniotic membrane (AM) 

                                           Epithelial N=9                     Stromal N=9 

Thickness      Week      Left eye      Right eye         Left eye      Right eye 
 
Total                  1            413              483                 422             470 
                          2            452              464                 454             453 
                          4            427              422                 429             429  

Ulcer                  1            272              219                 259             234 
                          2            379              320                 344             290 
                          4            285              273                 254             245 

Central               1            283              343                 296             256 
                          2            368              306                 418             409 
                          4            325              336                 301             288 
 
Descriptive table summarizing the corneal thicknesses in medians for 
each eye according to the week of observation and the method of 
amniotic membrane insertion in the left eye of each rabbit. Data are 
medians.

Table 4. Statistical analysis of the lesional and perilesional edema. 
 
                                                             Eye with the amniotic membrane 

Week         Edema        Control eye                ≤400                   >400 
 
1            Peri-lesional          ≤400                        0                         0 
                                           >400                        0                         3 

2                                          ≤400                        0                         0 
                                           >400                        0                         2 

4                                          ≤400                        0                         0 
                                           >400                        0                         1 

1               Lesional             ≤400                        1                         0 
                                           >400                        1                         1 

2                                          ≤400                        0                         1 
                                           >400                        0                         2 

4                                          ≤400                        4                         0 
                                           >400                        0                         2 
 
No statistically significant differences were found when comparing the 
control eye with the test eye over time. Data are frequencies.

Table 5. Differences in corneal repair (left eye minus right eye) 
according to treatment group. 
 
                                                   AM insertion mode  

                       Week      Epithelial N=9          Stromal N=9         P-value* 
 
Epithelial            1             0 (-3; 1.5)              10 (10; 12.5)            0.077 
                          2             1 (-3; 12)               -3 (-10; 4)                0.7 
                          4            -2 (-2.5; 6)              -1 (-2; 0)                  1  

Stroma               1             1 (0.5; 2)                 1 (0.5; 4)                1 
                          2             2 (1; 2)                    0 (0; 0.5)                0.346 
                          4             0 (-0.5; 2)                0 (-1.5; 1.5)            0.825  

Limbo                 1            -1 (-1; -0.5)             -1 (-1.5; -0.5)           0.814 
                          2             0 (-0.5; 0)                0 (-0.5; 0)               1 
                          4             0 (0; 0)                    0 (-0.5; 0)               0.505 
 
Data are medians (25-75th percentile). *: Wilcoxon test for independent 
samples. When examining variations in corneal repair (left eye minus 
right eye) based on treatment groups, a statistically significant difference 
was observed in epithelial repair during the first week, with a P-value of 
0.077 indicating the impact of the method of membrane placement.



epithelium, in the membrane epithelial side (A), 
contrasts with the absence of such features in image (B) 
corresponding to the cornea with the membrane placed 
on the stromal side in OS, exhibiting a mature stroma. 
Below, control case (C) with scant epithelium can be 
observed. The limbal area shows marked habitual 
activity (D).  
      The score of the corneal repair model leading to the 
best fit [M2] was: 
 
Corneal.Repair = 0.0675×R. Epitelial + 0.195×R. 
Stroma + 0.7375×R. Limbus 
 
      The analysis of the effects of AM on corneal repair 
is summarized in Tables 6 and 7. In the first week, the 

expected value of the repair score was higher when the 
stromal insertion mode was used compared with the 
control (superiority of AM-stromal score vs. 
control=0.570; 90% CI=0.021; 1.119). However, in the 
second period, the insertion in epithelial mode was 
superior to the control (difference in scores=0.397; 90% 
CI=0.009; 0.785). Finally, when the insertion modes are 
directly compared, the stromal mode shows greater 
effectiveness in the first period (superiority of AM-
epithelial score vs. stromal=0.869; 90% CI=-1.655; -
0.093) while in the second period, the epithelial mode is 
more effective than the stromal mode (superiority of 
AM-epithelial score vs. stromal=0.745; 90% CI=0.197; 
1.294).  
      Figure 5 illustrates the evolution of corneal repair in 
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Fig. 4. Histopathological section of corneas corresponding to Group 1. A. OS. Membrane placed on the epithelial side. High stromal reparative activity 
in the proximal area of the surgical wound: thick arrow; asterisk*: normal stroma. Irregular number of epithelium layers and altered basal cells: thin 
arrows 1, 2. H&E. B. OS. Membrane placed on the stromal side. Cornea with absent epithelium: (asterisk). Lax stroma with superficial and myxoid 
edema: (double asterisk). Immature keratocytes in the stroma: (arrows). H&E. C. OD Control. Cornea with two or three layers of reactive epithelium: 
(asterisk). Irregular basal cells and imprecise basement membrane: (arrow 1). Reactive keratocytes: (arrows 2, 3) Sparse inflammatory cells into lax 
stroma with myxoid edema: (small arrows). H&E. D. OS. Limbus. Area of the corneal limbus with non-specific chronic inflammatory signs: (thick 
arrows). Regular basal cells: (arrows 1, 2). Capillary vessel in formation structure: (arrow 3). Two conformed capillaries: (arrows 4, 5). Well-formed 
epithelium: (asterisk). H&E. Scale bars: A, D, 50 μm; B, C, 70 μm



Groups 2 and 3. One case with the membrane placed on 
the epithelial side (A) in mode 1 in OS showed a high, 
regenerated epithelium with residual active stroma, 
whereas, in image (B), there is a well-formed epithelium 
and stroma with immature keratocytes and aqueous 
edema. The control case (C). The limbus exhibits an 
apparent structure and moderate activity (D). 
 
Discussion 
 
      It is well known that rabbits are commonly used in 
laboratory research due to their manageability, space 
efficiency, and cost-effectiveness. Since domestic rabbits 
(Oryctolagus cuniculus) are popular pets, they are 
frequently encountered in veterinary practice. As prey 
species, rabbits have prominent, laterally positioned eyes 
that provide them with a wide field of vision (Maggs, 
2009).  
      Extensive research has been conducted on ocular 
alterations in wild animals, pets, and experimental 
animals, with the cornea being the most commonly 
affected organ and corneal ulcers being the most 
common pathology in this species (Andrew, 2002). 
 
Clinical signs 
 
      Different studies have reported different results on 

the reduction of pain after AM transplantation in various 
corneal diseases. A study of patients with acute ocular 
burns (Tamhane et al., 2005) found that patients 
undergoing amniotic transplantation did not experience 
as much pain as those receiving only medical therapy. 
Comparatively, our study found that the eye with AM 
(OS) exhibited more signs of pain, including greater 
discomfort, conjunctival congestion, and blepharospasm 
than the OD, as shown in table 2, and figure 3. The 
statistical results for the three clinical signs indicate 
P<0.001. 
      The placement of the membrane predetermined 
differences as to its location: blepharospasm and 
discomfort were more common in patients with the 
membrane in the epithelial position than in those with 
the membrane in the stromal position, although 
discomfort was not statistically significant (P=0.063). 
These results may correlate with the sensation of a 
foreign body in patients with Sjögren's syndrome who 
have undergone amniotic membrane transplantation 
(AMT) (Shafer et al., 2019). 
      Another factor to consider when determining 
whether AMT is more advantageous than other 
techniques or treatments is the recovery of visual acuity. 
Accordingly, several studies have demonstrated that 
there is no statistically significant difference in visual 
acuity improvement or signs that may alter it, such as 
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Table 7. Adjusted means [90% CI†] deduced from the linear model (Table 6). 
 
                                                                                               Mode of insertion of the AM  

Period                                                                 Stromal*                                                     Epithelial*                                               Epithelial vs Stromal** 
 
Week 1                                                    0.570 [0.021; 1.119]                                    -0.299 [-0.848; 0.250]                                      -0.869 [-1.645; -0.093] 
Weeks 2 and 4                                       -0.348 [-0.736; 0.040]                                    0.397 [0.009; 0.785]                                        0.745 [0.197; 1.294] 
 
*: Difference in corneal repairs between the left and right eyes; adjusted means assess the superiority of AM in both modes (left eye) relative to the 
control (right eye). **: Comparison of the epithelial and stromal insertion modes: superiority of the epithelial mode insertion minus superiority of the 
stromal mode AM. †: Since the sample size was small, 90% confidence intervals were used. This table confirms, through the confidence interval, that 
corneal repair is superior in both modes (OS) compared with the control (OD). It also demonstrates that in the second period (weeks 2 and 4), insertion 
in the epithelial mode relative to the stromal mode leads to a marked superiority of 0.745 (90% CI).

Table 6. Linear model with treatment-week interaction for the difference D in proposed corneal repair score between left and right eyes (left minus 
right). 
 
                                                                                                                                     Coefficient (SE)                                                               P-value 
 
(Intercept)                                                                                                                      0.570 ± 0.312)                                                                  0.089 

Mode of insertion of the AM                                                                                                                                                                                         
      Stromal                                                                                                                     0 (Reference)                                                                        
      Epithelial                                                                                                                  -0.869 (0.441)                                                                  0.069 

Period                                                                                                                                                                                                                           
      Week 1                                                                                                                      0 (Reference                                                                        
      Weeks 2 and 4                                                                                                         -0.918 (0.382)                                                                   0.03 

Interaction: epithelial mode of insertion and weeks 2-4*                                                1.615 (0.540)                                                                    0.01 
 
*: The treatment-period interaction leads to the fact that in the first period, AM is more effective in stromal mode while in the second period, it is more 
effective in epithelial mode. This table summarizes the estimation of the corresponding linear model, showing statistical significance for the period-
implant mode interaction (P=0.010).



opacity or corneal edema, after acute ocular burn 
(Tamhane et al., 2005), alkali burn (Subasi et al., 2017), 
or following pterygium surgery (Akbari et al., 2017).  
      However, several authors have observed differences 
in visual acuity when comparing the use of AM with 
different techniques to treat recalcitrant filamentous 
fungal keratitis (Chen et al., 2016) or bacterial stromal 
keratitis (Altay et al., 2016). 
      In this study, a statistical comparison of corneal 
edema presentation among the study subjects was not 
feasible due to the prevalence of numerous "0" or null 
results. Subsequent studies, potentially involving a larger 
number of individuals, should be undertaken to yield 
insights into visual recovery outcomes. 
      Several methods have been described for placing the 
AM with varying results. A meta-analysis type study 

published in 2019 (Liu et al., 2019) revealed that there 
are differences in vision improvement rates (VIR) 
depending on the technique used to cover the ulcer: the 
highest VIR was found in cases where the AM was 
placed in a single layer, followed by those whose AM 
was placed in a multilayer technique, and those with the 
lowest VIR were the "sandwich" group. In the present 
study, the unilayer technique was used. Future studies 
may provide further insight into the differences between 
different techniques and the severity of ulcer 
complications. 
      The presence of corneal vascularization was 
examined in a study where AMT was implanted one 
month after performing a superficial chemical 
keratectomy. Significant differences were found between 
the experimental and control groups three months after 
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Fig. 5. Histopathological section of corneas corresponding to Groups 2 and 3. A. OS. Membrane placed on the epithelial side. Wound area with dense 
stroma with active keratocytes: (arrows 1, 2). High epithelium and well-formed basal layer: (arrow 3). H&E. B. OS. Membrane placed on the stromal 
side. Well-formed epithelium with more than five layers with moderately preserved basal cells. Corneal stroma with immature and active keratocytes 
surrounded by interstitial aqueous edema: (arrows 1, 2, 3). H&E. C. OD. Control. Epithelium with several layers. Irregular basal cell layer and visible 
basement membrane: (arrows). Stroma with mature keratocytes, light edema, and no vessels: (asterisks). H&E. D. OD. Limbus. General view of the 
limbus area, with conformed capillaries: (arrows 1, 2) moderate edema and some infiltrating lymphocytes: (arrow 3). H&E. Scale bars: A, D, 70 μm; B, 
50 μm; D, 100 μm. 



the keratectomy (Kim and Tseng, 1995).  
      In a study by Tandon et al. (2011), the results were 
consistent regarding vascularization presentation, since 
no difference was found between the placement of an 
AMT or not for corneal vascularization factors in 
patients with moderate ocular burns. 
      Similarly, Tamhane evaluated the combination of 
AMT with medical treatment for ulcers caused by burns, 
specifically moderate and severe. Their findings 
revealed no statistically significant differences in the 
manifestation of vascularization between the groups, 
aligning with our study, where no statistically significant 
distinction between groups was detected for this 
characteristic (Tamhane et al., 2005). It is worth noting 
that vascularization was observed in both groups three 
months after initiating the study. In a study carried out 
by Subasi (Subasi et al., 2017), they examined the 
effects of AMT on rabbit corneas affected by alkali 
burns. Vascularization was evaluated in a manner similar 
to our work, not only using the AMT technique but also 
comparing it with crosslinking (CXL) and the 
combination of both. In terms of vascularization, a 
significant difference was found between groups, with 
the group receiving AMT as the sole treatment and the 
group receiving AMT combined with CXL showing the 
highest degree of vascularization (Subasi et al., 2017). 
      In this study, like with edema and other clinical 
signs, we were unable to carry out statistically reliable 
comparisons between the eye where the AM was placed 
and the control, as well as between different placement 
modes. We suggest conducting additional studies to 
delve deeper into this factor, which we deem highly 
significant and has been extensively discussed by 
numerous authors. 
 
Corneal repair 
 
      Several authors have employed the recovery of 
corneal thickness as a factor in evaluating the efficacy of 
AMT. This can be measured using various methods, 
including OCT, which was utilized in the current study 
(Raghunathan et al., 2017; Che et al., 2019; Costa et al., 
2019). 
      The OCT technique has been employed for 
determining thickness measurements in different areas of 
the cornea, providing reliable diagnostic reproducibility, 
for cornea-specific results (Das et al., 2019; Duman et 
al., 2019). Despite this, there have only been a few 
studies in which this technology has been used to 
evaluate corneal regeneration (Raghunathan et al., 
2017). 
      In the present study, as presented in Table 3, the 
highest measurements were obtained in the corneas 
evaluated in the second week after keratectomy. These 
values decreased in the third group (week four) but 
remained higher than those of the first week, except for 
three measurements (TT OD, TT OS, and CT OD), 
indicating some recovery of the defect. 
      A similar trend was observed in Raghuthan et al.’s 

study (2017), where maximum corneal values were 
found in the initial days and then decreased. It is 
noteworthy, however, that in our study, we found a 
greater thickness during the second week rather than the 
first (Table 3). The presence of corneal edema may be 
the cause of this condition. 
      Therefore, in our work, the use of AMT evaluated 
by OCT as demonstrated in Table 3 did not indicate an 
improvement in corneal thickness recovery. 
      The present study defines corneal repair as the sum 
of epithelial regeneration and stromal and limbal repair. 
Without using immunohistochemical techniques, the 
data used were obtained from the histopathological 
study. Each of these three components has its own 
factors that influence corneal repair as a whole, either 
positively or negatively. 
      To our knowledge, this definition of corneal repair 
has not been employed previously. Nevertheless, various 
authors describe the process using terms like corneal 
regeneration or corneal recovery, considering factors like 
re-epithelialization or the restoration of corneal 
thickness, which are integrated into this novel formula. 
      In numerous studies, re-epithelialization has been 
identified as a factor in corneal recovery. AMT has been 
employed as a therapeutic intervention for various types 
of ulcers and their underlying causes, encompassing 
ulcers induced by burns (Tamhane et al., 2005), ulcers 
exhibiting different levels of severity (Tandon et al., 
2011), and ulcers infected by multiple microorganisms 
(Altay et al., 2016). Moreover, this terminology is 
encountered in research studies where AMT is applied in 
conjunction with alternative surgical methods (Akbari et 
al., 2017) or implemented through diverse placement 
approaches (Liu et al., 2019). 
      According to the literature consulted, re-
epithelialization is determined by external slit lamp 
examination and fluorescein staining assessment 
(Tandon et al., 2011; Altay et al., 2016; Akbari et al., 
2017), whereas in the present study, it was determined 
by histological analysis and the corneal repair formula. 
      Based on our results, we propose that corneal repair 
is a more comprehensive term than those typically used 
to describe corneal recovery. No distinctions were noted 
between groups when exclusively examining clinical 
signs and OCT measurements in this study. Furthermore, 
even upon scrutinizing histological images alone, it 
remains inconclusive whether there is an improvement 
with the membrane's use or if one placement side is 
superior to the other. 
      Nevertheless, the outcomes derived from the new 
formula suggest that, as illustrated in Tables 6 and 7, 
corneal repair is more effective with the application of 
AM when compared with the control eye. Specifically, 
the initial repair, occurring within the first week, showed 
superiority in individuals with the membrane placed on 
the stromal side (AM-stromal score vs. control=0.570; 
90% CI=0.021; 1.119). Conversely, during the extended 
recovery period (weeks 2 and 4), individuals with the 
AM placed on the epithelial side exhibited better corneal 
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repair (difference of scores=0.397; 90% CI=0.009; 
0.785). 
      These results were confirmed when directly 
comparing the insertion modes (difference of epithelial 
score vs. stromal=-0.869; 90% CI=-1.655; -0.093) in the 
first week, while in the second period, the superiority of 
epithelial score vs. stromal=0.745; 90% CI=0.197; 
1.294. 
      All the analysis suggests that, in the first week, 
AMT is more effective in stromal mode, while in the 
long term, the epithelial mode is more effective. This 
aligns with different articles indicating that AMT results 
in an improvement in corneal thickness recovery. 
However, most articles use combinations of AM with 
other techniques such as cross-linking (Soeken et al., 
2018), the multilayer technique (Costa et al., 2019), or 
even combining the multilayer technique with other 
techniques such as mixed gas C3F8 in the anterior 
chamber (Fan et al., 2016) or the addition of corneal 
stromal cells between layers of ultrathin AM (González-
Andrades et al., 2017). 
      The present study utilized a monolayer TMA 
technique, demonstrated to be fully effective by Goktas 
et al. (Goktas et al., 2017). However, further research is 
necessary to substantiate its use, including investigating 
various methods of applying the AM in terms of 
positions, times, and surgical techniques. Additionally, 
exploring the application of the new formula for corneal 
repair in different corneal conditions is essential. 
 
Conclusion 
 
      Our findings suggest that the use of AM with the 
unilayer technique enhances corneal healing after a 
controlled-depth corneal defect. In a short recovery 
period, placing the membrane on the stromal side yields 
better results, while in the longer term, positioning it on 
the epithelial side demonstrates superior outcomes in 
terms of corneal recovery. Therefore, we propose the use 
of a statistical formula based on a combination of 
histopathological results to measure corneal recovery. To 
our knowledge, this is the first time it has been 
employed and it may offer a more accurate and reliable 
method than the observation of clinical signs and the 
measurement of corneal thickness by OCT. 
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