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INTRODUCTION

Elasticity and viscosity of the cornea influence its functional 

responses and greatly affect vision.1,2 Many investigators, espe-
cially those who specialize in refractive surgery and glaucoma, 
have attempted to characterize biomechanical properties of 
the cornea due to its association with the diagnosis and treat-
ment of patients with ocular abnormalities. Corneal biome-
chanical properties are known to influence the measurements 
of intraocular pressure (IOP) and central corneal thickness 
(CCT), and are recognized as important factors in the suscep-
tibility to development of glaucomatous damage.3-5 In addi-
tion, corneal biomechanical properties could be useful for not 
only the detection of corneal diseases, but also the prediction 
of refractive outcomes following corneal refractive surgery.6,7

Until recently, the only instrument that allowed in vivo mea-

Biomechanical Properties of the Cornea 
Using a Dynamic Scheimpflug Analyzer 
in Healthy Eyes 

Hun Lee1,2, David Sung Yong Kang3, Byoung Jin Ha3, Jin Young Choi3, 
Eung Kweon Kim2,4, Kyoung Yul Seo2, and Tae-im Kim2

1Department of Ophthalmology, International St. Mary’s Hospital, Catholic Kwandong University College of Medicine, Incheon; 
2The Institute of Vision Research, Department of Ophthalmology, Yonsei University College of Medicine, Seoul; 
3Eyereum Eye Clinic, Seoul; 
4Corneal Dystrophy Research Institute, Severance Biomedical Science Institute, Yonsei University College of Medicine, Seoul, Korea.

Purpose: To investigate biomechanical properties of the cornea using a dynamic Scheimpflug analyzer according to age. 
Materials and Methods: In this prospective, cross-sectional, observational study, participants underwent ophthalmic investiga-
tions including corneal biomechanical properties, keratometric values, intraocular pressure (IOP), and manifest refraction spher-
ical equivalent (MRSE). We determined the relationship of biomechanical parameters and ocular/systemic variables (partici-
pant’s age, MRSE, IOP, and mean keratometric values) by piecewise regression analysis, association of biomechanical parameters 
with variables by Spearman’s correlation and stepwise multiple regression analyses, and reference intervals (RI) by the bootstrap 
method.
Results: This study included 217 eyes of 118 participants (20–81 years of age). Piecewise regression analysis between Corvis-cen-
tral corneal thickness (CCT) and participant’s age revealed that the optimal cut-off value of age was 45 years. No clear breakpoints 
were detected between the corneal biomechanical parameters and MRSE, IOP, and mean keratometric values. Corneal velocity, 
deformation amplitude, radius, maximal concave power, Corvis-CCT, and Corvis-IOP exhibited correlations with IOP, regardless of 
age (all ages, 20–44 years, and over 44 years). With smaller deformation amplitude and corneal velocity as well as increased Corvis-
IOP and Corvis-CCT, IOP became significantly increased. We provided the results of determination of confidence interval from RI 
data using bootstrap method in three separate age groups (all ages, 20–44 years, and over 44 years).
Conclusion: We demonstrated multiple corneal biomechanical parameters according to age, and reported that the corneal bio-
mechanical parameters are influenced by IOP. 

Key Words:   Corneal biomechanical property, dynamic Scheimpflug analyzer, healthy adult population, age

Original Article 

pISSN: 0513-5796 · eISSN: 1976-2437

Received: May 18, 2018   Revised: August 18, 2018
Accepted: August 20, 2018
Corresponding author: Tae-im Kim, MD, PhD, Department of Ophthalmology, Yon-
sei University College of Medicine, 50-1 Yonsei-ro, Seodaemun-gu, Seoul 03722, Korea.
Tel: 82-2-2228-3574, Fax: 82-2-312-0541, E-mail: tikim@yuhs.ac

•The authors have no financial conflicts of interest.

© Copyright: Yonsei University College of Medicine 2018
This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and repro-
duction in any medium, provided the original work is properly cited.

Yonsei Med J 2018 Nov;59(9):1115-1122
https://doi.org/10.3349/ymj.2018.59.9.1115

http://crossmark.crossref.org/dialog/?doi=10.3349/ymj.2018.59.9.1115&domain=pdf&date_stamp=2018-10-16


1116

Corneal Biomechanical Properties in Healthy Eyes

https://doi.org/10.3349/ymj.2018.59.9.1115

surement of ocular biomechanical properties was the ocular 
response analyzer (ORA, Reichert Ophthalmic Instruments, 
Depew, NY, USA).8 ORA has been used for the assessment of 
corneal biomechanical properties according to the dynamic 
bidirectional applanation process.8 Using ORA, several authors 
have compared the pre and postoperative corneal biomechan-
ical parameters.9,10 In addition, a database of normal values for 
biomechanical properties of the healthy cornea that were 
measured using ORA has been developed based on the results 
of previous studies.8,11

Dynamic Scheimpflug analyzer [corneal visualization 
Scheimpflug technology (Corvis ST), Oculus, Wetzlar, Germa-
ny] has shown to be an appropriate instrument for the evalua-
tion of corneal biomechanical properties.12 With the aid of an 
ultra-high-speed Scheimpflug camera, dynamic Scheimpflug 
analyzer enables direct visualization of corneal movement 
upon application of a rapid air-puff. Consequently, it is now 
possible to measure several corneal biomechanical parame-
ters during corneal deformation caused by the application of 
air puff. Dynamic Scheimpflug analyzer provided several cor-
neal biomechanical parameters, including applanation time 
(AT), applanation length (AL), corneal velocity (CV), deforma-
tion amplitude, peak distance, radius, maximal concave power, 
CCT, and IOP. Recent studies have evaluated the changes in 
corneal biomechanics following refractive surgeries such as 
photorefractive keratectomy, laser in situ keratomileusis,13 small-
incision lenticule extraction, and corneal cross-linking.14,15

Although a few studies have been conducted on the distri-
bution of corneal biomechanical parameters using dynamic 
Scheimpflug analyzer in healthy eye, no study composed of 
subjects from a single ethnic group has been introduced yet.16-18 
Therefore, in the present study, we aimed to investigate bio-
mechanical properties of the cornea using dynamic Scheimp-
flug analyzer according to age in healthy Korean participants.

MATERIALS AND METHODS

This prospective, cross-sectional, observational study followed 
the principles of the Declaration of Helsinki. Informed consent 
was obtained from all of the participants after explaining the 
purpose and possible consequences of the study. Ethics ap-
proval was prospectively obtained by the Institutional Review 
Board of Yonsei University College of Medicine, Seoul, Korea 
(4-2015-0943). This study is registered at http://www.clinical-
trials.gov (identification no. NCT02627170).

A total of 217 normal eyes of 118 healthy participants were 
enrolled between December 2, 2015, and March 1, 2016 (Fig. 
1). Only participants of ages >20 years were included. The 
participants underwent thorough ophthalmic investigation, 
including evaluation of the corrected distance visual acuity 
and manifest refraction spherical equivalent (MRSE), assess-
ment of the corneal biomechanical properties using dynamic 

Scheimpflug analyzer, and determination of IOP by non-con-
tact tonometry (NCT; NT-530, Nidek Co., Ltd., Aichi, Japan) 
and keratometric values by autokeratometry (ARK-530A, Ni-
dek Co., Ltd.). Slit-lamp biomicroscopic evaluation (Haag-St-
reit, Gartenstadtstrasse, Köniz, Switzerland) of the anterior 
segment and retina were also conducted.

Exclusion criteria for the study were the presence of abnor-
mal ocular findings except for clinically insignificant senile 
cataract according to the Lens Opacities Classification System 
III method,19 history of ocular or intraocular surgery, history 
of ocular diseases such as glaucoma or age-related macular 
degeneration, presence of corneal abnormalities such as kera-
toconus and forme fruste keratoconus, or corneal scarring that 
would preclude the accurate measurement of ocular charac-
teristics. Signs of keratoconus on Scheimpflug tomography 
were displacement of the corneal apex, decrease in the thin-
nest point pachymetry, and asymmetric topographic pattern. 
Participants with diabetes mellitus were excluded in order to 
exclude any possible effects of the disease on corneal hystere-
sis.20,21 Participants were confirmed as not using eye drops, es-
pecially anti-IOP agents, which can cause variations in the cor-
neal biomechanical properties.22

The principles of dynamic Scheimpflug analyzer have been 
described in detail elsewhere.23 Briefly, dynamic Scheimpflug 
analyzer captures the dynamic process of corneal deforma-
tion caused by air puff using an ultra-high-speed Scheimpflug 
camera, which acquires up to 4330 images per second.24 In 
the present study, AL and CV were automatically calculated 
by dynamic Scheimpflug analyzer during three distinct phas-
es—first applanation (when the cornea is moving inwards), 
highest concavity (depression of the cornea to highest concav-
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ity), and second applanation (when the cornea moves out-
wards during recovery from highest concavity).24 AL1 and AL2 
were defined as the lengths of flattened cornea (mm) at first 
and second applanations, respectively. CV1 and CV2 were de-
fined as the maximum corneal velocities during first and sec-
ond applanation phases. Corneal deformation amplitude, 
peak distance, radius, maximal concave power, and CCT were 
also calculated. Deformation amplitude, which reflects corne-
al stiffness, was defined as the maximum amplitude when the 
cornea was flattened to its greatest curvature by air puff; thus, 
thinner corneas tend to exhibit higher deformation ampli-
tudes compared to those of thicker corneas.25 Peak distance 
was defined as the distance between the two apexes at the 
time of highest concavity. Radius values were considered to 
represent the central concave curvature at highest concavity. 
Maximal concave power value was defined as the inverse ra-
dius of curvature at highest concavity. Dynamic Scheimpflug 
analyzer was also used to evaluate IOP (Corvis-IOP), which was 
calculated based on the timing of first applanation. All mea-
surements were performed by the same investigator to elimi-
nate possible inter-observer variability, and taken at approxi-
mately the same time of day. Each measurement was performed 
three times, and average value was used in the analysis.

Statistical analysis
Kolmogorov-Smirnov test was used to assess the normality of 
distribution of corneal biomechanical parameters. Piecewise 
regression models were used to determine the relationship 
between each corneal biomechanical parameter and ocular/
systemic variables (participant’s age, MRSE, IOP, and mean 
keratometric values).26,27 Spearman correlation analysis and 
stepwise multiple regression analysis were performed to in-
vestigate the association between corneal biomechanical pa-
rameters and variables. Reference intervals (RI) were calcu-
lated by bootstrap method, in order to establish the normal 
ranges of various biomechanical parameters. This is known to 
be a good method for the representation of estimated distribu-
tions of reference data acquired from healthy populations.28,29 
The process for establishing RIs includes identifying and 
eliminating outliers, determining whether the distribution of 
reference data is Gaussian or non-Gaussian, and, then, estab-
lishing the confidence interval (CI) based on sample size and 
distribution of data. Values exceeding the interquartile (IQ) 
boundaries set at Q1 (first quartile of the distribution) – 1.5×  
interquartile range (IQR) and Q3 (third quartile of the distribu-
tion) + 1.5×IQR were rejected. IQR represents the range of data 
from first (Q1; 25th percentile) to third (Q3; 75th percentile) 
quartiles of distribution (IQR=Q3–Q1). Nonparametric meth-
ods of evaluation of CI, such as bootstrap method, were used 
since not all biomechanical parameters exhibited Gaussian data 
distribution. Statistical analysis was performed using R statisti-
cal software version 3.1.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria) and Statistical Analysis System (SAS) soft-

ware (version 9.2; SAS Institute, Inc, Cary, NC, USA). Differences 
were considered statistically significant when p values were 
less than 0.05.

RESULTS

Table 1 presents the characteristics of study participants. Ac-
cording to the results of piecewise linear regression analysis, 
estimated breakpoint between Corvis-CCT and age was 45 
years of age, as evident from the locally weighted scatterplot 
smoothing plot (Fig. 2A) and PROC NLIN module (Fig. 2B). 
Slopes of linear fit to reference data below and above the esti-
mated breakpoint were -0.760 and 0.624, respectively. Accord-
ing to subgroup analysis, there were significant differences in 
AL1, CV1, Corvis-CCT, and deformation amplitude between 
the age groups of 20–44 years and above 44 years (p<0.001 for 
AL1, CV1, and deformation amplitude and p=0.041 for Corvis-
CCT).

Table 2 summarizes the results of Spearman’s correlation 
analysis after considering the cut-off value of age (45 years). 
AL1, CV1, AL2, deformation amplitude, Corvis-CCT, and Cor-
vis-IOP of all age group exhibited significant correlations with 

Table 1. Characteristics of Eyes in the Present Study

Characteristics Mean±SD [range]
Age (yr) 45.5±17.1 [20 to 81]
Manifest refraction spherical equivalent (D)

All ages (217 eyes) -3.22±3.08 [-10.68 to 4.38]
20–29 yr (48 eyes) -5.07±2.13 [-10.68 to -1.62]
30–39 yr (42 eyes) -5.04±2.29 [-9.67 to -0.75]
40–49 yr (38 eyes) -3.46±2.63 [-8.38 to 0.25]
50–59 yr (36 eyes) -1.28±2.15 [-5.00 to 2.75]
60–69 yr (27 eyes) 0.76±1.83 [-3.50 to 4.38]
Over 69 yr (26 eyes) -0.68±2.26 [-5.38 to 2.75]

Mean keratometric value (D)
All ages (217 eyes) 44.07±1.37 [41.13 to 47.38]
20–29 yr (48 eyes) 43.80±1.19 [41.63 to 46.63]
30–39 yr (42 eyes) 43.73±1.14 [42.13 to 46.13]
40–49 yr (38 eyes) 43.99±1.26 [42.13 to 47.00]
50–59 yr (36 eyes) 44.31±1.89 [41.13 to 47.38]
60–69 yr (27 eyes) 44.52±1.40 [42.63 to 46.75]
Over 69 yr (26 eyes) 44.77±1.41 [42.50 to 46.63]

Intraocular pressure (mm Hg)
All ages (217 eyes) 14.7±2.3 [9 to 20]
20–29 yr (48 eyes) 15.4±2.5 [10 to 20]
30–39 yr (42 eyes) 15.1±2.2 [10 to 20]
40–49 yr (38 eyes) 14.2±2.2 [9 to 18]
50–59 yr (36 eyes) 14.7±2.2 [11 to 19]
60–69 yr (27 eyes) 14.5±2.0 [11 to 18]
Over 69 yr (26 eyes) 13.5±2.2 [10 to 18]

SD, standard deviation; D, diopter.
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participant’s age. CV1, deformation amplitude, and Corvis-IOP 
of the age group of 20–44 years, as well as deformation ampli-
tude and Corvis-CCT of the age group of over 44 years exhib-
ited correlations with participant’s age. AL1, AL2, CV2, defor-
mation amplitude, Corvis-CCT, and Corvis-IOP of all age group 
exhibited correlations with MRSE. CV1, CV2, deformation 
amplitude, peak distance, radius, maximal concave power, 
Corvis-CCT, and Corvis-IOP of all age group exhibited signifi-
cant correlations with IOP. CV1, AL2, CV2, deformation am-
plitude, peak distance, radius, maximal concave power, Cor-
vis-CCT, and Corvis-IOP of the age group of 20–44 years, as 
well as CV1, CV2, deformation amplitude, radius, maximal 
concave power, Corvis-CCT, and Corvis-IOP of the age group 
of over 44 years were correlated with IOP. AL1, CV2, and de-
formation amplitude of all age group exhibited significant 
correlations with the mean keratometric values. According to 
the results of stepwise multivariate regression analysis, defor-
mation amplitude was the most relevant variable (Table 3). 
With larger deformation amplitude, age became significantly 
increased while IOP decreased. 

Table 4 presents the results of determination of CI using 
bootstrap method in three separate age groups—all ages, 20–
44 years, and over 44 years. Table 5 presents the summary of 
reference data of corneal biomechanical parameters that were 
obtained after elimination of outliers from the data.

DISCUSSION

In the present study, we investigated the biomechanical prop-
erties of the cornea using dynamic Scheimpflug analyzer in 
healthy adults according to age, and demonstrated the distri-
bution of corneal biomechanical parameters after categoriz-
ing the data based on the cut-off value of age (45 years).

A recent study investigating the corneal biomechanical 
properties in 90 healthy Brazilian participants between the 
ages of 21.1 to 78.8 years, using dynamic Scheimpflug analyz-
er, reported the normal values of biomechanical parameters; 

the study also reported an association between CCT measured 
using Pentacam (Oculus) and the biomechanical parameters 
measured, using dynamic Scheimpflug analyzer.30 Upon com-
parison with the results of the present study, it was observed 
that the mean values of AL1, CV1, AL2, and radius reported in 
healthy Brazilian participants did not fall within the corre-
sponding 90% CIs determined in our study. Other studies have 
reported the results of evaluation of corneal biomechanical 
properties in control groups comprising healthy participants; 
while one of these studies included 18 eyes of 10 young Chi-
nese patients with myopia, another included 52 eyes of 26 
young Hungarian patients with myopia and hyperopia.14,24 The 
mean values of all corneal biomechanical parameters evalu-
ated in those two studies were noted to fall within the corre-
sponding 90% CIs for participants between the ages of 20 and 
44 years in the present study. In another study including the 
corneal biomechanical properties of 32 young, healthy Dan-
ish participants, mean values of AL1, peak distance, and IOP 
did not fall within the corresponding 90% CIs for participants 
between the ages of 20 and 44 years in the present study.31 The 
discrepancies in results observed between the Brazilian and 
Danish studies could be related to small sample size, or ethnicity 
or age-related variations in corneal biomechanical properties.

Results of the present study are in agreement with those of 
recent studies, which reported that IOP is a fundamental prop-
erty in the evaluation of corneal deformation response.32,33 In 
our study, CV1, CV2, deformation amplitude, radius, maximal 
concave power, Corvis-CCT, and Corvis-IOP exhibited signifi-
cant correlations with IOP, regardless age (all p<0.01). While 
IOP was positively correlated with CV2, radius, CCT, and Cor-
vis-IOP, it exhibited negative correlations with CV1, deforma-
tion amplitude, and maximal concave power. With smaller 
deformation amplitude and CV1 and higher Corvis-IOP, and 
thicker cornea, IOP became significantly increased. Consider-
ing that stretching of the cornea under conditions of high IOP 
might result in corneal stiffness, higher IOP might be associat-
ed with increased radius and decreased deformation ampli-
tude or maximal concave power. In addition, considering that 
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thinner corneas are associated with higher deformation ampli-
tudes when compared to thicker corneas, there could be close 
relationships among thicker cornea, higher IOP, and more 
strengthened or stiff cornea. Interestingly, IOP was negatively 
correlated with CV1 (negative coefficient) and positively corre-
lated with CV2 (positive coefficient). This implies that, al-

though IOP level does not affect the length of first (inward) 
and second (outward) applanations, inward applanation is 
slower at high IOP, while outward applanation is quicker. We 
can speculate that the more stiff cornea, the faster recovery of 
cornea into pre-applanation state. Results of the present study 
are in accordance with those reported by Asaoka, et al.33 In a 

Table 2. Determination of Correlations between Corneal Biomechanical Parameters and Each of the Ocular/Systemic Variables (Participant’s Age, 
MRSE, IOP, and Mean Keratometric Values) in Three Separate Age Groups by Spearman’s Correlation Analysis

Characteristics
Age MRSE IOP Mean keratometric values

Spearman p value Spearman p value Spearman p value Spearman p value
AL1

All ages 0.187 0.006 0.198 0.008 0.047 0.497 -0.357 <0.001
20–44 yr -0.012 0.900 0.156 0.112 0.156 0.109 -0.441 <0.001
Over 44 yr 0.044 0.650 0.017 0.886 0.016 0.867 -0.452 <0.001

CV1
All ages -0.144 0.035 -0.129 0.085 -0.398 <0.001 0.113 0.130
20–44 yr 0.241 0.012 0.095 0.333 -0.403 <0.001 0.183 0.062
Over 44 yr 0.061 0.526 -0.125 0.287 -0.504 <0.001 0.202 0.080

AL2
All ages 0.140 0.040 0.209 0.005 0.115 0.095 -0.084 0.262
20–44 yr 0.016 0.868 0.007 0.940 0.219 0.023 -0.103 0.296
Over 44 yr 0.077 0.427 0.401 <0.001 0.066 0.499 -0.172 0.140

CV2
All ages 0.067 0.326 0.179 0.017 0.451 <0.001 -0.173 0.020
20–44 yr -0.032 0.743 0.149 0.130 0.486 <0.001 -0.160 0.104
Over 44 yr -0.045 0.640 0.197 0.092 0.468 <0.001 -0.252 0.029

DefAmp
All ages 0.504 <0.001 0.284 <0.001 -0.615 <0.001 0.220 0.003
20–44 yr 0.274 0.004 -0.080 0.418 -0.554 <0.001 0.051 0.605
Over 44 yr 0.305 0.001 -0.221 0.057 -0.660 <0.001 0.123 0.290

Pdist
All ages -0.024 0.723 -0.076 0.313 -0.192 0.005 -0.121 0.104
20–44 yr -0.041 0.673 -0.137 0.162 -0.239 0.013 -0.192 0.050
Over 44 yr 0.121 0.210 -0.101 0.388 -0.171 0.077 -0.066 0.572

Radius
All ages 0.064 0.348 0.116 0.122 0.278 <0.001 -0.093 0.215
20–44 yr -0.077 0.431 0.028 0.775 0.254 0.008 -0.135 0.171
Over 44 yr 0.099 0.303 0.307 0.007 0.359 <0.001 -0.071 0.543

MCP
All ages -0.064 0.348 -0.116 0.122 -0.278 <0.001 0.093 0.215
20–44 yr 0.077 0.431 -0.028 0.775 -0.254 0.008 0.135 0.171
Over 44 yr -0.099 0.303 -0.307 0.007 -0.359 <0.001 -0.071 0.543

CCT
All ages -0.150 0.027 -0.162 0.030 0.354 <0.001 -0.066 0.374
20–44 yr -0.148 0.127 -0.034 0.773 0.296 0.002 0.098 0.321
Over 44 yr 0.198 0.038 -0.026 0.824 0.345 <0.001 -0.163 0.160

Corvis-IOP
All ages -0.278 <0.001 -0.234 0.002 0.728 <0.001 -0.027 0.717
20–44 yr -0.339 <0.001 -0.180 0.067 0.602 <0.001 0.126 0.201
Over 44 yr -0.153 0.110 -0.500 0.672 0.820 <0.001 -0.037 0.749

MRSE, manifest refraction spherical equivalent; IOP, intraocular pressure; AL, applanation length; CV, corneal velocity; DefAmp, deformation amplitude; Pdist, 
peak distance; MCP, maximal concave power; CCT, central corneal thickness.
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study on the evaluation of corneal biomechanical parameters 
using ORA, Narayanaswamy, et al.11 suggested that the dis-
ruption of equilibrium in the relationship among CH, CRF, 
and IOP might play a role in the increased susceptibility of an 
individual to glaucoma. Further research using dynamic 
Scheimpflug analyzer is required for establishing the signifi-
cance of correlations among IOP, radius, deformation ampli-
tude, and maximal concave power in order to identify the risk 
factors for development of glaucoma.

Participant’s age exhibited significant correlations with sev-
eral corneal biomechanical parameters. Specifically, in the 
present study, participant’s age exhibited a significant positive 

correlation with deformation amplitude, regardless of age 
group (all p<0.01). Therefore, we suggest that corneal stiffness 
would be lower in old-aged participants compared to young-
aged participants. In case of Corvis-CCT, participant’s age ex-
hibited negative correlations with Corvis-CCT. However, Cor-
vis-CCT of the age group of over 44 years exhibited positive 
correlations with participant’s age. Also, there were significant 
differences in Corvis-CCT between the age groups of 20–44 
years and above 44 years (p=0.041). We confirmed these differ-
ences by piecewise regression analysis between Corvis-CCT 
and participant’s age, the results of which demonstrated the 
estimated breakpoint between CCT and participant’s age to be 
45 years of age. Additionally, slopes of linear fit to reference data 
below and above 45 years of age were -0.760 vs. 0.624, showing 
different directionality.

According to results of stepwise multiple regression analy-
sis, age increased with larger deformation amplitude, CV2, ra-
dius, and AL1, as well as with smaller CV1 and peak distance. 
Therefore, when determining age-related effects on corneal 
biomechanical parameters using dynamic Scheimpflug ana-

Table 3. Results of Stepwise Multiple Regression Analysis between Cor-
neal Biomechanical Parameters and Participant’s Age, and IOP

Variables
Partial  

regression
coefficient (B)

Standardized 
partial regression 

coefficient (β)
p value

Age= -99.247 + 121.663×DefAmp + 69.308×CV2 – 301.778×CV1 + 3.980×Ra-
dius – 2.054×Pdist + 37.824×AL1 (R=0.737, R2=0.543, adjusted R2=0.530)

DefAmp 121.663 0.833 <0.001
CV2 69.308 0.279 <0.001
CV1 -301.778 -0.276 <0.001
Radius 3.980 0.215 <0.001
Pdist -2.054 -0.157 0.001
AL1 37.824 0.152 0.003
Constant -99.247

IOP= 14.667 + 0.201×Corvis-IOP – 6.684×DefAmp + 0.013×CCT – 22.098× 
CV1 (R=0.677, R2=0.458, adjusted R2=0.448)

DefAmp -6.684 -0.338 <0.001
Corvis-IOP 0.201 0.221 0.010
CCT 0.013 0.169 0.003
CV1 -22.098 -0.148 0.016
Constant 14.667

DefAmp, deformation amplitude; CV, corneal velocity; Pdist, peak distance; AL, 
applanation length; IOP, intraocular pressure; CCT, central corneal thickness.
Variables in the table are ordered according to the strength of contribution, 
which was based on standardized partial regression coefficient (β).

Table 4. Determination of CIs from the Reference Interval Data in Three Separate Age Groups Using Bootstrap Method

Characteristics
90% CI (with bootstrapping)

All ages Age, 20–44 years Age, over 44 years
AL1 (mm) 1.698 to 1.818 1.699 to 1.795 1.701 to 1.826
CV1 (m/s) 0.130 to 0.160 0.134 to 0.160 0.130 to 0.159
AL2 (mm) 1.238 to 2.007 1.282 to 1.952 1.205 to 2.024
CV2 (m/s) -0.454 to -0.246 -0.442 to -0.257 -0.416 to -0.252
DefAmp (mm) 0.848 to 1.231 0.870 to 1.171 0.871 to 1.236
Pdist (mm) 2.071 to 5.115 2.061 to 5.146 2.111 to 5.099
Radius (mm) 5.949 to 8.472 5.896 to 8.246 6.269 to 8.659
MCP (1/mm) 0.117 to 0.167 0.121 to 0.170 0.114 to 0.159
CCT (μm) 500.890 to 588.220 496.870 to 583.848 506.782 to 586.779
Corvis-IOP (mm Hg) 12.790 to 18.360 13.320 to 18.710 12.730 to 18.250
CI, confidence interval; AL, applanation length; CV, corneal velocity; DefAmp, deformation amplitude; Pdist, peak distance; MCP, maximal concave power; CCT, 
central corneal thickness; IOP, intraocular pressure.

Table 5. Summary of Reference Data of Corneal Biomechanical Param-
eters

Characteristics Min Q1 Median Mean Q3 Max
AL1 (mm) 1.66 1.73 1.74 1.75 1.77 1.84
CV1 (m/s) 0.13 0.14 0.15 0.1468 0.15 0.16
AL2 (mm) 1.01 1.48 1.79 1.699 1.9 2.16
CV2 (m/s) -0.50 -0.40 -0.35 -0.353 -0.31 -0.19
DefAmp (mm) 0.76 0.95 1.04 1.038 1.12 1.33
Pdist (mm) 1.9 2.26 4.32 3.556 4.83 5.48
Radius (mm) 5.44 6.588 7.03 7.093 7.56 9.07
MCP (1/mm) 0.104 0.132 0.142 0.142 0.152 0.182
CCT (μm) 472 521.2 540 542.2 563.8 623
Corvis-IOP (mm Hg) 11.5 14.5 15.5 15.49 16.5 19.5
Min, minimum; Q1, first quartile of the distribution; Q3, third quartile of the 
distribution; Max, maximum; AL, applanation length; CV, corneal velocity; De-
fAmp, deformation amplitude; Pdist, peak distance; MCP, maximal concave 
power; CCT, central corneal thickness; IOP, intraocular pressure.
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lyzer, analysis based on multiple corneal biomechanical pa-
rameters is mandatory. Several studies have reported a de-
crease in CH and CRF, measured using ORA, with an increase 
in age.11,34 Results of experimental ex vivo studies have dem-
onstrated an increase in corneal stromal collagen cross-linking 
with age, which, consequently, results in a decrease in corneal 
viscosity and an increase in corneal stiffness.35-37 On the other 
hand, one previous study reported no significant association 
between patient’s age and CRF.38

Results of the present study also demonstrated that mean 
keratometric values were correlated with AL1 regardless of 
age (all p<0.001). According to previous studies, the associa-
tions between corneal radius of curvature and corneal biome-
chanical parameters measured by ORA were unclear.11,39,40

Finally, we determined the CIs for reference data on the ba-
sis of RIs. Considering that this is a good method for represent-
ing the estimated distributions of reference data from healthy 
populations, our results of determination of CI from the data of 
RI could be valuable for further study on biomechanical prop-
erties of the cornea in healthy eyes.

The strength of our study lies in the fact that our study sam-
ple was composed of subjects from a single ethnic group, 
without ocular pathologies or history of ocular surgery. How-
ever, the cross-sectional nature of our study limits our ability to 
arrive at causal conclusions. Further large population-based 
studies investigating the correlation of corneal biomechanical 
properties with various ocular/systemic variables are required. 
In addition, definite cut-off values should be calculated by 
piecewise linear regression analysis between corneal biome-
chanical properties and multiple variables in specific corneal 
diseases, such as keratoconus and corneal ectasia.

In conclusion, we have investigated biomechanical proper-
ties of the cornea in healthy adults according to age using dy-
namic Scheimpflug analyzer. Our results have demonstrated 
that corneal biomechanical parameters are significantly influ-
enced by IOP. Therefore, when interpreting corneal biome-
chanical parameters obtained from dynamic Scheimpflug an-
alyzer, clinicians should consider age-related and IOP-related 
effects on values for corneal biomechanical parameters.
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