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Background
Laser in  situ keratomileusis (LASIK) is now a widely performed refractive procedure 
designed to improve visual acuity by reshaping the surface of the cornea. It involves the 
use of a microkeratome to create a thin corneal flap followed by excimer laser ablation 
of the corneal stroma and repositioning of the flap. The central corneal thickness and 
curvature change in this surgical procedure, and the cornea undergo tissue remodeling 
after injury, resulting in the alteration of the corneal biomechanical properties [1]. To 
perform refractive surgery more accurately, it has been proposed that the biomechanical 
properties of the cornea should be taken into account [2]. Moreover, post-LASIK kera-
tectasia, a rare but severe complication occurs when a surgical procedure is performed 
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with increasing frequency [3]. Although the mechanism of post-LASIK keratectasia is 
still unclear, it is widely accepted that corneal biomechanical integrity is compromised 
after microkeratome incisions [4].

As a non-contact tonometer, Ocular response analyser (ORA) was extensively used to 
assess the cornea’s viscous and elastic properties by and corneal resistance factor respec-
tively in vivo in recent years. Compared to pre-LASIK, corneal hysteresis and the corneal 
resistance factor decreased significantly post-operatively [5–10]. The largest changes in 
corneal biomechanical parameters occurred within 1 week after surgery, and these then 
became nearly stable during the 6-month follow-up period [8]. Microkeratome flap crea-
tion combined with deeper stromal ablation had the greatest effect on the ORA applana-
tion signal, indicating corneas that are more readily deformable [11, 12].

Optical interferometry has also been reported to determine the corneal strain after 
LASIK in vitro. Their results have shown that the thickness of the remaining tissue is 
very important for the biomechanical behavior of the cornea after areal ablation [13], 
and strain increases in corneas with microkeratome incisions [14]. In addition, varying 
LASIK flap depth and side cut angulations affect the strain behavior of the cornea [15].

It’s worth mentioning that, whether ORA or interferometry can’t represent the mate-
rial properties of the cornea itself, and the relationship has not been established between 
the measurement parameters from these techniques and classical biomechanical ones. 
Because of the relative simplicity and low cost, strip testing is the most common experi-
mental technique used to determine the properties of biomaterials. It has also been 
attempted by several researchers to determine the stress–strain behaviour of the cor-
nea [16–19]. Fang et al. [20] also measured the corneal elastic modulus of the porcine 
eyes after LASIK using strip testing. However, because of a spherical surface, variation in 
thickness, and flattening of the originally curved specimen, it makes strip testing to be a 
less reliable procedure to determine the corneal material properties [21].

The goals of this study was to advance our understanding on how the ablation depth 
and repair time influence the corneal material properties after LASIK using animal 
model, and to create an mathematical analysis procedure that may improve the accuracy 
of corneal strip testing analysis after LASIK.

Methods
The animals used in this study were treated in accordance with the guidelines proposed 
by Animal Care and Use Committee, the Shanxi Science and Technology Department.

Study design

Forty adult New Zealand white rabbits, weighing 3.0–3.5 kg, were included in this study. 
All animals were healthy and free of ocular disease. Animals were randomly divided into 
a control group and three investigative groups (ten rabbits in each group). Animals with-
out any treatment were served as normal controls. In the first group, only typical LASIK 
flaps were created; in the second and third group, the flaps were created and residual 
stroma bed was 50 or 30% of the whole cornea thickness respectively. Specimens were 
collected after 7 or 28 days post-operatively. The corneal strips were prepared for biome-
chanical testing.
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Laser in situ keratomileusis (LASIK)

Prior to the LASIK, animals underwent the following ocular examinations. Intraocular 
pressure and central corneal thickness were measured using an ultrasound pachymeter. 
Ocular anterior and posterior segment lesions would be excluded by slit-lamp biomi-
croscopy and ophthalmoscope examination. The surgery was performed under gen-
eral anesthesia produced by intravenous injection from ear edge with 2% pentobarbital 
sodium. Surface anaesthesia with 0.4% oxybuprocaine was applied to each eye before 
LASIK.

With the animal under general and local anesthesia, flap (7  mm in diameter and 
90–110  μm in thickness) was created by the microkeratome (KM-5000, Wu Xi Kang 
Ning medical apparatus Co. Ltd., China). Laser ablation was subsequently performed on 
the stroma under the flap using excimer laser machine (EC-5000CXI, NIDEK, Japan). 
Animals in the study underwent LASIK on both eyes (Fig.  1). In the first group, only 
typical LASIK flaps were created without ablation; in the second and third group, the 
flaps were created and residual stroma bed was 50 or 30% of the whole cornea thickness 
respectively. Then the new surfaces between the flap and the stroma were rinsed with 
physiological saline repeatedly. At last, the flap floated back into position, and then two 
drops of tobramycin solution 0.3% were instilled into the eye. The accuracy of cutting 
depth was monitored by intraoperative pachymetry.

Rabbits with flaps displaced, visible striae on the first day after surgery, or with eyes 
infected during the following days were excluded and replacement animals were added.

Specimen preparation

The central corneal thickness was measured using an ultrasound pachymeter before 
the animals were killed. All the animals were anaesthetized with ether and humanely 
killed by air embolism method after 7 or 28  days post-operatively. The cornea tissue 

Fig. 1 LASIK surgery was performed on a rabbit a under anaesthesia, b creating the flap, c lifting the flap, d 
ablating the stroma, e restoring the flap, f surgery finished
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was obtained and cut into a rectangular strip with 3.5  mm wide using a commercial-
ized double-edged scalpel. Strip specimens in this study were taken from temporal-nasal 
direction.

Biomechanical measurements

Uniaxial tensile test was used to determine the biomechanical properties of the cornea 
by a tester (5544, Instron Co. Ltd., USA) with a 5.0 N full scale load cell (accuracy 2‰). 
The limbus and the ends of the corneal strip were clamped used for connection to the 
grips of the tester, leaving the middle corneal tissue to resist the applied tension loads 
(Fig. 2). Prior to tensile test, for each specimen, the original length L (mm) which rep-
resented the distance between grips was measured. In order to avoid drying, a saline 
infusion was fixed on the moving clamp. The load from 0 to 0.05 N were imposed on the 
specimens at a rate of 2 mm/min. The corresponding data of load (N) and displacement 
(mm) were recorded by a computer.

The physiologic level of intraocular pressure (p) in an adult rabbit globe is approxi-
mately 15–30 mmHg (2–4 kPa); the radius (r) of the adult rabbit cornea is approximately 
7.5 mm. The load (F) on a corneal with a width (w) of 3.5 mm is approximately 0.025–
0.05 N, as calculated according to the following formula: F = p × r × w/2. Therefore, the 
tensile load corresponding to the calculated modulus of elasticity was considered to be 
the physiological modulus [22]. Figure 3 showed the relationship of load–displacement 
of a normal rabbit cornea. The slope of the load–displacement curve was linear in the 
range of 0.025–0.05 N.

The mathematical analysis procedure

A mathematical analysis procedure that seeks to consider and eliminate the effects of 
the deficiencies of strip testing has been presented by Elsheikh A and Anderson K in 

Fig. 2 Evaluation of biomechanical properties of corneal strips was carried out on Instron 5544 tester
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determining the material properties of normal corneas [21]. In their model, the thick-
ness difference between the central cornea and the limbus was simplified as a slant. This 
simplification is feasible for normal cornea when the change of corneal geometrics is not 
as obvious as the ones after LASIK. The excimer laser for photoablation of the corneal 
stromal bed alters the anterior corneal thickness. Therefore, the cornea can’t be treated 
as a uniform thickness material in uniaxial tensile test. In order to remedy the inaccu-
racy from the thickness variation after LASIK in strip test, a simple mathematical analy-
sis procedure was deduced to mimic the actual geometrics of corneal specimens after 
LASIK. The cornea is simplified as an isotropic and linear elastic material. The thickness 
of the normal cornea without LASIK is regarded as homogeneity.

Figure 4 shows a diagram of the corneal strip after LASIK against an X–Y coordinate 
system. The origin of coordinate is O. The spherical cap represents the ablated segment 
with a curvature radius R. The width of the cross-section is constant.

when x = δ, y = r,

where δ is the ablated thickness, and R is the curvature radius of the ablated area.
For the unabated part, the length of elongation during uniaxial tensile test is calculated 

by Eq. (3):

(1)(x − R)2 + y2 = R2

(2)
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Fig. 3 The load–displacement curve of a corneal strip
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where, L is the original length of a specimen; W and T are the width and thickness of the 
specimen, respectively; 2r is the ablated range; E is the elastic modulus.For the ablated 
part, the length of elongation is calculated by Eq. (4):

The total length of elongation is expressed as Eq. (5):

where B = T − δ + r.

Equation (7) is used to determining the elastic modulus of corneal strips after LASIK. 
In this study, the slope of the load–displacement curve (ΔF/ΔF) was nearly linear in the 
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Fig. 4 A diagram of the corneal strip after LASIK against an X–Y coordinate system
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range of 0.025–0.05  N (approximately as the physiologic level of intraocular pressure 
15–30  mmHg), thus the corneal mechanical behavior presented here was regarded as 
linear elasticity. All parameters were presented in Table 1.

Statistical analysis

All data were expressed as mean  ±  standard deviation. Statistical analysis was per-
formed using one-way ANOVA analysis followed by Post hoc Tukey testing. The level of 
significance was considered when P < 0.05.

Results
The elastic modulus was about 1.60  MPa in normal controls when the loading force 
ranged from 0.025 N to 0.05 N. After 7 days, there were no significant differences among 
four groups examined (Control, 1.60 ± 0.38 MPa; group 1, 1.53 ± 0.51 MPa; group 2, 
1.83 ± 0.36 MPa; group 3, 1.70 ± 0.25 MPa). After 28 days, no obvious differences were 
found between the normal control (1.60 ± 0.38 MPa) and group 1 (1.68 ± 0.29 MPa) 
(P  >  0.05). Compared to the normal control, there was a significant increase in the 
elastic modulus of corneal strips in group 2 (2.12  ±  0.21  MPa) by 30% or group 3 
(2.45 ± 0.45 MPa) by 51% (P < 0.05). Compared to the group 1, there was a significant 
increase in the elastic modulus of corneal strips in group 2 by 26% or group 3 by 46% 
(P < 0.05). The elastic modulus of corneal strips in group 3 increased by 16% compared 
to group 2 (P < 0.05), this indicated that the corneal elastic modulus increased with the 
ablation depth after 28 days post-operatively (Fig. 5).

This data also showed that corneal strips in group 3 after 28 days had a higher elastic 
modulus than those of 7 days post-operatively (P < 0.05); while there was no significant 
differences in other groups (P > 0.05).

Discussion
Animal models allow research to be conducted under controlled parameters to remedy 
limitations in humans. In this study, we investigated the effects of ablation depth and 
repair time on the corneal biomechanical properties after LASIK. Our results found 
that there was no significant difference in corneal elastic modulus after 7  days post-
operatively among the four groups. 28 days post-operatively, the corneal elastic modulus 
increased in ablation depth-dependent manner, and the cornea with 30% residual stroma 
bed increased elastic modulus by 41% compared to that of 7 days. Thus, alteration in cor-
neal biomechanics after LASIK may correlate with the ablation depth and repair time. 
The biomechanical response of the cornea after LASIK is dominated by the stroma. Flap 

Table 1 Central corneal thickness (CCT) and ablation depth (δ) of the cornea

CCT (μm) δ (μm)

Before LASIK 0 day after LASIK 7 days after LASIK 28 days after LASIK

Control 402 ± 29 398 ± 33 394 ± 27 401 ± 24 0

Group 1 379 ± 36 382 ± 32 386 ± 23 390 ± 34

Group 2 394 ± 19 287 ± 29 279 ± 25 286 ± 23 107 ± 18

Group 3 408 ± 38 212 ± 23 216 ± 28 208 ± 21 196 ± 27
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creation did not significantly alter the elastic modulus of the cornea. In addition, the 
mathematical procedure presented here is more reasonable in determining the corneal 
material properties after LASIK, and improves the accuracy of corneal strip tests.

The cornea is composed of five layers, and considered as a complex anisotropic com-
posite with non-linear elastic and viscoelastic properties in term of material science. 
However, most biological soft tissues approximate linear elastic behavior when a small 
range of stresses is considered. In this study, the slope of the load–displacement curve 
was nearly linear in the range of 0.025–0.05 N (approximately as the physiologic level 
of intraocular pressure 15–30 mmHg), thus the corneal mechanical behavior presented 
here was regarded as linear elasticity. The elastic modulus provides an intrinsic indica-
tor of material stiffness. A high modulus indicates a stiff or low-compliance material. In 
this study, the creation of a thin 90–110 μm flap did not additionally compromise the 
elastic modulus of the cornea. There was also no significant change in CRF or CH after 
flap creation [23], and minimal biomechanical loading is distributed through the flap 
[14]. However, there was significant decrease in these parameters following laser abla-
tion, when compared to values obtained pre-operatively. All these findings indicate that, 
the mechanical response of the cornea after LASIK may be predominantly due to laser 
ablation.

The strip test was also used by Fang et  al. [20] to determine the corneal elastic 
modulus of the porcine eyes after LASIK. Their results showed that the corneal elas-
tic modulus decreased with ablation depth. The anterior 40% of the central corneal 
stroma is the strongest region of the cornea, whereas the posterior 60% of the stroma 
is at least 50% weaker [24]. This biomechanical effect correlated with deeper ablation 
may be due to more central collagen and matrix material removed [6, 25]. The differ-
ences between Fang’ study and ours may stem from that they measured the corneal 
elastic modulus immediately after LASIK in  vitro, the cornea didn’t undergo wound 
healing process.

As is known, when the cornea is injured, a series of complex and coordinated cel-
lular processes are activated to achieve the corneal tissue wound healing. The pro-
cess of remodeling and repair begins at 48 h, peaks between several days and 1 month 

Fig. 5 Effects of variation in ablation depth on the corneal elastic modulus after LASIK. *P < 0.05, compared 
to normal control after 28 days post-operatively; #P < 0.05, compared to group 1 after 28 days post-opera-
tively. n = 10 in each group
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after injury, and is sustained for 3  months or even several years [26]. In this study, 
the elastic modulus increasing with ablation depth after 28 days post-operatively may 
be explained by Davis’s law, which is used to describe how soft tissue models along 
imposed demands. It is a physiological principle stating that soft tissue heal accord-
ing to the manner in which they are mechanically stressed [27]. It is the corollary to 
Wolff ’s law, which applies to osseous tissue. It is feasible that the increased postopera-
tive load born by the residual stroma signals a proliferative keratocyte response aimed 
at increasing structural resistance to this stress [1]. Therefore, we speculate that over a 
period of wound healing, the residual stroma with deep ablation may become stronger 
to combat the increasing mechanical stress without failing within short time after 
surgery.

Data from Liu [28] showed that the nonlinear mechanical behavior of the cornea was 
closely correlated with the crimping morphology of collagen fibrils. The straightened 
fibrils, acting as reinforcing frames, enhance the corneal mechanical properties until 
they break. After LASIK, the central corneal tissue becomes relative flatten and thin, 
and the cornea is subjected to greater tension stress than pre-operation in the same 
IOP. The more the volume is ablated, the greater is the tensile stress in the remained 
cornea. The collagen fibrils of the cornea may adjust with respect to this condition. 
Elastic modulus increasing with ablation depth after 28 days post-operatively may also 
be explained that, the fibrils from the remained cornea may become straighter under 
the greater tensile stress, thus corneal mechanical properties may also be enhanced. 
However, low residual stromal bed thickness from excessive ablation is a risky fac-
tor for post-LASIK keratectasia, which may show itself immediately or many months 
after LASIK but generally occurs within 2  years [29]. The long-term effect of exces-
sive ablation on the corneal material properties is still unclear and should be further 
investigated.

Previous studies have suggested CH and the CRF decreased significantly post-oper-
atively. CRF is dominated by the elastic properties of the cornea and appears to be an 
indicator of the overall ‘resistance’ of the cornea, that is, it reflects the overall biome-
chanical effects of the specimen (considering the dimension of the cornea), not material 
property itself. For example, whereas corneas from patients with keratoconus are gener-
ally thinner than average and biomechanically floppy, corneas from patients with Fuchs 
dystrophy are thicker than normal while also being biomechanically similar to keratoco-
nus [5, 30]. Thus, although the elastic modulus becomes larger with ablation depth, the 
thickness decreases more remarkably than the elastic modulus, the cornea will be more 
readily deformable with excessive ablation.

Our study is limited by its small sample of eyes studied and is in the absence of long-
term data. Another limitation of the study is that the determination of the corneal elastic 
modulus is carried out in vitro, and the corneal tissue is simplified as an isotropic and 
homogeneous material. Differences exist in the collagen fibers arrangement among the 
anterior, middle and posterior of corneal stroma [31, 32]. The structural difference inside 
the tissue may influence the mechanical properties of the cornea. In addition, Differ-
ences in corneal structure [33] and wound healing response also exist between mam-
malian. As a consequence of mentioned reasons, one should be cautious in extrapolating 
the data from rabbits to human cases.
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Conclusions
The biomechanical responses of the cornea after LASIK are linked in repair time and 
ablation depth. Complex corneal biomechanical processes influence the integrity of the 
normal and postoperative cornea, and developing an understanding of these processes 
may facilitate recognition of risk factors for ectasia after LASIK.
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