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Purpose. To determine the repeatability of recalculated corneal visualization Scheimpflug technology (CorVis ST) parameters and
to study the variation of biomechanical properties and their association with demographic and ocular characteristics. Methods.
A total of 783 healthy subjects were included in this study. Comprehensive ophthalmological examinations were conducted. The
repeatability of the recalculated biomechanical parameters with 90 subjects was assessed by the coefficient of variation (CV) and
intraclass correlation coefficient (ICC). Univariate and multivariate linear regression models were used to identify demographic
and ocular factors. Results. The repeatability of the central corneal thickness (CCT), deformation amplitude (DA), and first/second
applanation time (A1/A2-time) exhibited excellent repeatability (CV% ≤ 3.312% and ICC≥ 0.929 for allmeasurements).The velocity
in/out (𝑉in/out), highest concavity- (HC-) radius, peak distance (PD), and DA showed a normal distribution. Univariate linear
regression showed a statistically significant correlation between𝑉in,𝑉out, DA, PD, andHC-radius and IOP,CCT, and corneal volume,
respectively. Multivariate analysis showed that IOP and CCT were negatively correlated with 𝑉in, DA, and PD, while there was a
positive correlation between 𝑉out and HC-radius. Conclusion. The ICCs of the recalculated parameters, CCT, DA, A1-time, and
A2-time, exhibited excellent repeatability. IOP, CCT, and corneal volume significantly influenced the biomechanical properties of
the eye.

1. Introduction

The cornea acts as the outermost lens of the eye and aids in
the focus and transmission of light. It provides mechanical
stability to the eye and acts as a protective layer to the interior
of the eye. Eye disorders, surgeries, and injuries may alter the
shape, thickness, or biomechanical properties of the corneas,
resulting in serious changes in visual performance of the eye
[1–3]. Clinically, it is very extremely important to understand
the biomechanical responses of cornea toward intraocular
pressure (IOP), refractive surgery, and corneal pathology. To
study the biomechanics of cornea, variousmethods have been
devised [4–6]. One such method is the in vivomeasurement
of the biomechanical responses of the cornea using an ocular
response analyzer (ORA; Reichert, Buffalo, NY, USA), one of
the earliest commercially available devices [7]. Several studies
have been published with diverse and new data regarding
corneal hysteresis (CH) and corneal resistance factor (CRF)

in healthy and pathologically challenged eyes [8, 9]. However,
ORA, which reports nonstandard biomechanical terms that
are different from the classical knowledge of corneal biome-
chanics, does not provide information associated with direct
corneal deformation and cannot exhibit the corneal dynamic
deformation process in real-time [10].

Recently, to overcome the lack of more direct measure-
ment techniques of corneal deformation in vivo, a number
of new approaches have been attempted, although these
techniques are still in their early stages. A new device,
corneal visualization Scheimpflug technology (CorVis ST;
Oculus Optikgeräte GmbH, Wetzlar, Germany), designed to
measure corneal deformation characteristics with a high-
speed Scheimpflug camera, has been introduced. Measure-
ment of corneal biomechanical properties using CorVis ST
has received increasing attention recently [11, 12]. Biome-
chanical parameters may be associated with diseases such
as keratoconus, stromal keratopathy, and glaucoma, which
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Figure 1: Deformation process observed using CorVis ST. (a) The recording starts with the cornea in a natural convex shape. (b) A precisely
metered air pulse forces the cornea to move inward through an applanation (1st applanation). (c) The cornea then continues to move inward
until it reaches the highest concavity. (d)The cornea rebounds to its normal convex shape. During this phase, the cornea again passes through
an applanation (2nd applanation).

may be measured to evaluate the effect of corneal refractive
surgery and corneal cross-linking [13–17]. Leung et al. [18]
reported that the influence of deformation amplitude (DA)
on the measured error of Goldmann applanation tonometry
ismore in comparison to the central corneal thickness (CCT).
Therefore, independent studies should focus on determining
“normal” values in different populations, so that the new
technology identifies wider acceptance and extensive use
at clinical levels. The present study aimed to justify the
repeatability of recalculated CorVis ST parameters and the
variation of biomechanical properties provided by CorVis ST
in a healthy Chinese population and their association with
demographic and ocular characteristics.

2. Methods

2.1. Subject Recruitment. A total of 783 healthy Chinese
subjects, aged 13–89 years, were recruited between July 2013
and August 2015 at the Chinese General Hospital of the
People’s Liberation Army (PLA, Beijing, China). This cross-
sectional study was approved by the office of Research
Ethics Committee of the Chinese PLA General Hospital in
accordance with the tenets of the Declaration of Helsinki.
Written informed consent was provided by all the subjects
prior to entering the study.

2.2. Ocular Examinations. All the participants underwent a
comprehensive ophthalmological examination and a stan-
dardized interview procedure. The ocular examinations
included a detailed assessment of visual acuity, slit-lamp
microscopy and fundus examination, corneal tomography
(Pentacam; Oculus Optikgeräte GmbH, Wetzlar, Germany),
corneal biomechanics, and IOP measurement (CorVis ST).
All the assessments were performed at the same time during
a single visit, to decrease the effect of diurnal variations.

The exclusion criteria for the subjects were as follows: any
previous corneal or ocular surgery, any ocular pathology or
systemic diseases known to affect the eye, or chronic use of
topical medications.

2.3. CorVis ST Measurement. The CorVis ST instrument is
a noncontact tonometer and imaging device that provides
additional information regarding the reaction of cornea to
a defined air pulse. It is mainly used to measure IOP and
CCT. An ultrahigh-speed Scheimpflug camera (which can
record 4,330 frames/sec) was used to capture the corneal
deformation with a corneal horizontal range of 8.5mm. The
video clip containing 140 digital frames corresponded to a
recording time of ∼30msec (Figure 1). In brief, the process
was as follows: first, an image of the cornea was recorded
by the ultrahigh-speed Scheimpflug camera, prior to the air
puff in the natural convex shape. Subsequently, the cornea
was made to move inward and flatten to the first applanation
(A1), by precisely applying a metered air pulse to the cornea.
The cornea continued to move inward until it reached a
position of highest concavity (HC). As cornea is viscoelastic,
it rebounded from this concavity to the second applanation
(A2) and subsequently to its normal convex curvature. The
IOP was determined according to Imbert-Fick’s law based
on A1-time [19]. The pachymetric values were detected when
the cornea was in its natural shape and when there was no
air pulse [19, 20]. Abbreviations shows the 10 biomechanical
parameters measured by CorVis ST. The latest version of the
software by Oculus (version 6.07r24) was used to recalculate
all the CorVis ST measurements, which assisted in obtaining
more precise data associated with the described parameters.
For example, HC-radius presented an improvement from a
three-point fit calculation obtained from previous software
versions (version 1.0r30) to a new parabolic fit computation
[21]. The quality-specification section on the output map
was used to check the quality of the examination. A reading
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Table 1: Repeatability of the recalculated corneal visualization Scheimpflug technology parameters for three measurementsa.

Parameters Precision Repeatability CV% ICC 95% CI for ICC
First applanation time (msec) 0.187 0.264 1.306 0.929 0.901∼0.950
First applanation length (mm) 0.113 0.160 3.221 0.223 0.094∼0.362
Velocity in (m/sec) 0.018 0.026 6.353 0.695 0.601∼0.776
Second applanation time (msec) 0.284 0.401 0.657 0.929 0.901∼0.951
Second applanation length (mm) 0.540 0.764 16.153 0.230 0.101∼0.369
Velocity out (m/sec) 0.076 0.107 −9.834 0.768 0.690∼0.832
Highest concavity time (msec) 0.684 0.966 2.093 0.302 0.171∼0.438
Deformation amplitude (mm) 0.069 0.098 3.312 0.942 0.920∼0.960
Peak distance (mm) 0.168 0.238 1.701 0.896 0.857∼0.927
Highest concavity radius (mm) 1.136 1.606 8.320 0.605 0.495∼0.704
Intraocular pressure (mmHg) 1.696 2.397 6.245 0.894 0.854∼0.925
Central corneal thickness (𝜇m) 9.642 13.627 0.925 0.983 0.976∼0.988
a
𝑛 = 90. CV: coefficient of variation; ICC: intraclass correlation coefficient; 95% CI: 95% confidence interval of the mean.

with an “OK” was considered acceptable; otherwise, the
measurements were repeated.

The CorVis ST is similar to the dynamic bidirectional
applanator in that it uses an air puff to deform the cornea
and records the process by a Scheimpflug camera. From the
real-time series of images, deformation characteristics can
be extracted along with the potential to quantify corneal
elastic parameters. For example, the slower movement in 𝑉in
and 𝑉out is associated with a stiffer cornea, since it takes
greater force to deform a stiffer material and reach the same
velocity. For the parameter of DA, it has been hypothesized
that this may correspond to the stiffness of the cornea since
a softer cornea with a lower elastic modulus would have
greater deformation under the same load. Therefore, softer
corneas would produce deep, narrow deformations, and
stiffer corneas would produce wide, shallow deformations
[22].TheA2-timemay represent the time-dependent portion
of the viscoelastic response and can be considered as an
indication of the overall viscoelasticity [23].

Previous studies have reported that the IOP measure-
ments using CorVis ST and Goldmann applanation tonom-
etry showed satisfactory levels of agreement [24, 25]. There-
fore, in the present study, the IOP reading provided byCorVis
ST was used for data analysis.

2.4. Statistical Analysis. Two software programs, SPSS ver-
sion 17.0 (SPSS, Inc., Chicago, IL, USA) and MedCalc 13.0
(MedCalc Software, Ostend, Belgium), were used to conduct
the statistical analyses. Kolmogorov-Smirnov test was used to
estimate the normality of distribution of the measured vari-
ables. Welch’s modified Student’s two-sample 𝑡-test and the
Wilcoxon rank-sum test were used to determine differences
in biomechanical parameters among gender groups. Linear
regression analysis was performed to assess the effect of each
variable on𝑉in,𝑉out, DA, PD, andHC-radius andmultivariate
linear regression models were further conducted with 𝑉in,
𝑉out, DA, PD, and HC-radius as the dependent variables and
age, gender, IOP, CCT, mean keratometry (𝐾𝑚), and anterior
chamber depth (ACD) as covariates. A 𝑃 value < 0.05 was
considered to indicate a statistically significant difference.

Repeatability analysis was carried out on the recalculated
biomechanical parameters (obtained using a new version of
the software).The analysis was conducted bymeasuring three
measurements accomplished by a single operator, on 90 eyes
of the study samples. Precision, repeatability, coefficient of
variation, and intraclass correlation coefficients (ICCs) were
the factors calculated for the parameter repeatability analysis
[26]. ICC was interpreted as follows: <0.75, poor to moderate
repeatability; 0.75–0.90, good measurement repeatability;
and >0.90, excellent repeatability for clinical measures [27].

3. Results

3.1. Repeatability. The repeatability of the recalculated bio-
mechanical parameters was measured through 3 measure-
ments (taken in a gap of 3min on the same day) and was
conducted on 90 eyes of the study samples. Table 1 shows
the precision, repeatability, coefficient of variation, and ICC
of the parameters. CCT, DA, A1-time, and A2-time showed
excellent repeatability, with aCV%of 0.925%, 3.312%, 1.306%,
and 0.657% and ICC of 0.983, 0.942, 0.929, and 0.929,
respectively. PD, IOP, and 𝑉out showed good repeatability,
with aCV%of 1.701%, 6.245%, and−9.834%and ICCof 0.896,
0.894, and 0.768, respectively. By contrast, ICCs of the other
parameters were <0.75 with a moderate or poor level.

3.2. Characteristics of Healthy Subjects. A total of 783 healthy
Chinese subjects (402 females, 51.34%; 381 males, 48.66%),
with a mean age of 34.93 ± 17.65 years, were recruited in
this study. The mean IOP and astigmatism of eyes were
14.14 ± 2.19mmHg and 1.08 ± 0.7 diopters, respectively.
The mean CCT was 541.14 ± 32.67 𝜇m, mean keratometry
was 43.63 ± 1.45 diopters, and mean corneal volume was
60.1 ± 3.69mm3. The mean anterior chamber angle, depth,
and volume were 37.03 ± 7.58 degrees, 3.08 ± 0.45mm, and
175.14 ± 43.98mm3, respectively. Kolmogorov-Smirnov test
confirmed the normality of the biomechanical parameter
distributions. The parameters, such as 𝑉in, 𝑉out, HC-radius,
PD, andDA, showed a normal distribution (Figure 2). Table 2
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Figure 2: Distribution of corneal biomechanical parameters in normal Chinese population. (a) Velocity in; (b) velocity out; (c) deformation
amplitude; (d) peak distance; (e) highest concavity-radius.
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Table 2: Biomechanical parameters derived from corneal visualization Scheimpflug technology by gender and mean ± standard deviation
(range).

Parameters All (𝑛 = 783) Female (𝑛 = 402) Male (𝑛 = 381) 𝑃 value
First applanation time (ms) 7.33 ± 0.32 (6.63∼8.39) 7.32 ± 0.29 (6.7∼8.39) 7.35 ± 0.34 (6.63∼8.38) 0.667†

First applanation length (mm) 1.79 ± 0.07 (1.38∼1.9) 1.79 ± 0.05 (1.43∼1.9) 1.78 ± 0.08 (1.38∼1.9) 0.940†

Velocity in (m/s) 0.15 ± 0.02 (0.11∼0.2) 0.15 ± 0.01 (0.11∼0.19) 0.15 ± 0.02 (0.11∼0.2) 0.370∗

Second applanation time (ms) 22.09 ± 0.45 (20.81∼23.52) 22.07 ± 0.44 (20.81∼23.52) 22.11 ± 0.45 (21.07∼23.39) 0.218†

Second applanation length (mm) 1.68 ± 0.32 (0.84∼2.29) 1.69 ± 0.32 (0.89∼2.15) 1.67 ± 0.32 (0.84∼2.29) 0.360†

Velocity out (m/s) −0.39 ± 0.07 (−0.68∼−0.17) −0.39 ± 0.07 (−0.61∼−0.17) −0.39 ± 0.07 (−0.68∼−0.19) 0.935∗

Highest concavity time (ms) 16.72 ± 0.49 (14.78∼18.71) 16.7 ± 0.5 (14.78∼18.25) 16.74 ± 0.49 (15.25∼18.71) 0.258†

Deformation amplitude (mm) 1.07 ± 0.09 (0.84∼1.29) 1.06 ± 0.08 (0.85∼1.27) 1.07 ± 0.09 (0.84∼1.29) 0.257∗

Peak distance (mm) 5.01 ± 0.24 (4.18∼5.64) 5.01 ± 0.23 (4.4∼5.59) 5.02 ± 0.25 (4.18∼5.64) 0.657∗

Highest concavity radius (mm) 6.93 ± 0.79 (4.67∼9.43) 6.89 ± 0.8 (4.93∼9.43) 6.96 ± 0.78 (4.67∼9.39) 0.177∗
∗Student’s two-sample 𝑡-test.
†Wilcoxon rank-sum test.

showed that there was no significant difference betweenmale
and female subjects with respect to the 10 biomechanical
parameters observed in the study (𝑃 > 0.05).

3.3. Determinants of Corneal Biomechanical Parameters.
Table 3 showed the investigative results of the univariate
linear regression analysis and multivariate models. 𝑉in, 𝑉out,
DA, PD, and HC-radius showed no significant relationship
with age and gender, whereas all of them varied in terms of
IOP, CCT, and corneal volume.

4. Discussion

The present study was one of the first studies that explored
the correlation between gender variations and corneal
biomechanical properties (provided by CorVis ST) and
also their association with several demographic and ocular
factors in a Chinese population. As knowledge regarding
the corneal biomechanical properties and the influence of
demographic and ocular characteristics on the corneal defor-
mation response aid in predicting and diagnosing certain
biomechanics-related ocular diseases, such as keratoconus
during clinical practice, it is believed that study of these
factors is important [11, 28, 29]. CorVis ST displays informa-
tion on corneal deformation in real-time and allows a direct
description of the mechanical behavior of the cornea [30].
Thebiomechanical parameters provided byCorVis STmay be
associated with diseases such as keratoconus [11], glaucoma
[15], and diabetes mellitus [31].

This study has shown that CCT, DA, A1-time, and A2-
time exhibit excellent repeatability, followed by PD, IOP,
and 𝑉out, which exhibited good repeatability levels. The
biomechanical parameters,𝑉in,𝑉out, DA, PD, andHC-radius,
showed a normal distribution in the healthy Chinese pop-
ulation. No significant differences were identified between
male and female subjects in terms of the 10 biomechanical
parameters evaluated. Univariate linear regression showed
that 𝑉in, 𝑉out, DA, PD, and HC-radius showed statistically
significant correlations with IOP, CCT, and corneal volume,
respectively. It was found that IOP and CCT were still
negatively correlated with𝑉in and also with DA and PD, even

following adjustment for age, gender, IOP, CCT, 𝐾𝑚, and
ACD, whereas they were positively associated with 𝑉out and
HC-radius.

In a repeatability study of CorVis ST measurements, Hon
and Lam [30] reported that CCT was the most repeatable
corneal parameter measured by this device, followed by DA
and A1-time, which was consistent with the results of Ali
et al. [28]. In the present study, CCT, DA, A1-time, and
A2-time showed excellent repeatability for the recalculated
parameters. Previous studies had limitations of the software
version, due to which the repeatability of PD and HC-radius
had not been tested [18, 20]. In the present study, the ICCs
were 0.896 and 0.605 for the recalculated PD and HC-radius,
respectively. With the use of the new software version, the
repeatability of the recalculated biomechanical parameters
showed an improvement.

In the present study sample of Chinese subjects, themean
𝑉in,𝑉out, DA, PD, andHC-radius were 0.15±0.02m/s,−0.39±
0.07m/s, 1.07±0.09mm, 5.01±0.24mm, and 6.93±0.79mm,
respectively. Similar mean values of DA have been reported
in studies that investigated diverse ethnicities (DA, 1.07 ±
0.10mm) [28] and Brazilian subjects (DA, 1.05 ± 0.08mm)
[32].

In the present study, no significant correlations were
identified between age and biomechanical parameters mea-
sured by CorVis ST. By contrast, certain previous studies
have reported that structural changes in human corneal
stroma are age-related, as they present an increase in stromal
fibril diameter and interfibrillar cross-linking, contributing
to increased stiffness [33, 34]. In addition, Elsheikh et al.
[35] reported a similar correlation between age and corneal
structure. Their study experimentally demonstrated that the
cornea considerably stiffened with age, with a linearly related
and increasedYoung’smodulus of elasticity. As stiffness of the
cornea increases with age, an older cornea would probably
yield a lower DA and higher HC-radius. The findings of
the present study appear to contradict these evidences, as
this study showed no correlations between age and corneal
biomechanical parameters. Nemeth et al. [20] reported that
the 10 specific CorVis ST parameters showed no significant
association with age. Similar findings have been reported by
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Hon and Lam [30], which suggested that the biomechanical
parameters were not correlated with age and only HC-time
showed a weak positive correlation (𝑟 = 0.18, 𝑃 = 0.04)
in a group of healthy subjects from a Brazilian population.
Upon reviewing the aforementioned parameters, it was found
that the CorVis ST instrument may not be sensitive enough
to detect the change in biomechanical properties that is
associated with age difference.

Hon and Lam [30] found that the biomechanical param-
eters were not associated with gender and there was no
significant difference in the parameters between female and
male subjects.

A positive correlation of 𝐾𝑚 was identified with 𝑉in,
and a negative correlation was found with PD in univariate
linear regression models; however, 𝐾𝑚 had no significant
correlation with 𝑉out, DA, and HC-radius. These results were
confirmed by earlier studies, as they also reported that DA
was not correlated with corneal curvature [18, 29].

Until now, there have been no studies on the association
of corneal volume, ACD, and ACV with biomechanical
parameters measured using CorVis ST. However, it was
found that corneal volume was negatively correlated with
𝑉in, DA, and PD but positively correlated with 𝑉out and
HC-radius. Several studies have shown that, compared to
normal controls, the values for corneal volume and CCT are
significantly lower in keratoconus eyes [36, 37]. Mannion et
al. [38] identified that when there is loss of corneal tissue,
particularly in the central and paracentral area, a significant
decrease in corneal volume in keratoconus is indicated.
The decreases in corneal stiffness and reduction in corneal
volume may be associated with each other. ACD and ACV
were found to have a negative correlation with 𝑉out and HC-
radius and a positive correlation with PD. However, further
studies are warranted to understand the role of anterior
chamber parameters and their association with the corneal
deformation parameters in an improved manner.

Several previous studies have reported that CCT is nega-
tively correlated with DA [18, 29, 39]. The present study also
showed similar results. In a study conducted by Hon and
Lam [30], it was reported that CCT was negatively correlated
with 𝑉in and positively correlated with 𝑉out and HC-radius.
This type of correlation may be due to the fact that the
stiffness and elasticity are directly proportional to the corneal
thickness, showing that as the corneal thickness increases,
the other two mentioned parameters also increase. The
effectiveness of corneal collagen fibers, the main contributors
to corneal stiffness, may be less in those subjects having less
CCT.

IOP is an important factor that affects the value of the
biomechanical parameters. A clinical prospective observa-
tional case-control study reported that IOP has significant
correlation with 𝑉in, 𝑉out, DA, and HC-radius, which shows
that it has an important influence on corneal biomechanical
behavior [39]. Furthermore, an ex vivo study using porcine
cornea [40] and certain contact lens corneal models also
verified the strong influence of IOP on corneal deformation
[41]. In the present study, IOP presented a significant negative
correlation with 𝑉in, DA, and PD and significant positive
correlation with 𝑉out and HC-radius, which indicated that

greater IOP causes a higher pressure threshold for the cornea
to move, leading to lower 𝑉in. In addition, DA is lower
at higher IOP; hence the cornea rebounds sooner, leading
to greater 𝑉out in the recovery phase. Elsheikh et al. [42]
measured the stiffness of 37 corneas from human donors
using inflation tests and demonstrated that there was a
positive linear association betweenYoung’smodulus and IOP.
This result indicates that the cornea is less likely to deform
when IOP is high. Therefore, IOP should be taken into
account while conducting comparisons between the study
populations as it has an important role in corneal biome-
chanical behavior by influencing the corneal deformation
response.

The coefficients of determination (the 𝑅2 value) in mul-
tiple linear regressions of 𝑉in, 𝑉out, DA, PD, and HC-radius
were 0.205, 0.341, 0.298, 0.425, and 0.196, respectively. This
implies that the variations in the IOP and anterior segment
parameters explain 20–40% of the variance of the corneal
biomechanical properties and the innate corneal properties
explain the remaining 60–80% variance.

However, the present study has a few limitations. First,
this was an observational cross-sectional study, which may
limit causal inferences; and second, as this study focused only
on Chinese population, it is not known whether these results
can be extrapolated to other ethnicities.

In conclusion, to the best of our knowledge, this was
the first study to profile variations in corneal biomechanical
properties measured by CorVis ST in a large, unselected
Chinese population. IOP, CCT, and corneal volume signif-
icantly influenced the biomechanical properties of the eye.
These results may be relevant while investigating the role
of altered corneal biomechanics in ocular diseases, such as
corneal degeneration and glaucoma. As the CorVis ST is a
relatively new technology, more studies should be conducted
on the applicability and capabilities of this imaging technique
for characterizing corneal biomechanics.

Abbreviations

A1-time: First applanation time, time from the
initiation of the air puff until the first
applanation

A1-length: First applanation length, length of the
flattened cornea at the first applanation

𝑉in: Velocity in, corneal velocity during the
first applanation

HC-time: Highest concavity time, time from the
start until highest concavity of the
cornea is reached

HC-radius: Highest concavity-radius, radius of
curvature at the time of highest
concavity

PD: Highest concavity peak distance,
distance of the two surrounding “knees”
at highest concavity

DA: Highest concavity deformation
amplitude, deformation amplitude from
start to highest concavity at the corneal
apex



8 BioMed Research International

A2-time: Second applanation time, time from the
initiation of the air puff until the second
applanation

A2-length: Second applanation length, length of the
flattened cornea at the second applanation

𝑉out: Velocity out, corneal velocity during the
second applanation.

Disclosure

All authors concur with the submission.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was supported by grants from the National
Natural Science Foundation of China (81271052), the priming
scientific research foundation for the junior researcher in Bei-
jing Tongren Hospital, Capital Medical University (2015-YJJ-
ZZL-008), and Beijing Key Laboratory of Ophthalmology
and Visual Science (2016YKSJ02).

References

[1] N. G. Congdon, A. T. Broman, K. Bandeen-Roche, D. Grover,
and H. A. Quigley, “Central corneal thickness and corneal
hysteresis associated with glaucoma damage,”American Journal
of Ophthalmology, vol. 141, no. 5, pp. 868–875, 2006.

[2] A. S. Roy, R. Shetty, and M. K. Kummelil, “Keratoconus: a
biomechanical perspective on loss of corneal stiffness,” Indian
Journal of Ophthalmology, vol. 61, no. 8, pp. 392–393, 2013.

[3] D. S. Ryan, C. D. Coe, R. S. Howard, J. D. Edwards, and K. S.
Bower, “Corneal biomechanics following epi-LASIK,” Journal of
Refractive Surgery, vol. 27, no. 6, pp. 458–464, 2011.

[4] I. M. Beshtawi, R. Akhtar, M. C. Hillarby et al., “Biome-
chanical properties of human corneas following low- and
high-intensity collagen cross-linking determinedwith scanning
acoustic microscopy,” Investigative Ophthalmology and Visual
Science, vol. 54, no. 8, pp. 5273–5280, 2013.

[5] K. W. Hollman, R. M. Shtein, S. Tripathy, and K. Kim, “Using
an ultrasound elasticity microscope to map three-dimensional
strain in a porcine cornea,”Ultrasound inMedicine and Biology,
vol. 39, no. 8, pp. 1451–1459, 2013.

[6] G. Scarcelli, S. Kling, E. Quijano, R. Pineda, S. Marcos, and S.
H. Yun, “Brillouin microscopy of collagen crosslinking: non-
contact depth-dependent analysis of corneal elastic modulus,”
Investigative Ophthalmology and Visual Science, vol. 54, no. 2,
pp. 1418–1425, 2013.

[7] D. A. Luce, “Determining in vivo biomechanical properties of
the corneawith an ocular response analyzer,” Journal of Cataract
and Refractive Surgery, vol. 31, no. 1, pp. 156–162, 2005.

[8] T. S. Prata, V. C. Lima, L. M. Guedes et al., “Association
between corneal biomechanical properties and optic nerve head
morphology in newly diagnosed glaucoma patients,” Clinical
and Experimental Ophthalmology, vol. 40, no. 7, pp. 682–688,
2012.

[9] S. Shah, M. Laiquzzaman, R. Bhojwani, S. Mantry, and I. Cun-
liffe, “Assessment of the biomechanical properties of the cornea
with the ocular response analyzer in normal and keratoconic
eyes,” Investigative Ophthalmology and Visual Science, vol. 48,
no. 7, pp. 3026–3031, 2007.

[10] C. W. McMonnies, “Assessing corneal hysteresis using the
ocular response analyzer,”Optometry andVision Science, vol. 89,
no. 3, pp. E343–E349, 2012.

[11] L. Tian, Y.-F. Huang, L.-Q.Wang et al., “Corneal biomechanical
assessment using corneal visualization scheimpflug technology
in keratoconic and normal eyes,” Journal of Ophthalmology, vol.
2014, Article ID 147516, 8 pages, 2014.

[12] A. Yu, W. Zhao, G. Savini et al., “Evaluation of central corneal
thickness using corneal dynamic scheimpflug analyzer corvis
ST and comparisonwith pentacam rotating scheimpflug system
andultrasound pachymetry in normal eyes,” Journal of Ophthal-
mology, vol. 2015, Article ID 767012, 8 pages, 2015.

[13] L. Tian, M. W. L. Ko, L.-K. Wang et al., “Assessment of ocular
biomechanics using dynamic ultra high-speed scheimpflug
imaging in keratoconic and normal eyes,” Journal of Refractive
Surgery, vol. 31, no. 11, pp. 785–791, 2014.

[14] F. Faria-Correia, I. Ramos, B. Valbon, A. Luz, C. J. Roberts, and
R. Ambrósio Jr., “Scheimpflug-based tomography and biome-
chanical assessment in pressure-induced stromal keratopathy,”
Journal of Refractive Surgery, vol. 29, no. 5, pp. 356–358, 2013.

[15] L. Tian, D. Wang, Y. Wu et al., “Corneal biomechanical char-
acteristics measured by the CorVis Scheimpflug technology in
eyes with primary open-angle glaucoma and normal eyes,”Acta
Ophthalmologica, 2015.

[16] I. B. Pedersen, S. Bak-Nielsen, A. H. Vestergaard, A. Ivarsen,
and J.Hjortdal, “Corneal biomechanical properties after LASIK,
ReLEx flex, and ReLEx smile by Scheimpflug-based dynamic
tonometry,” Graefe’s Archive for Clinical and Experimental Oph-
thalmology, vol. 252, no. 8, pp. 1329–1335, 2014.

[17] M. Tomita, M. Mita, and T. Huseynova, “Accelerated versus
conventional corneal collagen crosslinking,” Journal of Cataract
and Refractive Surgery, vol. 40, no. 6, pp. 1013–1020, 2014.

[18] C. K.-S. Leung, C. Ye, and R. N. Weinreb, “An ultra-high-speed
Scheimpflug camera for evaluation of corneal deformation
response and its impact on IOP measurement,” Investigative
Ophthalmology and Visual Science, vol. 54, no. 4, pp. 2885–2892,
2013.

[19] F. F. Correia, I. Ramos, C. J. Roberts, A. Steinmueller, M. Krug,
and R. Ambrósio Jr., “Impact of chamber pressure and material
properties on the deformation response of corneal models
measured by dynamic ultra-high-speed scheimpflug imaging,”
Arquivos Brasileiros de Oftalmologia, vol. 76, no. 5, pp. 278–281,
2013.

[20] G. Nemeth, Z. Hassan, A. Csutak, E. Szalai, A. Berta, and L.
Modis Jr., “Repeatability of ocular biomechanical datameasure-
ments with a scheimpflug-based noncontact device on normal
corneas,” Journal of Refractive Surgery, vol. 29, no. 8, pp. 558–
563, 2013.

[21] S. Bak-Nielsen, I. B. Pedersen, A. Ivarsen, and J. Hjortdal,
“Dynamic scheimpflug-based assessment of keratoconus and
the effects of corneal cross-linking,” Journal of Refractive
Surgery, vol. 30, no. 6, pp. 408–414, 2014.

[22] C. J. Roberts, “Concepts and misconceptions in corneal biome-
chanics,” Journal of Cataract and Refractive Surgery, vol. 40, no.
6, pp. 862–869, 2014.



BioMed Research International 9

[23] H. R. V. Boptom and D. V. P. Mrcophth, “Biomechanical
properties of the keratoconic cornea: a review,” Clinical and
Experimental Optometry, vol. 98, no. 1, pp. 31–38, 2015.

[24] J. Hong, J. Xu, A. Wei et al., “A new tonometer-the corvis ST
tonometer: clinical comparison with noncontact and goldmann
applanation tonometers,” Investigative Ophthalmology & Visual
Science, vol. 54, no. 1, pp. 659–665, 2013.

[25] L. Reznicek, D. Muth, A. Kampik, A. S. Neubauer, and
C. Hirneiss, “Evaluation of a novel Scheimpflug-based non-
contact tonometer in healthy subjects and patients with ocular
hypertension and glaucoma,” British Journal of Ophthalmology,
vol. 97, no. 11, pp. 1410–1414, 2013.

[26] A. Pryseley, K. Mintiens, K. Knapen, Y. Van der Stede, and G.
Molenberghs, “Estimating precision, repeatability, and repro-
ducibility from Gaussian and non-Gaussian data: a mixed
models approach,” Journal of Applied Statistics, vol. 37, no. 9-10,
pp. 1729–1747, 2010.

[27] L. G. Portney and M. P. Watkins, Foundations of Clinical
Research, Appleton & Lange, Stamford, Conn, USA, 1993.

[28] N. Q. Ali, D. V. Patel, and C. N. J. McGhee, “Biomechanical
responses of healthy and keratoconic corneas measured using
a noncontact scheimpflug-based tonometer,” Investigative Oph-
thalmology & Visual Science, vol. 55, no. 6, pp. 3651–3659, 2014.

[29] C. J. Roberts and W. J. Dupps Jr., “Biomechanics of corneal
ectasia and biomechanical treatments,” Journal of Cataract and
Refractive Surgery, vol. 40, no. 6, pp. 991–998, 2014.

[30] Y. Hon and A. K. C. Lam, “Corneal deformation measurement
using Scheimpflug noncontact tonometry,”Optometry & Vision
Science, vol. 90, no. 1, pp. e1–e8, 2013.
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