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Methods: The anterior corneal tissue, 6 mm in diameter and 30-50% of the original
corneal thickness, the left eye of the rabbit was removed, and the right eye was kept as
the control. The rabbits were normally raised and nursed for 6 months, during which
corneal morphology data, and both of corneal hysteresis (CH) and corneal resistance
factor (CRF) were gathered. Uniaxial tensile tests of corneal strips were performed

at months 1, 3,and 6 from 7 animals, and corneal collagen fibrils were observed at
months 1, 3, and 6 from 1 rabbit, respectively.

Results: Compared with the control group, there were statistical differences in the
curvature radius at week 2 and month 3, and both CH and CRF at months 1, 2, and 6

in experiment group; there were statistical differences in elastic modulus at 1, 3, and
month 6, and stress relaxation degree at month 3 in experiment group. The differences
in corneal elastic modulus, stress relaxation degree and the total number of collagen
fibrils between experiment and control groups varied gradually with time, and showed
significant changes at the 3rd month after the treatment.

Conclusions: Corneas after a removal of anterior corneal tissue undergo dynamic
changes in corneal morphology and biomechanical properties. The first 3 months after
treatment could be a critical period. The variation of corneal biomechanical proper-
ties is worth considering in predicting corneal deformation after a removal of anterior
corneal tissue.
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Background

Corneal refractive surgery corrects ocular refractive errors by removal of corneal tissue,
consequently followed by corneal morphological change. The corneal biomechanical
properties play an important role in maintaining the corneal normal morphology.

With the prolongation of time after corneal refractive surgery, there possibly have
been problems such as refractive regression [1-3] and corneal ectasia [4—6]. Many
investigators have paid their attentions to these problems, and believed there may have
correlation with corneal biomechanical properties. The clinical follow-up results within
one year after operation showed that the related parameters of corneal biomechan-
ics will change [7-9], and the corneal biomechanical parameters fluctuate with time,
such as corneal hysteresis (CH) and corneal resistance factor (CRF) output by Ocular
Response Analyzer (ORA) [10-13]. The clinical observation results of dynamic corneal
response parameters output by Corneal Visualization Scheimpflug Technology (Cor-
vis ST) showed that stiffness parameter at applanation Al (SPA1) decreased during
6 months after corneal refractive surgery [9, 14]. The above clinical retrospective stud-
ies showed that the changes of ORA and Corvis ST output parameters with time after
corneal refractive surgery. However, the mechanical interpretation of these parameters
is not clear, and these parameters cannot be directly used to predict the postoperative
corneal morphology by using finite element method. Furthermore, most of the dynamic
corneal response parameters are affected by central corneal thickness (CCT) [15, 16]
and intraocular pressure (IOP) [17], there may be misunderstandings about the interpre-
tation of the results after refractive surgery.

On the other hand, some animal experiments showed that the elastic modulus [18,
19] and the viscoelasticity [18] of cornea are different from those of control eyes after
refractive surgery. However, the changes of corneal biomechanical properties are not
clear with the time after refractive surgery. Based on this we speculate that the corneal
biomechanical properties will change with time after refractive surgery.

As a biological tissue, the cornea could undergo a remolding process after corneal
refractive surgery [20]. The corneal epithelial and corneal stromal cells will be adjusted
[21-23] after refractive surgery, and the remodeling of corneal extracellular matrix is
affected by the change of mechanical environment [24], and then affect the migration
and metabolism of keratocytes. Some changes of corneal microstructure may cause
the adjustment of corneal biomechanical properties. Furthermore, animal experiments
showed that the transforming growth factor-p1 was still at a high level within 1 month
after refractive surgery [25], it can promote the proliferation of corneal stromal cells
[26]. Therefore, it is necessary to observe the biomechanical properties of cornea with
time after refractive surgery.

The above clinical observation and animal experiment results show that the biome-
chanical properties of cornea will change after refractive surgery. Therefore, it is better
to consider the changes of corneal biomechanical parameters in the preoperative design
of refractive surgery and prediction of postoperative refraction. As we know, finite ele-
ment method is often used to simulate and analyze the changes of corneal morphology
and stress postoperatively [27, 28]. However, some finite element method simulations
were performed by using preoperative or (partial) fixed corneal material parameters [27,
29, 30]. This may cause a large deviation between the simulation analysis results and the
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actual situation. Furthermore, because the change of corneal biomechanical properties
with time after refractive surgery is not clear, the finite element method cannot better
predict the corneal deformation at different times after refractive surgery, so the role
of finite element method in the simulation design has not been brought into full play
before refractive surgery. Therefore, to explore the biomechanical properties of cornea
after refractive surgery plays an important role in the design of surgical scheme before
refractive surgery.

One of the best ways to acquire corneal biomechanical property is uniaxial tests. Since
it is impossible to apply uniaxial test for human cornea, and it is inconvenient and too
expensive to perform corneal refractive surgery on animals by using the equipment for
human, the aim to explore the changes of corneal biomechanical properties after refrac-
tive surgery go into a dilemma. Taking into account the common features of all types of
corneal refractive surgery, removal of part of the anterior corneal tissue, we shall apply
uniaxial tests to measure the biomechanical properties of the corneas after a removal
of anterior corneal tissue in simulation to corneal refractive surgery in this study. The
results will hope to improve our understanding on the variation of corneal biomechani-
cal properties after corneal refractive surgery, and also to provide a mechanical basis
for the occurrence of clinical phenomena such as iatrogenic keratectasia and refractive

regression.

Results

In vivo measurement data

As shown in Fig. 1, CCT in experimental group decreased significantly after opera-
tion (P<0.05). Within the 6 months, it increased firstly and then gradually stabilized.
The ratios of CCT between the experimental and control groups were 0.68 at half of a
month, 0.78 at the 3rd month, and 0.81 at the 6th month after operation.

Because the corneal anterior surface changes largely compared to posterior surface
immediately after treatment, and the change of posterior surface is an important index
for the diagnosis of corneal ectasia [31, 32] postoperatively, only the curvature radius of
posterior surface were calculated based on OCT images according the method shown
in our previous study [33]. Figure 2 shows that the curvature radius of corneal posterior
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Fig. 1 The changes of CCT with time. The triangle represents the experimental group and the square
represents the control group
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Fig. 2 The changes of curvature radii of corneal posterior surface with time. The triangle represents the
experimental group and the square represents the control group
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Fig. 3 The changes of the CH (a) and CRF (b) with time. The triangle represents the experimental group and
the square represents the control group

surface in experimental group fluctuated slightly with time, and its mean value at all the
time points was lower than its control group. There were statistical differences between
experimental and control groups both at the half and third month after operation
(*P<0.05).

IOPcc, corneal compensated intraocular pressure, was no significantly different
(P=0.132) between experimental and control groups. (The IOPcc values of experimen-
tal and control groups were 16.13+1.40 mmHg and 15.88 +1.16 mmHg, respectively.)
CH and CRF fluctuated slightly with time, and there were statistically significant differ-
ences between experimental and control groups at the first, second, and sixth month
after treatment (P<0.05) (Fig. 3).

Corneal elastics modulus

The length and width of corneal strips were 7.96 + 1.06 mm and 3.48 £0.17 mm, respec-
tively. The elastic modulus in the physiological stress state is shown in Fig. 4a. Com-
pared with the control group, the elastic modulus in experimental group increased
significantly at each time points (P<0.05). The change of corneal elastic modulus after
treatment shows a trend of decreasing with time (Fig. 4b), although this trend has no
statistical significance (y*=1.800, P=0.180).
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Fig. 5 Stress-relaxation curves of corneal strips (a), the red and blue solid lines represent the experimental
and control groups, respectively; the changes of stress relaxation degree with time (*P<0.05) (b), red and
blue represent the experimental and control groups, respectively

Stress relaxation data

Figure 5a shows the stress relaxation curve at month 3 after treatment, the stress
relaxation curves of the Exp.3 was above of the Ctrl.3. Mean values of stress relaxa-
tion limit G(co) of experimental group at three time points were smaller than those
of the control group. The difference was significant at the 3rd month after treatment
(Fig. 5b).

Corneal collagen fibrils data

Figure 6 shows the TEM images of corneal specimen (The results of TEM at the 1st
month after operation were failed). We randomly selected 5 regions with the same
size (0.302 x 0.270 um?) on the TEM images and counted the total number, the cross-
sectional area of collagen fibrils and mean cross-sectional area of one fibril (Fig. 7).
At the 3rd month after treatment, the total number of collagen fibrils in experimental

group was greater than that of control group, while the total cross-sectional area of



Zhang et al. BioMedical Engineering OnLine (2021) 20:113

Control group

R
R

Fig.6 TEM images (x5000) of corneal collagen fibrils

Experimental group

30 40
m Exp. al| 2 mExp.
m Ctrl. = mCtrl.
* =
— = 35 —-
@ 25t e
-
=1 £
z = g3
=} = =
5 20¢ S
s o
£ g st
= If
z 2
15t 2
< 20+
=
10 15
3M 6M M
groups, respectively

6M

Mean cross-sectional area of fibrils

(103 nm 2)

18

mExp. C

3M 60M

Fig. 7 Measurement parameters of collagen fibrils, red and blue represent the experimental and control

S, Mises

(Avg: 75%) (MPa)
+2.369¢—02
+2.177e—02
+1.986e—02
+1.794e—02
+1.602¢—02
+1.411e—02
11.219¢ 02
+1.027¢-02
+8.357¢—03
+6.440¢—03
+4.524¢—03
+2.607¢—03
+6.903¢—04

Fig. 8 Stress (a) and displacement (b) distribution

U, Magnitude (mm)
+7.604¢-02
+6.970e—02
+6.336e—02
+5.703¢-02
+5.069¢—02
+4.435¢-02
+3.802¢-02
+3.168¢-02
12.535¢ 02
+1.901e-02
11.267¢ 02
+6.336e-03
+0.000¢+00

Page 6 of 14



Zhang et al. BioMedical Engineering OnLine (2021) 20:113 Page 7 of 14

collagen fibrils and the mean cross-sectional area per collagen fibril did the opposite
(all P<0.05, Fig. 7). At the 6th month after treatment, there were no significant differ-
ences between experimental and control groups (all P> 0.05, Fig. 7).

Corneal deformation and stress distribution predicted by FEM

Figure 8 shows the stress and displacement distribution of HE3 and HC3, the finite ele-
ment model established with the elastic modulus of the Exp. and Ctrl. groups when
the IOP was 15 mmHg. It could be seen that the stress and displacement in the cen-
tral area of cornea are greater than those in the other region (Fig. 8). Both the corneal
apex displacement (0.052 mm) and refractive power (~32.70 D) of HE3 were smaller
those (0.071 mm) and (~32.95 D) of HC3, respectively. The maximum von-Mises stress
(~22.94 kPa) of HE3 was greater than that (~22.61 kPa) of HC3.

When IOP changed, the calculated corneal refractive power and the corneal apical dis-
placement in HE3 were smaller than those in HC3 slightly (Fig. 9a, b), and the maximum
von-Mises stress in HE3 was greater than that in HC3 slightly (Fig. 9c). Under 25 mmHg,
the differences of corneal refractive power and posterior surface apical displacement
were about 0.4 D and 0.03 mm, respectively.

Discussion

Based on the 6-month follow-up observations of rabbits after operation, including
in vivo and in vitro experimental data, we explored the changes of corneal morphology,
and mechanical parameters with postoperative time. Our results show that postopera-
tive corneas undergo dynamic changes in corneal morphology and biomechanics. From
the view of biomechanics, the first 3 months after operation is a critical period.

The results in this study are of great significance for the preoperative prediction and
postoperative observation of human corneal refractive surgery, although we performed
a non-standard corneal refractive surgery. In clinical corneal refractive surgery, the
thickness of remained corneal stroma is not < 50% of the original corneal thickness. The
researches have shown that the main risk factors of postoperative refractive regression
and iatrogenic keratectasia are corneal thinning and changes of corneal biomechanical
properties. Similarly, the amount of the removed anterior corneal tissue is not more than
50% in the animal model. Further, the location and amount of the removed corneal tis-

sue are similar to those of corneal refractive surgery. In addition, the overcorrection or
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Fig. 9 The variations of corneal morphology and stress of HE3 and HC3, the finite element model
established with the elastic modulus of the Exp. and Ctrl. groups. a The corneal refractive power. b The apical
displacement of corneal surface. ¢ Maximum von Mises stress
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undercorrection after refractive surgery in clinic may be related to insufficient under-
standing of corneal biomechanical properties pre- and post-operatively. In fact, the
results shown in Fig. 9 indicate that the changes of corneal morphology caused by dif-
ferent corneal biomechanical properties are different, which may affect the accuracy of
postoperative refractive effect.

The results both from the uniaxial tests of corneal strips and ORA tests demonstrate
that the corneal biomechanical properties after operation did undergo a changing pro-
cess. From the morphological results and CH/CRF values shown in Figs. 2 and 3, we
believe that the curvature radii of corneal posterior surface and CH/CRF were unsta-
ble within 3 months after operation. This point also can be deduced from the reported
results, such as, the fluctuations of the corneal posterior surface [34—36], CH/CRF [10,
11] with time after operation. The elastic moduli of experimental group increased sig-
nificantly at first, third and sixth month after operation, which was similar to the per-
vious results 1 month after operation [18, 19]. Furthermore, our results show that the
stress relaxation of experimental group becomes slowed down compared with the con-
trol group at the 3rd month after operation (P<0.05, Fig. 5).

The results of fiber observation showed that the fibrils will make an adjustment com-
pared their control group at the 3rd month after operation (P<0.05, Fig. 7). Corneal
collagen fibrils were the load-bearing microstructures of the cornea. The corneal bio-
mechanical properties are affected by the status of collagen fibrils [37-39]. Our results
showed that the density of collagen fibrils increased, and the fibrils became thinner
compared their control group at the 3rd month after operation (P<0.05, Fig. 7). These
changes were not found at the 6th month after operation (P>0.05). This indicates that
cornea tissue undergoes a remodeling process, which might lead to the fluctuation of the
elastic modulus of the physiological range in a period of time.

Furthermore, from the changes of corneal biomechanical properties and collagen
fibrils status, we suggest that close attentions to follow-up observations of the morpho-
logical and biomechanical changes of the cornea should be paid within 3 months after
operation, which is helpful to find the early keratoconus. It agreed with that 25% of
patients with corneal ectasia occurred within 3 months after corneal refractive surgery
[40].

The numerical results suggest that the changes in corneal biomechanical properties
should be considered in prediction of corneal postoperative morphology. The preoper-
ative prediction of corneal morphology is an important aspect in surgical design. The
corneal refractive outcome is related to the residual bed thickness of the cornea in the
operation design, the removed actual thickness of corneal stroma in the operation and
the corneal biomechanical properties [30, 41, 42]. In the present study, we only consider
the difference of the elastic modulus between experiment group and control group, and
the computation results showed the difference of corneal refractive power. If we had a
fully understanding of the corneal biomechanical properties in different periods before
and after operation, then we can get a good prediction of the postoperative refractive
power based on the FEM, and then we may give a solution to the problem of postopera-
tive overcorrection or undercorrection through comprehensive consideration of postop-
erative corneal biomechanical properties, residual bed thickness of the cornea, and the
removed actual thickness of the stroma. Furthermore, we noticed that the displacement
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of posterior corneal surface, an important index after corneal refractive surgery [27], of
HE3 was about 0.74 times that of HC3 (Fig. 9b) when IOP was 15 mmHg. It resulted
from the changes of corneal biomechanical properties.

The limitation of this study was small sample number. Further studies are needed,
including more samples and longer observation time to confirm these observations.
Besides, this study did not concern the nonlinearity and anisotropy of corneal biome-
chanical properties. In the future, we shall explore the effects of nonlinear and aniso-
tropic mechanical properties of cornea on postoperative corneal morphology based
on fully understandings of corneal biomechanical properties after corneal refractive

surgery.

Conclusions

In short, after operation, the corneal biomechanical properties vary accordingly. With
the postoperative time, the increase of corneal elastic modulus decrease gradually, and
the difference of stress relaxation degree between experiment and control groups under-
went a process from increase to decrease. Three months after operation is a critical
period and the changes of the corneal biomechanical properties need to be observed for
a long time. The variation of corneal biomechanical properties is worth considering in
predicting corneal deformation after operation.

Materials and methods

The treatment of animal corneas

Twenty-four adult New Zealand white rabbits, healthy and free of ocular disease (All
rabbit eyes were observed by slit lamp to exclude anterior segment lesions), were
selected from the Laboratory Animal Center of Capital medical University. Animals
were randomly divided into 3 groups, 8 rabbits for each group. (The weight of rabbits
was measured, numbered 1, 2, ..., 24 according to the weight from small to large, and
then the number divided by 3. Those with the remainder of 1 were classified as group 1,
those with the remainder of 2 were classified as group 2, and those with the remainder of
0 were classified as group 3.) The left eyes were treated as experimental (Exp.) group and
the right eyes were kept as the self-control (Ctrl.) group. And the animals were raised
up to 1, 3, or 6 months after treatment, respectively. The institutional review board of
Capital Medical University approved this study (No. AEEI-2014-066), and all procedures
adhered to the animal welfare.

In order to simulate corneal refractive surgery, corneal tissue (from corneal epithelial
layer to the stroma: 6 mm in diameter and 30-50% of the original corneal thickness) was
removed with a mechanical microkeratome (KM-5000, Wuxi Kangning medical appara-
tus Co. Ltd., China). After treatment, 0.3% tobramycin dexamethasone eye drops 4 times
a day was applied to all experimental eyes within first week, and reduced to 2 times a day
till 1 month after treatment.

In vivo tests

In vivo tests were performed by Pachymeter SP3000 (TOMEY, Japan), ORA
(Reichert Inc., USA), and optical coherence tomography (OCT, TOPCON, Mark II,
Japan) before operation, at the 2nd, 4th week, and once every 4 weeks for 24 weeks.
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The measured parameters were central corneal thickness (CCT), corneal compensated
intraocular pressure (IOPcc), CH/CRF and the corneal cross section images of the rabbit

eyes.

In vitro mechanical test

Preparation of corneal strip samples

Rabbits were anesthetized to death through intravenous injection of 25% urethane agent
via rabbit auricular vein. Using a self-made double-edged knife cut along corneal supe-
rior—inferior direction. Corneal strip width was measured with a Vernier caliper. Its
thickness was taken as CCT of the same cornea. The corneal strip samples were denoted
by Exp. 1 (Exp. 3, Exp. 6) according to the experimental eyes from the animals that were
executed at the first (third and sixth) month after operation.

Uniaxial tensile test

Corneal biomechanical properties were determined by uniaxial tensile test (Care-
IBTC-50, Tianjin, China) at room temperature. To prevent dehydration during the test,
corneal strips were kept moist with saline bath. After preload the hysteresis loop was
stable, the stress—strain test at a tensile with a speed of 0.02 mm/s until them became
115% of the original length. After a 5-min recovery, all corneal strips were stretched with
a speed of 0.5 mm/s as the same length of stress—strain test, stress-relaxation test were

performed with 10 min.

Corneal elastic modulus and relaxation function

The stress—strain curve was linear in the range of load 0.025-0.05 N, corresponding to
IOP in the corneal physiologic state [19]. The stress ¢ = F/A,, where A, is the initial
cross-sectional area at the center of the corneal strip, F is the load. Assume the corneal
strip was regular strip specimen. The strain € = Al/l, [, is the length of the specimen,
about the diameter of corneal cutting region, A/ is the displacement. Since the stress—
strain relationship of corneal strip was regarded as linear in the corneal physiological
range, the corneal elastic modulus was the ratio of stress to strain of the strip.

The following 2-term Prony model was chosen to fit stress relaxation data:

Gt) = 1—A1(1—e‘i) —A2(1—e‘5),

where G(¢t) = 6(t)/0, is the normalized stress-relaxation function, o(¢) is the stress, o, is
the initial stress, A;, A,, 7; and 7, are stress relaxation parameters.

Stress relaxation limit G(co) was defined by the normalized stress when the time was
infinity, which was used to describe the stress relaxation degree, the larger value of G(oc)

was, the smaller stress relaxation degree was.

Collagen fibrils morphology observation

To observe the arrangement of collagen fibrils, one rabbit was randomly selected at
the 1st, 3rd, and 6th month after operation, respectively. The corneal specimen, came
from the corneal center area about 1 x 1 mm?, was fixed by 2.5% glutaraldehyde solu-
tion and was kept at 4 °C for 4 h. The morphology of collagen fibrils was observed by
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transmission electron microscopy (TEM, H7650, Hitachi, Japan), and the total number
and the cross-sectional area of collagen fibrils were counted by software of Image Pro
Plus (V6.0, Media Cybernetics, USA).

Corneal finite element model

In order to know the differences of corneal morphology due to the changes of corneal
biomechanical properties after corneal refractive surgery, we applied finite element
model (FEM) method to analyze the data of the corneal diopters and the apical dis-
placement of corneal posterior surface. We established an axisymmetric healthy corneal
geometric model, where the curvature radius of anterior and posterior corneal surface
were 7.8 mm and 6.8 mm, respectively, the CCT was 0.55 mm, transverse diameter of
cornea was 12 mm. The corneal geometric model after corneal refractive surgery was
constructed on the basis of the normal human corneal geometric model. The amount
of corneal tissue removed was 30% of the CCT, and the diameter of optical zone was
6.5 mm. Cornea was regarded as a homogeneous, incompressible material. The cor-
neal elastic modulus of experimental and control eyes at month 3 after treatment were
applied, where the FEM were denoted by HE3 and HC3, respectively.

Corneal geometric model under unloaded state was obtained by the methods in refer-
ences [43]. In Abaqus (V6.13, RI, USA), the models were fixed completely at the bound-
ary. Local refinement of the mesh along depth direction of the cornea was applied. To
predict the effect of IOP fluctuation on corneal deformation, the uniform forces of
15 mmHg, 20 mmHg, 25 mmHg were applied on corneal inner surface, represented IOP
values.

According to the results of finite element simulation for each model, the corneal
refractive power was calculated in the range of 3 mm from the corneal apex, the corneal
refractive power was expressed by K ..

t
Ko = Ky + K = 2K,

ny —n K N3 —ny
’ P_ b

r Ty

K, =

a

where K, and K|, are the refractive power of the anterior and posterior corneal surfaces,
r; and r, are the radius of curvature of the anterior and posterior cornea, respectively,
n,, n, and n; represent the refractive index of the cornea, air and aqueous humor, ¢ is the
CCT.

The schematic diagram of the experimental setup is shown in Fig. 10.

Statistical analysis

Statistical analysis was performed using SPSS (V21.0, IBM, USA). Data were tested for
normality using Shapiro—Wilk test, and data were expressed as mean=+SD or median
(inter-quartile range, IQR). The morphological parameters and in vivo corneal bio-
mechanical data of different groups were compared by repeated-measures analysis of
variance or Friedman test, and paired ¢ test or Wilcoxon signed rank test was used to
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Fig. 10 Schematic diagram of the experimental setup
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compare the data of uniaxial test and the morphological parameters of collagen fibrils of
different groups. The level of statistical significance was set to P<0.05.
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