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Corneal collagen crosslinking (CXL) is a minimally 
invasive procedure that consists of a photochemical reac-
tion between riboflavin and the corneal stromal collagen 
fibers using the energy of ultraviolet light (UV-A) [1-3]. The 
primary goal of CXL is to increase the mechanical strength 
of the corneal stroma through the formation of additional 
crosslinks between collagen fibers and/or proteoglycan core 
proteins and was initially used as a means to treat kerato-
conus [1,4-7]. Since first being described 20 years ago, CXL 
remains the only known treatment to stop the progression 
of corneal ectasia [8,9]. The use of CXL in combination 
with keratorefractive procedures to increase the mechanical 
strength of the cornea is quickly growing as a means to 
reduce the incidence of the development of corneal ectatic 

diseases post-operatively [1-3,7] as well as to prevent myopic 
or hyperopic regression post refractive surgery [9,10].

Generally, CXL performed in conjunction with kera-
torefractive surgery has been reported to have infrequent 
post-operative complications, most of which were related to 
planned procedural epithelial debridement and included pain 
[11], keratitis [12-16], persistent epithelial defects [17], and 
keratomalacia [9,18-20]. Corneal opacity has frequently been 
described post-CXL and keratorefractive surgery, mostly 
due to early corneal edema and stromal haze [21,22]. It is 
well documented that biophysical cues such as stiffness and 
topography influence corneal stromal cell behavior, and 
that increased stiffness may promote the transformation of 
resident stromal keratocytes to fibroblasts and subsequently 
myofibroblasts (keratocyte–fibroblast–myocyte, KFM, 
transformation) [23-26]. Additionally, it has been shown that 
the corneal wound changes in stiffness over time and that 
it precedes the occurrence of myofibroblasts during wound 
repair [26]. However, the biophysical effects of CXL and the 
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Purpose: The purpose of this study was to evaluate the elastic modulus, keratocyte-fibroblast-myocyte transformation, 
and haze formation of the corneal stroma following combined phototherapeutic keratectomy (PTK) and epithelium-off 
UV-A/riboflavin corneal collagen crosslinking (CXL) using an in vivo rabbit model.
Methods: Rabbits underwent PTK and CXL, PTK only, or CXL 35 days before PTK. Rebound tonometry, Fourier-
domain optical coherence tomography, and ultrasound pachymetry were performed on days 7, 14, 21, 42, 70, and 90 
post-operatively. Atomic force microscopy, histologic inflammation, and immunohistochemistry for α-smooth muscle 
actin (α-SMA) were assessed post-mortem.
Results: Stromal haze formation following simultaneous PTK and CXL was significantly greater than in corneas that 
received PTK only and persisted for more than 90 days. No significant difference in stromal haze was noted between 
groups receiving simultaneous CXL and PTK and those receiving CXL before PTK. Stromal inflammation did not differ 
between groups at any time point, although the intensity of α-SMA over the number of nuclei was significantly greater at 
day 21 between groups receiving simultaneous CXL and PTK and those receiving CXL before PTK. The elastic modulus 
was significantly greater in corneas receiving simultaneous CXL and PTK compared with those receiving PTK alone.
Conclusions: We showed that stromal haze formation and stromal stiffness is significantly increased following CXL, 
regardless of whether it is performed at or before the time of PTK. Further knowledge of the biophysical cues involved 
in determining corneal wound healing duration and outcomes will be important for understanding scarring following 
CXL and for the development of improved therapeutic options.
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biophysical cues responsible for the development of corneal 
haze by alteration of the stromal microenvironment during 
corneal wound healing following CXL have not been fully 
understood or identified.

The aims of the present study are to evaluate the elastic 
modulus of the corneal stroma, KFM transformation, and 
stromal haze formation following keratorefractive surgery 
(phototherapeutic keratectomy, PTK) combined with CXL 
using a rabbit model. By so doing, the goal is to determine 
whether stiffening the corneal stromal matrix by CXL 
before laser ablation via PTK has a similar or different 
effect to performing CXL immediately after PTK. First, it 
is hypothesized that concurrent CXL and PTK increase local 
corneal stiffness, and thus stromal haze formation. Second, 
it is hypothesized that CXL performed before PTK increases 
local corneal stiffness and results in increased stromal haze 
formation relative to PTK without CXL by promoting myofi-
broblast formation in the wound space.

METHODS

Animals and study design: All aspects of the study and 
design were approved by the Institutional Animal Care 
and Use Committee (IACUC #19763) of the University of 
California, Davis, and performed according to the Associa-
tion for Research in Vision and Ophthalmology resolution 
on the use of animals in research. Thirty-two female New 
Zealand White rabbits (Charles River Laboratories, Wilm-
ington, MA) 4 months of age were used. Prior to inclusion 
in the study, all rabbits had undergone complete ophthalmic 
examination, including slit lamp biomicroscopy (Kowa 
SL-15, Kowa, Tokyo, Japan) and indirect ophthalmoscopy 
using a 2.2D panretinal indirect lens (Volk Optical Inc., 
Mentor, OH, USA) and a portable headset (Keeler AllPupil 
II LED Vantage Plus Wireless Headset, Keeler Instruments 
Inc., Broomall, PA, USA), rebound tonometry (Tonolab, Icare 
Finland Oy, Vantaa, Finland), Fourier-domain optical coher-
ence tomography (FD-OCT; RTVue 100, software version 
6.1, Optovue Inc., Fremont, CA, USA), ultrasonic pachymetry 
(USP; Accupach VI, Accutome Ultrasound Inc., Malvern, PA, 
USA), and fluorescein staining of the cornea, as described 

previously [26]. All animals were free of ophthalmic disease 
at the initiation of the study.

The rabbits were randomly assigned to one of four 
groups, with a total of eight rabbits per group. Evaluators 
(BAM, SK) were masked to the group and individual iden-
tity of each rabbit. Group 1A rabbits underwent PTK OD 
immediately followed by CXL OD at day 0. Group 1B rabbits 
served as the control population and had only PTK OD at day 
0. Group 2A rabbits underwent CXL OD at day −35 and then 
underwent PTK at day 0. Group 2B rabbits served as a second 
control population, receiving only an epithelial debridement 
at day −35 then PTK performed at day 0. The left eye served 
as an untreated control in each animal of all groups. The 
study design is shown in Table 1.

Following all surgical procedures, slit lamp biomicros-
copy and indirect ophthalmoscopy using the 2.2D panretinal 
indirect lens and portable headset, rebound tonometry, 
FD-OCT (26,000 A scan/sec, 5 µm axial resolution, 840 nm 
superluminescent diode), USP, and fluorescein staining of the 
cornea was performed. FD-OCT of the central cornea was 
performed using a corneal adaptor module. Thickness of the 
cornea and amount of haze were measured using the RTVue 
measuring tool.

Additionally, all rabbits were monitored for pain twice 
daily, evidenced by blepharospasm. If a rabbit was deemed 
painful, pain control was initiated with buprenorphine 
(Reckitt Benckiser Healthcare, Hull, England, UK) q12h by 
mouth followed by re-assessment the following day before 
administration. Rabbits were also maintained on a topical 
broad-spectrum antibiotic that is without systemic concerns 
for administration in rabbits (ofloxacin 0.3% solution, Akorn 
Inc., Lake Forest, IL) twice daily post-operatively until the 
affected cornea was confirmed to have healed by a negative 
fluorescein stain.

Epithelial debridement and excimer laser PTK: All the 
surgical and post-operative procedures briefly described 
below were performed as previously detailed [26]. Briefly, 
pre-anesthetic medication consisted of intramuscular 
midazolam (0.7 mg/kg) and hydromorphone (0.1 mg/
kg). Induction proceeded and was maintained with the 

Table 1. Summary of experimental groups and timeline of procedures.

Groups Day −35 Day 0 Day 21 Day 90
Group 1A (n=8) - Epithelial debridement + PTK + CXL Euthanize (n=4) Euthanize (n=4)
Group 1B (n=8) - Epithelial debridement + PTK Euthanize (n=4) Euthanize (n=4)
Group 2A (n=8) Epithelial debridement + CXL PTK Euthanize (n=4) Euthanize (n=4)
Group 2B (n=8) Epithelial debridement PTK Euthanize (n=4) Euthanize (n=4)
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intramuscular administration of 10–30 mg/kg of ketamine. 
Proparacaine hydrochloride 0.5% ophthalmic solution 
(Bausch and Lomb, Rochester, NY, USA) was administered 
topically. Epithelial debridement was demarcated using an 
8 mm trephine in the central cornea OD and removed using 
an excimer spatula (BD Vistitec, Franklin Lates, NJ, USA). 
A PTK (6 mm diameter, 40 Hz, 167 pulses, 100 μm depth) 
was performed using an excimer laser (Nidek Excimer Laser 
Corneal Surgery System EC-5000, Fremont, CA) in the center 
of the epithelial wound. The rationale for the use of PTK 
over other keratoretractive surgical modalities (e.g., LASIK) 
was because PTK is an excellent model for evaluating the 
severity and distribution of stromal haze and stiffness, and 
the PTK model had been optimized by the author’s laboratory 
in previous studies [26]. Following post-operative exami-
nations and scoring for the first week after surgery, a slit 
lamp examination was performed with the semiquantitative 
preclinical ocular toxicology scoring (SPOTS) system [27] 
with an additional scoring component for stromal haze [28]. 
In addition, the aforementioned examinations and scoring 
with rebound tonometry, FD-OCT, USP, and fluorescein 
staining were performed on days 7, 14, 21, 42, 70, and 90 
following PTK in the Group 1 rabbits. The Group 2 rabbits 
received the same post-operative treatments as the Group 1 
rabbits following both day −35 and day 0 surgeries. Between 
day −35 and day 0, no imaging or examinations beyond the 
week of postoperative SPOTS scoring took place. Examina-
tions and imaging were then performed immediately before 
and following surgery on day 0 and again followed by the 
scoring and imaging schedule detailed for Group 1.

Corneal collagen crosslinking: CXL was performed under 
general anesthesia. Eyelids were retracted using a Barraquer 
wire speculum. One drop of aqueous 0.1% riboflavin sodium 
phosphate (Jiang’Xi Pharmaceutical Co. Ltd., China) was 
instilled topically on the cornea (epithelium removed) at 
2-min intervals for 30 min before introduction of UV-A light. 
A UV-A light source (OmniCure S1000, Lumen Dynamics, 
Mississauga, Ontario, Canada) of 365 nm at an irradiance 
of 3 mW/cm2 (total dose of 5.4 J/cm2) was focused over the 
cornea for 30 min, with riboflavin administration every 2 
min. Following the procedure, a single drop of 0.5% propara-
caine (Alcon Inc., Fort Worth, TX, USA) was applied topi-
cally to the cornea.

Tissue harvest and processing: Chosen at random, one half 
of each group was euthanized on day 21 and the other half on 
day 90, immediately following examination and imaging. The 
rabbits were euthanized with pentobarbital (200 mg/kg, IV), 
as previously described by our group [26]. From them, 8 mm 
central corneal buttons were harvested and divided into four 

equal 2 mm sections; of these, two sections were immediately 
processed for atomic force microscopy (AFM), one section 
was placed in 10% neutral buffered formalin for histologic 
sectioning and light microscopy and immunohistochemistry, 
and one section was placed in Karnovsky’s glutaraldehyde 
solution for potential future transmission electron microscopy 
(TEM), which was elected not to be pursued at this time due 
to availability. The corneal stroma was exposed for AFM 
with an epithelial debridement and 15-micron PTK, as previ-
ously described [26].

Atomic force microscopy: Atomic force microscopy (AFM) 
was performed to measure the elastic modulus of the corneal 
stroma, as previously detained by our group [26,29]. Briefly, 
force versus indentation curves were obtained using the 
MFP-3D Bio AFM (Asylum Research, Santa Barbara, CA) 
mounted on a Zeiss Axio Observer inverted microscope (Carl 
Zeiss, Thornwood, NY). To functionalize the cantilever, a dry 
borosilicate glass bead with a nominal radius of 4.6–5.9 μm 
(Thermo Scientific, Fremont, CA) was glued to the end of a 
silicon nitride PNP-TR-50 cantilever with an actual spring 
constant (ĸ) of 55–246 pN nm−1 and length of 100 μm (Nano 
World, Switzerland). The deflection sensitivity of the probes 
was measured by taking the average of five force curves on 
a glass slide in DPBS. The spring constant of each cantilever 
probe used for the indentation measurements was determined 
using a thermal tuning method. To measure the stiffness 
of the rabbit corneas, corneal sections were adhered to the 
AFM dishes using cyanoacrylate glue. All samples were 
equilibrated in HBSS for at least 60 min before obtaining 
measurements to minimize thermal drift. For all samples, 
five force curves at 2 μm s−1 were obtained from five to 10 
random positions. The elastic modulus (E) of each sample 
was obtained by fitting the indentation force versus the inden-
tation depth of the sample and further by applying the Hertz 
model for a spherical tip, as shown in Equation (1),
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where F is the force applied by the indenter, E is Young’s 
modulus, ν is Poisson’s ratio (assumed to be 0.5 for biologic 
samples) [30], δ is the indentation depth, and R is the radius 
of curvature of the sphere.

Histopathology and immunohistochemistry: Formalin-fixed 
samples were embedded in paraffin and sectioned, with 10 
um sections mounted on each slide. One slide of each rabbit 
cornea from days 21 and 90 was stained with hematoxylin 
and eosin (H&E, Fisher Scientific, Carlsbad, CA) before light 
microscopy. Slides were reviewed and scored by a board-
certified veterinary pathologist (LBCT), who was masked to 
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group assignments, for inflammation (scores between 0 to 3) 
based on severity, predominant inflammatory cell type, and 
location. The following inflammatory scores were given: 0 
when rare or absent inflammatory cells were noted; 1 when 
low numbers of scattered inflammatory cell aggregates were 
observed; 2 when focally large or diffusely moderate numbers 
of inflammatory cells were present (+/− distortion of tissue 
architecture); and 3 when large populations of inflammatory 
cells caused effacement and/or distortion of the mucosa/
epithelium.

Another slide from each sample was processed for 
immunohistochemistry. Paraffin-embedded samples were 
sectioned at 5 µm thickness using a microtome and mounted 
on Superfrost microscope slides (Fisher Scientific). For 
immunostaining, paraffin sections were heated in citrate 
buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6) for 30 
min using a steamer for antigen retrieval. Paraffin sections 
were blocked and incubated with mouse anti-α-smooth 
muscle actin antibody (1:800; Sigma-Aldrich) at 4 °C over-
night. Sections were then stained with AlexaFluor 594-conju-
gated goat anti-mouse secondary antibody (1:500, Invitrogen). 
The samples were counterstained with DAPI and mounted 
with ProLong Gold Antifade mountant (Invitrogen). Slides 
were imaged using a Leica DMi8 fluorescence microscope 
(Leica Microsystems, IL). The full diameter of each cornea 
was imaged using a 20× APO-PLAN objective with iden-
tical exposure settings and stitched together to visualize the 
entire section. Two sections per animal per time point were 
stained with the desired antigen, and one section served as a 
negative control. The number of nuclei was counted by the 
particle analysis algorithm on the DAPI channel using LASX 
software (Leica Microsystems). Background fluorescence 
intensity was determined from negative control samples 
in the 594 nm channel and used to subtract from all tissue 
samples. Fluorescence intensity of the α-SMA signal (594 nm 
channel) within the anterior stroma (150 µm stromal depth) 
was quantified using LASX software. The percentage of 
α-SMA positive cells was then calculated as a function of the 
total area for each sample.

Statistical analysis: Data were presented as mean ± standard 
deviation (SD), and statistical analysis was performed with 
GraphPad Prism 7.03 (GraphPad Software Inc., San Diego, 
CA). The histopathology data were analyzed by the Kruskal–
Wallis test followed by Dunn’s multiple comparisons test. 
Other data sets were compared by repeated measure two-way 
ANOVA. When variability between the data set means was 
determined to be significant, Tukey’s or Sidak’s multiple 
comparisons test was used to compare these data sets. Values 
of p <0.05 were considered statistically significant.

RESULTS

Central corneal thickness: Central corneal thickness (total 
- CCT) measured with the FD-OCT images significantly 
increased after CXL in both Groups 1 and 2 (Figure 1). The 
CCT of Group 1A at day 7 (398 ± 82 µm; p <0.001) and day 
21 (p <0.001) was significantly thicker than Group 1B at the 
same time points. The CCT in Group 1B was significantly 
thinner than baseline from day 0 (p = 0.03) following PTK 
to day 21 (377 ± 51 µm; p <0.001). However, there were no 
significant differences in CCT between time points compared 
with the baseline in Group 1A. In Group 2, the CCT of Group 
2A was significantly thicker than that of Group 2B after the 
CXL (day −35; 520 ± 40 µm, p <0.001), but no significant 
differences were found between Groups 2A and 2B at any 
other time point. CCT after PTK was significantly thinner 
than the baseline thickness at days 0 and 7 in both Group 2A 
(281 ± 43 µm at day 0 and 277 ± 44 µm at day 7; p <0.001 at 
both day 0 and day 7) and Group 2B (291 ± 54 µm at day 0, 
p = 0.02, and 289 ± 41 µm at day 7, p = 0.01).

Corneal epithelium: In Group 1, the mean time to corneal 
epithelial wound closure was 5.9 ± 2.0 and 5.5 ± 1.2 days in 
Group 1A and Group 1B, respectively (p = 0.661). In Group 
2 (CXL performed before PTK), corneal epithelial wound 
healing was completed at 3.0 ± 0.0 and 3.4 ± 0.5 days after 
epithelial debridement following CXL (Group 2A) or no treat-
ment (Group 2B), respectively, with no significant differences 
(p = 0.080). The time to healing of the corneal epithelial 
wound after PTK was similar to Group 1, at 5.3 ± 1.0 and 6.0 
± 0.0 days in the CXL (Group 2A) and control (Group 2B), 
respectively (p = 0.251). Two eyes of Group 1A showed small 
re-ulcerations of the central cornea, which healed unevent-
fully. The epithelial wound area versus time curve showed no 
significant differences between groups (p = 0.33; Figure 2).

Corneal stroma: Clinical assessment of stromal haze: Tran-
sient conjunctival hyperemia, chemosis, and iris hyperemia 
were observed in all groups at days 1–3 post CXL and/or 
PTK. Clinical assessment of the density of stromal haze by 
slit lamp biomicroscopy (stromal haze SLB) was significantly 
increased from day 7 post PTK (p <0.001) and remained 
significantly higher than baseline until day 90 (p <0.001) in 
all groups (Figures 3 and 4). Peak density of stromal haze was 
day 42 across all groups. Stromal haze SLB of eyes in group 
1A was significantly denser than in Group 1B at days 21, 42, 
70, and 90 (p <0.01). However, no significant differences in 
the stromal haze scores were observed between Groups 2A 
and 2B from day 7 until day 90 (p = 0.300). Additionally, 
stromal haze SLB was significantly greater in Group 1A 
versus Group 2A from day 21 post PTK (p = 0.003).
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The amount of stromal haze (Figure 5), assessed by the 
percentage of the stromal thickness affected, as measured by 
FD-OCT (stromal haze OCT), differed significantly between 
Groups 1A and 1B at day 7 (p <0.001), day 21 (p <0.001), 
day 42 (p <0.001), and day 70 (p <0.001). In Group 2, the 
percentage of stromal haze OCT thickness of the CXL eyes 

(Group 2A) was significantly higher than in the control eyes 
(Group 2B) until day 42; that is, 82.9 ± 12.8 in Group 2A and 
9.5 ± 17.6 in Group 2B (p <0.001) at day 0 before PTK, 75.8 
± 23.4 in Group 2A and 27.1 ± 18.3 in Group 2B at day 7 (p 
<0.001), 74.8 ± 20.4 in Group 2A and 22.1 ± 4.8 in Group 2B 
at day 21 (p <0.001), and 67.8 ± 22.4 in Group 2A and 26.8 ± 

Figure 1. Central corneal thickness 
(total - CCT) as a function of time. 
CCT was transiently increased 
after CXL in both groups. The 
CCT after CXL was significantly 
(*) thicker than in controls in both 
Groups 1 and 2 at the indicated time 
points. The CCT was significantly 
increased from the baseline in 
Group 2A after the CXL (‡) and 
significantly decreased from the 
baseline in Groups 1B, 2A, and 2B 
after the PTK (+). P <0.05, all statis-
tics conducted with the repeated 
measure two-way ANOVA followed 
by Sidak’s multiple comparisons 
test.
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1.7 in Group 2B at day 42 (p = 0.032). However, there were 
no significant differences between Group 1A and Group 2A 
at any time point (p = 0.385).

Corneal stroma: Histologic assessment of inflammation: 
Inflammation was present in 75% of Group 1A corneas, 

compared with only 25% of corneas in all other groups, 21 
days post PTK. However, there were no significant differ-
ences between groups (p = 0.11). Inflammatory cells were 
predominantly polymorphonuclear cells in all cases, except 
for one cornea in Group 1A, in which predominantly mono-
nuclear cells were noted. Inf lammation had completely 

Figure 2. Percentage epithelial 
wound area showed no significant 
differences between groups. P = 
0.33, repeated measure two-way 
ANOVA followed by Tukey’s 
multiple comparisons test.
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Figure 3. Representative color photographs and OCT images of a single rabbit in each group at baseline and days −35, 0, 7, 21, and 90. Marked 
stromal haze was observed until day 90 in Group 1A. Scale bar represents 250 µm.

Figure 4. Clinical score of the 
stromal haze. Stromal haze was 
significantly higher in Group 1A 
at days 21–90 post PTK than in 
Groups 1B (*) and 2A (+). *, + p 
<0.05, repeated measure two-way 
ANOVA followed by Tukey’s 
multiple comparisons test.
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regressed by day 90 in all corneas. Neovascularization was 
not noted in any cases.

Corneal stroma: Immunohistochemistry: The intensity of 
the α-SMA (intensity/mm2) immunofluorescence over the 
number of nuclei was significantly higher in Group 1A 
corneas than in Group 2A (p = 0.01) and 2B (p = 0.01) corneas 

at day 21; however, no significant differences were detected 
among all groups by day 90 (Figure 6).

Corneal stroma: Elastic modulus of corneal stroma: The 
elastic modulus of the rabbit corneas that received CXL and 
PTK on a same day (Group 1A) was significantly greater (4.54 
± 0.65 kPa) than that of the control (Group 1B; 1.85 ± 0.87 
kPa) at day 21 post PTK (p = 0.01) (Figure 7). By contrast, 

Figure 5. Stromal haze thickness 
as a function of time. Stromal haze 
thickness (%) of the central cornea 
was significantly higher in the CXL 
groups (1A and 2A) than in the 
controls (1B and 2B). No significant 
differences were observed between 
Group 1A and Group 2A. * p <0.05, 
repeated measure two-way ANOVA 
followed by Tukey’s multiple 
comparisons test.
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there was no statistical difference between the mechanical 
properties of the CXL corneas of Groups 1A and 1B at day 90 
(3.14 ± 1.01 kPa and 2.66 ± 0.73 kPa, respectively; p = 0.92). 
Moreover, there were no significant differences between 
Groups 2A (3.66 ± 2.61 kPa at day 21 and 2.67 ± 0.59 kPa at 
day 90) and 2B (1.93 ± 0.52 at day 21 and 2.77 ± 0.65 kPa at 
day 90) at both time points (p = 0.15 for day 21 and p = 0.95 
for day 90).

DISCUSSION

By evaluating the elastic modulus of the corneal stroma, 
KFM transformation, and stromal haze formation following 
combined keratorefractive surgery and CXL in rabbits, we 
have provided evidence supportive of both our hypotheses, 
namely that CXL before PTK as well as simultaneous CXL–
PTK increases stromal haze formation and that simultaneous 
CXL–PTK increases local corneal stiffness (day 21). Strik-
ingly, stromal haze was similar between corneas receiving 
CXL concurrently with PTK versus those treated with CXL 
before PTK and markedly greater than those corneas treated 
by PTK only. Additionally, central corneal thickness signifi-
cantly increased following CXL when performed concur-
rently with PTK and when performed before PTK. Finally, no 

significant differences were noted in time to epithelialization 
between groups following the procedures.

The introduction of CXL performed in combination with 
keratorefractive surgeries (most commonly laser-assisted in 
situ keratomileusis, or LASIK) has been widely reported to 
offer equivalent safety margins [10,31-33], improved refrac-
tive predictability [33-36], improved distance visual acuity 
[33,35,36], decreased regression of refractive shift [35,36], 
better refractive stability up to 4.5 years post-operatively 
[32,37], and decreased epithelial thickening [10,35]. Infre-
quent post-operative complications revolving around 
epithelial debridement, including pain [11], keratitis [12-16], 
persistent epithelial defects [17], and keratomalacia, have 
not curbed the use of CXL from becoming commonplace 
alongside keratorefractive surgery [9,18-20]. In the present 
study, pain was evident post-operatively and only persisted 
until the ulcer was deemed healed by a negative fluorescein 
stain. Additionally, no rabbits developed persistent epithelial 
defects, all having healed within 7 days post-operatively, 
and no cornea became infected or developed keratomalacia. 
Histologic evidence of keratitis was significantly more 
common in CXL corneas, compared with non-CXL corneas, 
at Day 21 but was absent by Day 90 in all cases.

Figure 6. Intensity (intensity/mm2) 
of the α-SMA immunof luores-
cence over the number of nuclei ± 
standard deviation in all groups at 
both day 21 and day 90 time points. 
Group 1A corneas had a signifi-
cantly higher α-SMA immunofluo-
rescence than had Groups 2A and 
2B corneas at day 21, but they were 
similar by day 90. No significant 
differences were observed between 
any other groups at either time 
point. * p <0.05, two-way ANOVA 
followed by Sidak’s multiple 
comparisons test).
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Corneal opacity is frequently described post CXL and 
keratorefractive surgery, primarily due to early and transient 
corneal edema [21,22]. The development of corneal edema is 
most likely due to the epithelial defect, disrupting the fluid 
barrier normally provided by the anterior epithelium. Thus, 
corneal edema resolves with the resolution of the epithelial 
defect and without further delay. However, transient endo-
thelial disruption cannot be ruled out, as endothelial damage 
following CXL has been shown to occur with 3 mW/cm2 on 
corneas less than 400 um in thickness [38], which is consis-
tent with our results. An increase in CCT due to edema was 
significantly increased in cross-linked corneas (Groups 1A 
and 2A), compared with those that were not crosslinked 
(Groups 1B and 2B), possibly indicating endothelial toxicity. 
PTK reduced the thickness of the cornea (100 um), and thus 
increases the likelihood of CXL impacting the endothelium. 
By contrast, Groups 1B and 2B did not have increased corneal 
thickness, which is suggestive that CXL itself is likely the 
cause of the transient corneal swelling due to endothelial 
disruption [38].

Stromal haze identified in human patients is also 
regularly noted in rabbits following CXL procedures and 
following combined CXL and keratorefractive surgery, 
typically with no effect on distance visual acuity [21,22,39]. 
However, the clinical characteristics and depth of the stromal 
haze following CXL have been described as different to those 
of stromal haze following keratorefractive surgery alone [21], 

and persistent haze or scars that negatively affect vision can 
occur [9,21,40]. In the present report, significant haze was 
evident on OCT for a greater duration than was evident by 
slit lamp biomicroscopic examination. OCT for routine moni-
toring of haze development and regression is recommended, 
considering the higher resolution for detecting haze at the 
microscopic level.

Risk factors for increased severity and persistence of 
stromal haze include keratoconus and thin corneas [41], 
stromal microstriae pre-operatively [22], and the presence of 
activated keratocytes in the anterior stroma before surgery 
[9,40]. No previously described risk factors were detected 
in any rabbit in the present study. The increase in stromal 
haze associated with the CXL groups, compared with the 
non-CXL groups, appears to be related to the CXL procedure 
itself in combination with simultaneous stromal wounding. 
A positive correlation between corneal mechanical strength 
and corneal stiffness is well documented as a direct result of 
the biomechanics of corneal wound repair [2,26,42-50]. This 
was confirmed in the present study through AFM, whereby 
the corneas in Group 1A were significantly stiffer than they 
were in Group 1B, supporting our first hypothesis. More 
specifically, the precise orchestration of keratocyte to fibro-
blast to myofibroblast differentiation (KFM transformation) 
and myofibroblast migration from bone marrow occurs as a 
direct result of an altered microenvironment due to stromal 
remodeling and biophysical cues [23-26,51-61]. Although 

Figure 7. The elastic modulus of 
corneas having received CXL and 
PTK on the same day (Group 1A), 
PTK 35 days before CXL (Group 
2A), and PTK only (Groups 1B 
and 2B). Group 1A corneas had a 
significantly higher elastic modulus 
than Group 1B corneas at day 21, 
but the elastic modulus was similar 
by day 90. However, no significant 
differences were observed between 
Group 2A and Group 2B at either 
time point. * p <0.05, two-way 
ANOVA followed by Tukey’s 
multiple comparisons test).
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the desired outcome of CXL is increased corneal stiffness, 
prolongation or dysregulation of the corneal wound healing 
process that results in increased myofibroblast transformation 
and stiffness can result in decreased corneal transparency 
(e.g., corneal scar or haze formation), and thus have a negative 
impact on visual acuity [26,62,63].

In the present study, a significantly greater amount 
of clinical stromal haze was noted in Groups 1A and 2A, 
compared with Groups 1B and 2B, from day 7 to day 70 
and from day 7 to day 42, respectively, based on OCT data. 
This suggests that CXL impacts early post-operative haze 
formation, supporting our first hypothesis. Additionally, the 
amount of stromal haze was significantly greater in Group 
2A, compared with Group 2B, until day 42, supporting our 
second hypothesis. The lack of significant difference in 
stromal haze between Groups 2A and 2B post day 42 fits 
the timeline exemplified in Group 1 (lack of significance 
past day 70), as Groups 2A and 2B had CXL performed 30 
days before PTK, rather than CXL and PTK being performed 
simultaneously.

Identification of stromal haze by FD-OCT is a more 
sensitive measurement than clinical scoring and can be quan-
tified (e.g., by the percentage of stromal thickness affected 
by haze). Stromal haze and densitometry have been shown to 
be highest at about 1 month post-operatively in rabbits [39] 
and humans [21,22], which is consistent with our findings 
across the CXL groups (days 21 and 42). Haze was visibly 
present in all groups to the end of the study, which is consis-
tent with previous reports stating that stromal haze continu-
ally improves from 1 month to 12 months post-operatively, 
where it approaches baseline [21,22]. However, the severity 
of stromal haze noted in the present study is much greater 
than what has been reported in rabbits [38,39] or humans 
following CXL procedures [21,22]. This may be due to the 
higher number of natural crosslinks between stromal collagen 
fibers that rabbits have, compared with those of humans 
[2,43,44]. Rabbits have a higher proportion of collagen type 
3, which has been shown to increase significantly following 
corneal crosslinking (compared with collagen type I), and 
thus rabbits may be predisposed to the development of greater 
stromal haze [64]. Additionally, the aforementioned studies 
did not assess corneas undergoing simultaneous CXL and 
keratorefractive surgeries, and thus stromal injury is likely 
responsible for the increased stromal haze formation.

Although the depth of stromal haze formation varied 
and approached full thickness in many individuals by day 21 

following CXL, the amount of haze visualized by FD-OCT 
was more severe anteriorly, also likely due to simultaneous 
CXL and stromal injury (i.e., PTK). This is supported by 
previous studies, in which an increase in collagen fibril 
diameter compared to baseline was nearly threefold greater 
in the anterior stroma versus the posterior stroma [65]. The 
anterior stroma has also been recognized to develop kerato-
cyte apoptosis up to a 300 um depth following epithelium-off 
CXL [38,65-67], especially compared with transepithelial 
CXL [68].

Additionally, a likely reason why a greater proportion 
of the rabbit cornea is affected by stromal haze formation 
compared with humans is due to rabbits’ corneas being 
thinner. Previous studies have shown that riboflavin concen-
trations decrease with stromal depth [41,69-72], as does UVA 
light penetration [73]. Considering this, it has been suggested 
that CXL is only significantly impactful in the anterior 
stroma, where riboflavin and UVA concentrations are the 
highest [7,73]. However, the effects of CXL have been shown 
to reach the posterior stroma, as evidenced by increased 
collagen fibril diameter [64]. The depth of the stromal 
haze in the present study was much greater than previously 
published, nearly approaching full thickness in most cases. 
Increased depth of riboflavin penetration may be due to rabbit 
corneas being thinner than human corneas or due to rabbit 
corneas having a higher baseline crosslinking degree than 
human corneas [2,43,44].

In summary, by evaluating the elastic modulus of the 
corneal stroma and KFM transformation, we have shown 
that stromal haze formation and stromal stiffness following 
simultaneous keratorefractive surgery and CXL is marked in 
rabbits. We have also provided evidence that corneal stiff-
ening by CXL leads to increased corneal scarring regardless 
of whether it is done at or before the time of PTK. Overall, 
further knowledge of the biophysical cues involved in deter-
mining corneal wound healing duration and outcomes will 
be important for understanding scarring following CXL and 
for the development of improved therapeutic options, and it 
should thus be incorporated into future studies [26,74,75].
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