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Measurement of corneal biomechanical properties

in diabetes mellitus using the Corvis ST
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Abstract

We sought to assess changes in corneal biomechanical parameters in patients with diabetes mellitus (DM) in comparison ®
those among healthy controls using Corvis ST (CST). The study group included 209 eyes from healthy control subjects and
33 eyes from diabetic subjects, respectively. Following an ophthalmological examination, measurements with CST were taken.
Additionally, hemoglobin A1c and blood glucose values were collected. Results were then compared to those of the control group
after adjusting for potential confounding factors, including age-, intraocular pressure (IOP)-, central corneal thickness (CCT)-,
spherical equivalent (SE)- and axial length (AL). After adjusting for potential confounding factors, including the age, IOP, CCT,
SE, and AL, patients with DM presented significantly lower whole-eye movement (WEM) (ms) values than patients without DM
(21.71£0.84 vs. 22.15+£0.64ms; P < .001). There was a significant and negative correlation between WEM (ms) and hemoglobin
Alc in DM patients (r = —=0.733; P = .001). In univariate and multivariate general linear mixed model (GLMM) analyses, IOP (P <
.001 and P < .001, respectively) and the presence of DM (P = .001 and P < .001, respectively) significantly affected WEM (ms). In
DM, significant changes in corneal biomechanical properties were detectable. The DM group showed significantly less deformable
cornea and sclera than did the normal controls, even after adjusting for age, IOP, CCT, SE, and AL. These findings may cause
misinterpretation of IOP measurements in diabetic patients. Therefore, the measurement of corneal biomechanics should be taken
into consideration in clinical practice.

Abbreviations: A1 = applanation 1, A2 = applanation 2, AGE = advanced glycation end products, AL = axial length, CCT =
central corneal thickness, CST = Corvis ST, DA = deformation amplitude, DM = diabetes mellitus, HbA1c = hemoglobin Alc,
HC = highest concavity, IOP = intraocular pressure, ORAs = ocular response analyzers, SE = spherical equivalent, WEM = whole-

eye movement

Keywords: biomechanics, corneal biomechanical properties, Corvis ST, diabetes mellitus, whole eye movement

1. Introduction

Glaucoma is progressive optic neuropathy, and elevated intra-
ocular pressure (IOP) is the major risk factor for the develop-
ment and progression of this disease.!!! The accuracy of IOP
measurement is influenced by biomechanical characteristics of
the cornea and central corneal thickness (CCT).?! Although
the correlation between CCT and glaucoma has been widely
studied,®4 other factors, such as curvature or rigidity, may also
affect the ocular response to the force applied during the IOP
measurement process.*~! For this reason, new tonometers capa-
ble of accounting for biomechanical properties of the cornea are
essential tools at present.

Evaluating corneal biomechanics is a challenge and could not
be performed in vivo until the introduction of ocular response
analyzers (ORAs).®! The Corvis ST (CST) (Oculus Optikgerite
GmbH, Wetzlar, Germany) is an even newer instrument
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integrated with an ultra-high-speed Scheimpflug camera.”’ CST
enables the direct visualization of corneal movement during the
application of a rapid air puff, and CST measures biomechan-
ical properties of the eye by recording the shape of the cornea
as it becomes deformed in response to the application of an air
pulse.l®

Collagen-based body structures, including the joints, skin,
and cornea, are more rigid in DM patients.[''"*3] These patho-
physiologic changes in DM may be the reason for inaccuracies
and misinterpretations of IOP readings that occur in some dia-
betic cases.['41]

Although several studies have explored the relationship
between corneal biomechanics and DM, it remains unclear
whether corneal biomechanical properties change in diabetic
patients."" Previous studies using ORAs have reported signifi-
cant alterations of biomechanical properties in diabetic patients
in relation to their metabolic state.['"»3) DM affected corneal
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biomechanics resulting in increased corneal hysteresis (CH) and
corneal resistance factor (CRF).[1517:1922.231 CH was significantly
higher in diabetic even after correcting for age, IOP, and CCT
but was not related to the duration of diabetes.'"! In diabetes,
CH and CRF are correlated to hemoglobin Alc (HbAlc) and
blood glucose concentration.'”" Also, Primary open-angle
glaucoma patients with diabetes have significantly higher CH
values than those without diabetes.?”! On the contrary, other
studies found that DM results in lower CH values than those in
healthy control subjects.!'®2!!

On the other hand, data of corneal parameters measured by
CST in DM are limited to date.*'?) Some CST parameters, such
as, Deformation amplitude (DA), applanation 1 (A1) and appla-
nation 2 (A2) times, A1 velocity, in the uncontrolled DM group
eyes were found to be significantly different from healthy group
eyes and controlled DM group eyes.?!! A1 and A2 deflection
amplitudes were increased and highest concavity (HC) and A2
time were extended in DM. 2223

Therefore, it was the aim of the present observational,
cross-sectional study to investigate corneal biomechanical
properties in diabetic patients and compared with those of the
healthy subjects after adjusting for age-, IOP-, CCT-, SE- and
AL using CST. In addition, we sought to determine whether
disease duration and levels of hyperglycemia and HbA1c¢ influ-
enced these changes. Finally, we aimed to test our study hypoth-
esis that the diabetic cornea is stiffer than the healthy one.

2. Methods

In total, 180 patients and a total of 242 eyes were included
in this retrospective observational study. The study subjects
included 154 healthy control subjects and 26 diabetic subjects
who visited the glaucoma clinic at Yeouido St. Mary’s Hospital,
College of Medicine, The Catholic University of Korea,
between June and July 2018. This study followed the tenets
of the Declaration of Helsinki for biomedical research and
was approved by the Yeouido St. Mary’s Hospital Institutional
Review Board (SC21RISI0085). Patients with previous corneal
disease, surgical ocular interventions, systemic connective tissue
diseases, contact lens use, or glaucoma were excluded. Current
HbA1c and blood glucose values were collected from patients
with DM. Median time interval between HbA1c assessment and
CST measurement was 1.5 months. Furthermore, the time of
DM diagnosis and current medication were precisely assessed.

Before study measurements, all subjects underwent a complete
ophthalmologic examination, including best-corrected visual
acuity measurement, slit-lamp biomicroscopy, Goldmann appla-
nation tonometry IOP measurements and funduscopy, as well
as, clinical assessment of presence, and severity of diabetic reti-
nopathy and maculopathy. To exclude other influencing factors,
ocular biometry (IOL Master; Carl Zeiss Meditec, Oberkochen,
Germany) and corneal topography (Pentacam; Oculus, Wetzlar,
Germany) were performed in each participant. Subsequently,
measurements using CST (software ver. 102R1092; Oculus
Optikgerite GmbH, Wetzlar, Germany) were taken. All CST
measurements were made between AM 8:30 and PM 4:30.

The inclusion criteria for the study were CCTs from 485 to
615 pm, less than 3 diopters of cylinder correction, and the
presence of a normal anterior chamber and an open angle. The
normal control group and DM group included patients with
IOP-values of less than 22 mmHg with no history of using
anti-glaucomatous eyedrops.

2.1. CST measurements

The CST was used to obtain the measurements of the IOP and
corneal biomechanical properties. When using this device, once
the patient’s cornea was centered appropriately, the device auto-
matically emitted an air impulse from a distance of 11 mm. An

Medicine

ultra-high-speed Scheimpflug camera recorded the corneal defor-
mation process in response to the air impulse, collecting a total
of 4330 images per second. The camera took 140 digital frames
with a resolution of 640x480 pixels within 30 ms with an 8.5-
mm horizontal coverage of the central cornea. In this context,
due to the air impulse, the cornea evolves through three distinct
phases (A1, HC, and A2); The recording begins with the cornea
in the natural convex shape, at which time, the CCT is measured.
As the air impulse is emitted, the cornea moves inwards through
A1 or flattening of the cornea, into a concavity phase, until it
reaches the HC. Then, the cornea gradually returns to its natural
shape, passing through a second A2 stage. The IOP is measured
based on the time to reach Al. In this study, measurements by
CST were collected only once per eye because previous reports
have indicated reliable and good-quality results may be obtained
even after a single investigation.**?%! The recorded CST parame-
ters are listed in Table 1. The DA, which is the amount of corneal
displacement at the HC, is made up of the deflection amplitude,
which is the pure corneal component, and the whole-eye move-
ment (WEM), which is the orbital component.?%27!

During the measurement, there is a slight but significant
movement of the whole eye globe. The WEM is determined by
the degree of the slow linear motion of eyeball in the anteri-
or-posterior axis; the WEM is summarized by two measurements
of the maximal displacement and the time taken to reach the
maximal displacement. WEM reflects the absorbed portion of

Corvis ST parameters.

Parameters Description

Al time Time from air puff to A1

A1 velocity Inward velocity of the cornea at A1

A2 time Time from start to A2

A2 velocity Outward velocity of the cornea at A2

HC time Time of occurrence of the highest corneal concavity
Peak distance Distance between the corneal peaks at maximal

concavity
Radius of curvature of the cornea at highest concavity
Sum of the deflection amplitude and the WEM at A1
Corneal displacement at highest concavity
Sum of the deflection amplitude and the WEM at A2
Moving distance of the corneal apex from the initial
position to that at the A1 time without WEM
Distance of the corneal apex movement from
the initiation of the deformation to the highest
concavity without WEM
Moving distance of the corneal apex from the initial
position to that at the A2 time without WEM
Deflection amplitude maximum  The maximum amount of the corneal movement
(mm) compensating for WEM

Radius of curvature

A1 deformation amplitude
HC deformation amplitude
A2 deformation amplitude
A1 deflection amplitude

HC deflection amplitude

A2 deflection amplitude

WEM (ms) The duration of eye movement during the examination

WEM (mm) The total amount of eye movement during the
examination

Maximum inverse radius Highest value of the reciprocal of radius curvature at
highest concavity

DA ratio maximum (1,2mm)  Ratio between the deformation amplitude at the apex
and 1or2mm

Integrated radius Represents the amount of the corneal concave state

over the time between A1 and A2
Stiffness parameter A1 (SP-A1) The resulting pressure on the cornea divided by the
(mmHg/mm) deflection amplitude at A1

A1 = applanation 1, A2 = applanation 2, DA = deformation amplitude, HC = highest concavity,
WEM = whole-eye movement.
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kinetic energy of the air puff by the extra-corneal tissues, which
could reflect the mechanical conditions in orbit. The deflection
amplitude and the WEM were retrospectively calculated by an
external analysis of the CST data.

2.2 Statistical analyses

Levene’s test verified equality of variances for each of the vari-
ables. T-test was performed if equal variance was assumed and
Welch’s T-test was performed where variances were unequal.
A one-way analysis of variance and Scheffe’s multiple com-
parison test were used to compare data among the groups.
Possible effects of potential confounding variables, including
age, Goldmann applanation tonometry IOP, SE, and AL were
controlled for by analyses of covariance. Pearson’s correlation
and partial correlation were used to determine the relationships
between CST parameters and DM profiles after adjusting for
IOP and age at the time of CST measurement. To determine
factors associated with the CST parameters, we conducted gen-
eral linear mixed model (GLMM) analyses due to the inclusion
of both eyes data using the Statistical Package for the Social
Sciences (version 25.0; IBM Corporation, Armonk, NY, USA). In
all analyses, P < .05 was taken to indicate statistical significance.

3. Results

The study was conducted involving a total of 242 eyes (including
209 eyes from normal controls and 33 eyes from DM patients).
Baseline characteristics are shown in Table 2. There were 70
men (45.5%) and 84 women (54.5%) in the non-DM group,
and 18 men (69.2%) and 8 women (30.8%) in the DM group.
The age, IOP, refraction, keratometry, axial length, and CCT
were similar in the DM and healthy groups.

The mean duration of DM and HbAlc and blood glucose
values in the DM group were 15.36+11.25 years, 7.20+0.96
%, and 164.13 = 55.02 mg/dL, respectively. One patient received
dietary therapy, 15 had oral antidiabetics, and 4 were treated
by insulin alone or as a combination therapy. In 6 cases, data
on current antidiabetic therapy were not available. Fourteen
diabetic eyes had no funduscopic changes, whereas, in 19 eyes,
diabetic retinopathy was present (7 mild nonproliferative, 4
moderate nonproliferative, 3 severe nonproliferative, and 5 pro-
liferative cases of diabetic retinopathy). In 6 eyes, diabetic mac-
ulopathy was detectable.

CST parameters presented differences between the DM and
healthy control groups. Because the device provides several param-
eters, a selection of certain CST values is given here and in Table 3.

Baseline characteristics of the normal control and diabetes
mellitus groups.

Normal control DM group
Baseline characteristic (n=209) (n=33) PValue*
Age (y) 61.88+13.47 64.85+11.40 231
Intraocular pressure (mmHg) 14.45+2.44 15.21+3.52 .236
Spherical equivalent (D) -1.49+3.27 -0.46+2.49 115
Keratometry (D) 43.40+1.83 43.42+2.12 .959
Axial length (mm) 24.20+1.60 23.87+0.98 .399

560.55+32.72 115

15.36+11.25 -
7.20+0.96 -

164.13+55.02 -

Central corneal thickness (um) 551.28+31.00
Duration of DM (y) -
HbA1c (%) -
Blood glucose (mg/dL) -

Values are presented as mean + standard deviation.
DM = diabetes mellitus; HbATc = hemoglobin A1c; — = not available.
*Comparison between 2 groups completed using the student’s ¢ test.

www.md-journal.com

An unadjusted comparison between normal controls and the DM
group revealed a significant difference in the WEM maximum (ms)
(22.14+0.64 vs.21.71+0.84ms; P = .001). In an age-, IOP-, CCT-,
SE- and AL-adjusted comparison, the DM group (0.45+0.08 ms)
displayed a significantly lower A2 DA (mm) compared to the nor-
mal group (0.48+0.09ms; P = .029). The WEM maximum (mm)
of the DM group (0.34+0.07mm) was statistically significantly
lower than that of the normal group (0.34+0.07 mm; P = .04); in
addition, the WEM maximum (ms) was statistically significantly
lower in the DM group (21.71+0.84 ms) than in the normal con-
trol group (22.15+0.64ms; P < .001) after adjusting for age, IOP,
CCT, SE, and AL.

Table 4 and Figure 1 show the relationship between HbAlc
and CST parameters in the DM group using unadjusted data
and after adjusting for IOP alone and IOP, age, CCT, SE, and
AL, respectively. The HbA1c showed a statistically significant
relationship with the WEM maximum (ms) at when considering
the unadjusted data (r = -0.694; P < ..001) and after adjusting
for IOP (r = -0.708; P < .001) and IOP, age, CCT, SE and AL (r
=-0.733; P =.001). The HC deflection amplitude (mm) showed
negative after adjusting for IOP (r = -0.491; P = .02) and IOP,
age, CCT, SE and AL (r = -0.501; P = .034). Separately, inte-
grated radius (mm™!) showed a negative correlation with HbAlc
(r = =0.453; P = .034) after adjusting for IOP and Deflection
amplitude maximum (mm) showed negative correlation with
HbA1c after adjusting for IOP, age, CCT, SE and AL (r = -0.501;
P =.034).

Table 5 and Figures 2 and 3 show the relationship between
blood glucose level and CST parameters in the DM group using
unadjusted data and after adjusting for IOP alone and IOP, age,
CCT, SE, and AL, respectively. Blood glucose level had a sta-
tistically significant relationship with the DA ratio maximum
(2mm) and DA ratio maximum (1 mm) according to raw data (r
= -0.464; P = .022 and r = -0.447; P = .029, respectively) and
after adjusting for IOP (r = -0.498; P =.016 and r = -0.447; P =
.033, respectively) and IOP, age, CCT, SE and AL (r = -0.583; P
=.009 and r = -0.475; P = .04, respectively), respectively.

Table 6 shows the relationship between DM duration and
CST parameters in the DM group using unadjusted data and
after adjusting for IOP and IOP, age, CCT, SE, and AL, respec-
tively. Notably, DM duration exhibits a statistically significant
relationship with A2 time (ms) after adjusting for IOP, age, CCT,
SE, and AL (r = -0.411; P = .03).

To identify the factors affecting the CST parameters, general lin-
ear mixed model (GLMM) analyses were performed. The WEM
max.(ms) was associated with IOP and the presence of DM in both
the univariate (P <.001 and P =.001, respectively) and multivariate
(P <.001 and P < .001, respectively) regression analyses (Table 7).

4. Discussion

In the current study, our results revealed significant differences
existed in CST parameters between DM and healthy control
eyes, particularly regarding A2 DA (age-, IOP-, SE-, and AL-
adjusted), WEM (mm) (age-, IOP-, SE-, and AL- adjusted) and
WEM (ms) (unadjusted and age-, IOP-, SE- and AL- adjusted).
We found that A1 velocity (m/s), HC deflection amplitude
(mm), deflection amplitude maximum (mm), WEM (ms), and
integrated radius (mm™!) were inversely correlated with HbAlc,
while the DA ratio maximum (1 mm) and DA ratio maximum
(2mm) were inversely correlated with blood glucose level and
the A2 time (ms) was inversely correlated with the duration of
DM. These results are in agreement with those of earlier CST
studies of diabetic patients. Ramm et al reported that DA ratio
Max and the integrated radius were smaller in uncontrolled
than in controlled diabetic patients.??! Pérez-Rico et al reported
that diabetes leads to a significantly lower A1 velocity and A2
time.?!l These findings could indicate a stiffer cornea in DM
and the elastic properties of the cornea may reflect the diabetic
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Unadjusted and age- and intraocular pressure-adjusted Corvis ST parameters in the normal control and diabetes mellitus groups.

Unadjusted Adjusted*
Normal control DM group Normal control DM group
Corvis ST parameters (n=209) (n=33) Pvaluet (n =209) (n=33) Pvaluet
DA maximum (mm) 1.13+0.11 1.11+0.13 297 1.13+0.12 1.11+0.13 632
A1 time (ms) 7.29+0.31 7.39+0.44 116 7.29+0.31 7.39+0.44 .969
A1 velocity (m/s) 0.15+0.02 0.15+0.02 .395 0.15+0.02 0.15+0.02 524
A2 time (ms) 22.09+0.42 21.98+0.53 .188 22.09+0.42 21.98+0.53 925
A2 velocity (m/s) -0.26+0.04 -0.26+0.04 .993 -0.26+0.04 —-0.26+0.04 489
HC time (ms) 16.94+0.59 16.73+0.65 .067 16.93+0.59 16.73+0.65 .057
Peak distance (mm) 511+0.31 5.02+0.33 129 510+0.31 5.02+0.33 A1
Radius (mm) 7.58+0.99 7.61+0.89 .852 7.58+1.00 7.61+0.89 518
A1 DA (mm) 0.14+0.01 0.14+0.01 281 0.14+0.01 0.14+0.01 924
HC DA (mm) 1.13+0.12 1.11+£0.13 297 1.13+£0.12 1.11+£0.13 632
A2 DA (mm) 0.48+0.09 0.45+0.08 074 0.48+0.09 0.45+0.08 .029
A1 deflection amplitude (mm) 0.10+0.01 0.10+0.01 .546 0.10+0.01 0.10+0.01 .949
HC deflection amplitude (mm) 0.92+0.12 0.89+0.12 189 0.92+0.12 0.89+0.12 A75
A2 deflection amplitude (mm) 0.12+0.02 0.12+0.02 202 0.12+0.02 0.12+0.02 763
Deflection amplitude maximum (mm) 0.95+0.11 0.91+0.12 .061 0.95+0.11 0.91+0.12 165
WEM maximum (mm) 0.37+0.09 0.34+0.07 .061 0.37+0.09 0.34+0.07 .040
WEM maximum (ms) 22.14+0.64 21.71+0.84 .001 22.15+0.64 21.71+£0.84 <.001
Maximum inverse radius (mm-") 0.17+0.03 0.18+0.04 .351 0.17+0.03 0.18+0.04 .079
DA ratio maximum (2 mm) 431+1.70 4.20+0.48 .706 431+1.71 4.20+0.48 .893
DA ratio maximum (1 mm) 1.55+0.05 1.55+0.05 420 1.55+0.05 1.55+0.05 .963
Integrated radius (mm~) 8.02+1.09 7.87+1.34 .538 8.01+1.09 7.87+1.34 459
SP-A1 (mmHg/mm) 104.55+17.14 111.21+26.79 175 104.70+17.11 111.21+26.79 862

Values are presented as means + standard deviation.
Significant results are indicated in bold.

A1 = applanation 1; A2 = applanation 2; DA = deformation amplitude; HC = highest concavity; SP-A1 = stiffness parameter A1; WEM = whole-eye movement.

*Adjusted for age, I0P, CCT, spherical equivalent, axial length.
tComparison between two groups by Student’s t-test.

patients’ metabolic state and that diabetic patients with elevated
HbA1c showed a significant decrease in the elasticity of their
corneal substance.

To our knowledge, only a few studies to date have investi-
gated corneal biomechanics using CST in diabetic patients;
Further, these studies have covered other CST parameters but
not WEM.

In this context, earlier CST studies reported a significant
dependency of IOP on CST parameters.?*=% In DM, an IOP
elevation has been reported,!'®*! and possible reasons for
this include reduced aqueous humor outflow caused by AGE
(advanced glycation end products)-induced changes of the tra-
becular meshwork, an altered osmotic gradient of the aqueous
humor, and an inaccuracy of IOP measurement caused by cor-
neal biomechanical changes in DM.12132331 Using CST measure-
ments, Vinciguerra et al®” revealed an age dependency for most
of the parameters. Therefore, corrections for age and IOP seem
to be indispensable in the analysis of CST results.

In this study, WEM (ms), the duration of vertical displace-
ment of the whole eye during the examination, was decreased
in the DM group. The CST device reports corneal stiffness
along with the extra-corneal tissue (including sclera, fat, and
muscle) stiffness. The deformation amplitude signal needs
to be divided into the deflection amplitude and WEM.B3435!
This is important because the kinetic energy of the air puff is
absorbed by the cornea and the extra-corneal tissues. Thus,
the decreased WEM (ms) could indicate a stiffer, more inflexi-
ble sclera resulting a shorter duration of the whole eye move-
ment process.

Recently, clinical research papers on WEM have been pub-
lished. First, Vinciguerra et al measured WEM in healthy sub-
jects and obtained normative data, finding that WEM increases
with age.’ WEM has also been used to develop a new index for
keratoconus detection.?®3%3¢! In glaucoma research, Jung et al
found that unadjusted WEM was smaller in the glaucoma group
than the normal group, in agreement with our results.’” Also,
Akoi et al measured WEM in an open-angle glaucoma popu-
lation and ascertained the effect of WEM on the relationship
between corneal hysteresis and glaucomatous progression.®!

In the current study, Table 7 shows that the IOP was signifi-
cantly negatively correlated with the WEM, meaning that, with
higher IOP values, there was less WEM. This indicated greater
resistance to movement of the entire globe in eyes with a higher
IOP. This could be because the supporting tissues such as the
sclera become stiffer with increasing IOP, as reported in an
experimental study.”®”!

Why DM is associated with greater corneal stiffness remains
unclear. However, DM can alter the cornea as well as other col-
lagen-containing tissues in the eye, such as the sclera. The effects
of these changes in the cornea, sclera, and orbit on WEM are
undoubtedly complex; in DM patients, the hyperglycemic state
leads to collagen cross-linking.!'>!54% Bailey et al demonstrated
that collagen-containing tissues became stiffer and more inflexi-
ble with age and especially in the presence of high blood glucose
levels or diabetics.*!! The reason for these alterations might be
the formation of AGEs, which arise from nonenzymatic gly-
cation of reducing sugars with amino groups of collagen (i.e.
Maillard reaction) and lead to cross-links with a consecutive
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Relationship between Corvis ST parameters and hemoglobin A1c in the diabetes mellitus group.

Model 1* Model 21 Model 3}
Corvis ST parameters r Pvalue r Pvalue r Pvalue
DA maximum (mm) -0.052 815 —-0.043 .851 -0.133 598
A1 time (ms) 0.052 813 0.286 196 0.192 446
A1 velocity (m/s) -0.278 199 -0.478 .024 —0.483 .042
A2 time (ms) —-0.067 763 —-0.070 .758 -0.27 915
A2 velocity (m/s) 0.284 190 0.384 .078 0.373 A27
HC time (ms) 0.062 778 0.057 .802 0.084 739
Peak distance (mm) -0.311 149 —0.498 .018 —0.459 .056
Radius (mm) 0.154 483 0.170 450 0.073 773
A1 DA (mm) -0.319 138 —-0.375 .085 —0.404 .096
HC DA (mm) -0.052 .815 -0.043 .851 -0.133 598
A2 DA (mm) 0.061 .783 0.054 811 —-0.068 789
A1 deflection amplitude (mm) —0.245 .261 —0.247 .268 —-0.306 217
HC deflection amplitude (mm) -0.329 125 —-0.491 .020 -0.501 .034
A2 deflection amplitude (mm) -0.181 409 —-0.186 407 -0.176 484
Deflection amplitude maximum (mm) -0.337 116 —0.488 .021 —-0.501 .034
WEM maximum (mm) 0.265 221 0.268 228 0.121 .632
WEM maximum (ms) —-0.694 <.001 —-0.708 <.001 -0.733 .001
Maximum inverse radius (mm-) —-0.051 816 —-0.042 .854 —-0.033 .898
DA ratio maximum (2 mm) -0.176 A21 —0.248 .266 —0.445 .064
DA ratio maximum (1 mm) -0.057 .796 —-0.050 .826 -0.149 554
Integrated radius (mm~") —-0.287 185 -0.453 .034 —0.366 135
SP-A1 (mmHg/mm) 0.297 169 0.383 .078 0.290 244

Significant results are shown in bold.

A1 = applanation 1; A2 = applanation 2; DA = deformation amplitude; HC = highest concavity; SP-A1 = Stiffness parameter A1; WEM = whole-eye movement.

*Model 1: unadjusted, Pearson’s correlation coefficient.
TModel 2: adjusted for IOP, partial correlation.

FModel 3: adjusted for IOP, age, CCT, spherical equivalent and axial length, partial correlation.
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Figure 1. Scatterplot showing the relationship between WEM (ms) and HbA1c (Pearson’s r = —0.677; P < .001).

increased stiffness in these tissues. Albon et al observed an
age-related increase in pentosidine, a form of AGE, in the aging

lamina cribrosa.l#24!

Glucose-mediated corneal and scleral stiffening because
of corneal and scleral collagen cross-linking might have been

responsible for the lower WEM values found in these patients.
This finding is in agreement with a review performed by Krueger
and Ramos-Esteban.’!! A similar collagen cross-linking phe-
nomenon seems to occur with aging, and older patients have
higher corneal and scleral stiffening.®**! As there was no age
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Relationship between deformation parameters and blood glucose level (mg/dL) in the diabetes mellitus group.
Model 1* Model 21 Model 3%

Corvis ST parameters I} Pvalue rm Pvalue rm Pvalue
DA maximum (mm) —-0.163 445 —0.055 802 0.041 .868
A1 time (ms) 0.148 491 —0.251 .248 -0.192 430
A1 velocity (m/s) -0.277 190 —0.263 225 —0.331 .166
A2 time (ms) -0.184 .390 —-0.088 .691 —0.046 .853
A2 velocity (m/s) 0.191 .37 0.105 .634 0.142 562
HC time (ms) 0.158 462 0.148 .501 0.179 463
Peak distance (mm) —-0.160 456 —-0.035 873 —-0.152 535
Radius (mm) 0.005 982 —-0.052 814 —-0.009 970
A1 DA (mm) -0.012 .955 —-0.094 .669 -0.069 .780
HC DA (mm) -0.163 445 -0.055 .802 0.041 .868
A2 DA (mm) 0.054 804 0.052 815 0.141 .566
A1 deflection amplitude (mm) -0.144 502 —-0.153 485 —-0.152 534
HC deflection amplitude (mm) -0.267 207 -0.235 .280 -0.277 251
A2 deflection amplitude (mm) -0.024 911 —-0.036 .870 0.046 .850
Deflection amplitude maximum (mm) —-0.249 240 —-0.202 .356 -0.229 346
WEM maximum (mm) 0.070 745 0.073 742 0.182 456
WEM maximum (ms) -0.157 464 -0.189 .387 -0.277 251
Maximum inverse radius (mm-7) -0.122 570 —-0.054 .807 -0.055 .824
DA ratio maximum (2 mm) —-0.464 .022 —0.498 .016 —0.583 .009
DA ratio maximum (1 mm) —-0.447 .029 —-0.447 .033 —-0.475 .040
Integrated radius (mm-') —-0.251 237 —-0.201 .357 -0.322 179
SP-A1 (mmHg/mm) 0.172 422 0.079 721 0.273 .259

Significant results are shown in bold.

A1 = applanation 1; A2 = applanation 2; DA = deformation amplitude; HC = highest concavity; SP-A1 = Stiffness parameter A1; WEM = whole-eye movement.
*Model 1: unadjusted, Pearson’s correlation coefficient.
tModel 2: adjusted for I0P, partial correlation.

FModel 3: adjusted for IOP, age, CCT, spherical equivalent and axial length, partial correlation.

§Pearson’s correlation coefficient.
TTPartial correlation coefficient.
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Figure 2. Scatterplot showing the relationship between the DA ratio maximum (2 mm) and blood glucose level (Pearson’s r = —0.403; P = .046).
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Figure 3. Scatterplot showing the relationship between the DA ratio maximum (1 mm) and blood glucose level (Pearson’s r = —0.435; P = .030).

Relationship between deformation parameters and diabetes mellitus duration in the diabetes mellitus group.

Model 1* Model 2} Model 3f
Corvis ST parameters r Pvalue r Pvalue r PvalueValue
DA maximum (mm) 0.047 795 -0.134 464 -0.223 253
A1 time (ms) —-0.161 370 0.044 .810 0.024 .905
A1 velocity (m/s) 0.019 916 —0.235 195 -0.282 146
A2 time (ms) —-0.083 647 -0.414 .018 -0.411 .030
A2 velocity (m/s) —-0.004 .982 0.185 .310 0.208 .288
HC time (ms) —0.048 .790 —0.045 .806 0.018 .926
Peak distance (mm) 0.090 .620 —0.055 .766 0.008 .966
Radius (mm) —-0.071 .696 —0.005 976 0.116 .557
A1 DA (mm) —-0.167 .354 -0.115 532 —0.096 627
HC DA (mm) 0.047 795 -0.134 464 -0.223 .253
A2 DA (mm) 0.024 .895 0.015 934 —-0.057 775
A1 deflection amplitude (mm) —-0.082 .651 -0.079 .666 -0.042 833
HC deflection amplitude (mm) 0.075 679 —-0.088 631 —-0.094 633
A2 deflection amplitude (mm) -0.150 404 —0.150 412 -0.127 519
Deflection amplitude maximum (mm) 0.057 751 -0.119 516 -0.128 517
WEM maximum (mm) 0.088 625 0.080 .664 -0.013 .949
WEM maximum (ms) 0.115 523 0.136 459 0.209 287
Maximum inverse radius (mm-') 0.086 634 0.016 932 -0.102 .605
DA ratio maximum (2 mm) 0.190 291 0.108 555 -0.033 .868
DA ratio maximum (1 mm) 0.176 328 0.095 .603 -0.013 .946
Integrated radius (mm~') 0.133 460 0.021 909 -0.093 638
SP-A1 (mmHg/mm) —-0.083 646 0.060 743 0.075 705

Significant results are shown in bold.

A1 = applanation 1; A2 = applanation 2; DA = deformation amplitude; HC = highest concavity; SP-A1 = Stiffness parameter A1; WEM = whole-eye movement.

*Model 1: unadjusted, Pearson’s correlation coefficient.
TModel 2: adjusted for IOP, partial correlation.
FModel 3: adjusted for IOP, age, CCT, spherical equivalent and axial length, partial correlation.

difference between our study groups and we adjusted for age, it
is unlikely that aging was responsible for the WEM differences
observed in this study.

It is important to discuss the possible implication of our findings.
First, it remains controversial whether the observed biomechanical

changes in terms of an increase in the stiffness of the ocular tis-
sues must be considered as a detrimental risk factor or whether
the tissue stiffening might indicate a protective effect for IOP con-
trol in diabetic patients. As predicted by recent studies, a stiffer
sclera would protect optic nerve head tissues from biomechanical
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General linear mixed model (GLMM) analyses using whole-eye
movement maximum (ms) as the dependent variable.

Univariate* Multivariatet
Beta Pvalue Beta Pvalue
Age (years) 0.007 .07 - -
Sex, male:female 0.12 240 - -
Intraocular pressure (mmHg) -0.072 <.001 —-0.067 <.001
Spherical equivalent (D) -0.011 452 - -
Axial length (mm) -0.019 598 - -
Central corneal thickness (um) 0.000 972 - -
Presence of DM -0.479 .001 -0.529 <.001

Significant results are shown in bold.
DM = diabetes mellitus.

*Univariate GLMM analysis.
tMultivariate GLMM analysis.

insult.>=#71 Although, other research suggests that having a stiffer
sclera may accelerate axonal damage.®! The higher tissue stiff-
ening we found in our DM patients could be either a protective
factor or a risk factor for glaucoma. Nevertheless, our study did
not evaluate whether such a difference could result in a lower or
higher risk of visual field worsening. In addition, Tables 4, 5, and
6 and Figures 1, 2, and 3 show that these corneal biomechanical
changes in DM eyes are influenced more so by levels of hypergly-
cemia or HbA1c than by disease duration.

Table 4 shows that only the maximum WEM velocity is
correlated with HbAlc and Table 5 shows that DA ratio max
(2mm) and DA ratio max (1mm) are correlated with blood glu-
cose level. Although HbAlc is usually a dependent variable of
long-term blood glucose levels, the results of Tables 4 and 5 seem
inconsistent. The HbA1c and blood glucose level both have been
well known to reflect patients’ general DM status. HbAlc is the
product of a stable linkage of glucose to the N-terminal valine
of the beta-chain of hemoglobin.*”! Since HbAlc is a particu-
lar kind of glycated hemoglobin in red blood cells, measured
level of it is predominantly dominated by the life-span of red
blood cells, that is, 120 days in average. Hence, it reflects treat-
ment compliance and average blood glucose level of the patient
during recent 8-12 weeks.

Therefore, blood glucose level reflects the short term, and
HbA ¢ level indicates the degree of long-term glycemic control.
In the short-term effect of hyperglycemia, high aqueous humor
glucose level is also reported.*” On the other hand, HbAlc can
reflect ECM (Extracellular matrix) remodeling such as collagen
cross-linking in the long-term effect of hyperglycemia. Therefore,
there may be inconsistent results in Tables 4 and 5. However,
further research is needed to determine the detailed mechanism.

Also, WEM max.(ms) is the duration of movement of the
whole eyeball during the examination. This mainly reflects
orbital factors, such as compliance of sclera, periorbital fat
tissue, and orbital muscle. Whereas DA ratio maximum (1 or
2mm) is the ratio between the corneal deformation amplitude
at the apex and at 1 or 2mm. This reflects pure corneal factor.
The fact that each parameter is affected by different factors
can cause difference of time needed for significant changes
to occur in each parameter. Since the orbital factors include
compliance of sclera, periorbital fat, and muscle, the time
point at which a measurable degree of glycation occurs could
be disparate between these extra-corneal tissues and cornea.

The present study has several limitations. First, disease-spe-
cific factors, such as DM presence and disease duration, were
assessed by anamnestic questionnaires, which might be impre-
cise in elucidating the true results. Furthermore, DM type in
some patients was defined based on patients’ interview only.

Medicine

Second, the values for the HbA1C and blood glucose level for
the normal control patients were not possible to evaluate due
to the retrospective nature of the study. Third, prognostic value
of the Corvis parameters has not been clarified that restrict
the use of these measures and can be a limitation to any study.
Fourth, the small number of DM patients in this study restricted
our investigation. Fifth, the CST measurements were not per-
formed during the same office hours in all patients. Therefore,
there might be potential effect of diurnal IOP changes which
can confound CST measurements, although no significant
diurnal changes in corneal biomechanical parameters were
detected with CST previously.’!l Finally, the statistical power
of our study may have decreased due to the difference in sam-
ple size of 2 groups. Future well-designed studies with larger
sample size or meta-analysis of the available data in the cur-
rent literature might help to clarify these issues.

In addition, the results of our study demonstrate significant
changes in some corneal biomechanical parameters by CST in
diabetics. However, several parameters did not show significant
changes. There are various parameters indicating corneal stiff-
ness other than deflection amplitude in CST. The parameters that
have been reported to show significant changes in DM were not
in consistency among several previous studies. In addition, some
of them reported that only a portion of the parameters showed
significant changes, like in the present study.*'>%! Also, CST
parameters are likely to be affected by multiple factors, such as
IOP, age, axial length, and central corneal thickness. Therefore,
we believe that the results may vary from study to study to some
degree, according to the study settings and subject populations.

Despite these drawbacks, our results provide important
information showing that some parameters, including A2DA
and WEM, demonstrate significant changes in the DM group.
Moreover, this is the first study analyzing WEM, a specific
CST parameter, which showed significant change in DM eyes.
Also, some CST parameters showed a significant correlation
to HbAlc value and blood glucose level. Perhaps explaining,
poor metabolic control in DM might crucially change corneal
biomechanics and be related with collagen cross-linking.

5. Conclusions

In conclusion, changes in corneal biomechanical behav-
iors have been shown to exist in DM patients using CST.
Besides other factors, the reasons might be an accumulation
of advanced glycation end products and greater collagen
and proteoglycan cross-linking in the corneal stroma. These
changes might be of importance in IOP measurement, the role
of different CST parameter values on glaucoma evaluation,
and susceptibility. In addition, these findings may have impli-
cations for understanding the relationship between diabetes
and glaucoma.
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