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Purpose: To identify the characteristic corneal biomechanical properties of osteogen-
esis imperfecta (OI), and to compare the corneal biomechanical properties between OI
and keratoconus.

Methods: We included 46 eyes of 23 patients with OI, 188 eyes of 99 keratoconus
patients, and 174 eyes of 92 normal controls to compare corneal biomechanical param-
eters between OI corneas, keratoconus, and normal controls by using Corneal Visualiza-
tion Scheimpflug Technology (Corvis ST).

Results: Patients with OI had significantly higher Corvis biomechanical index (CBI) (P
< 0.001), higher tomographic and biomechanical index (TBI) (P = 0.040), lower Corvis
Biomechanical Factor (CBiF) (P = 0.034), and lower stiffness parameter at first applana-
tion (SP-A1) (P < 0.001) compared with normal controls. In contrast, OI group showed
lower CBI (P < 0.001), lower TBI (P < 0.001), higher CBiF (P < 0.001), and higher SP-A1
(P= 0.020) than keratoconus group. Notably, the stress-strain index (SSI) was not signif-
icantly different between the OI and normal controls (P = 1.000), whereas keratoconus
showed the lowest SSI compared with OI group (P = 0.025) and normal controls (P <
0.001).

Conclusions: Although the corneal structures of OI patients are less stable and easier to
deform as compared to those of the control group, there is no significant difference in
material stiffness observed between theOI and normal controls. In contrast, the corneas
of keratoconus showed not only lower structural stability and higher deformability but
also lower material stiffness compared with those of OI cornea and normal controls.

Translational Relevance: The biomechanical alterations are different between OI
corneas and keratoconus.
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Introduction

Osteogenesis imperfecta (OI) is a rare inherited
connective tissue disorder, with a prevalence of one
in 15,000 to 20,000 births.1 It is related to primary
defects in type I procollagen and to dysregula-
tion of type I procollagen biosynthesis.2 Approxi-
mately 85% to 90% of OI is inherited as autoso-
mal dominant mutations in either the COL1A1 or
COL1A2 genes.3,4 The COL1A1 and COL1A2 genes
encode type I collagen.5 Other mutations in the reces-
sive type of OI are associated with dysfunctions in
the synthesis and folding pattern of type I colla-
gen.2,6 Approximately 90% of the body’s collagen
is type I collagen, which is an important structural
protein of extracellular matrices in bones and eyes.1
Patients with OI present with major bone manifesta-
tions, including bone fracture, deformity, and growth
deficiency.5,7

Collagen type I mutations in OI affect multiple
ocular structures.5 Blue sclera and thinner central
corneal thickness (CCT) are ocular characteris-
tics of patients with OI. Blue sclera is caused by
thinning and translucence of the sclera, showing an
underlying choroid color,8 and thinner CCT results
from type I collagen defects.9 Keleş et al.10 demon-
strated topographic and tomographic features of OI
corneas, including higher astigmatism, index of verti-
cal asymmetry, index of height asymmetry, and Belin-
Ambrośio Enhanced Ectasia Display (BAD) overall
deviation of normality (final D) value in patients with
OI. In contrast, Magalhaes et al.11 showed no differ-
ence in the anterior and posterior corneal curvatures.
Based on topographic and tomographic features,
the differences between OI and keratoconus are
controversial.

Corneal biomechanical changes may precede
topographic and tomographic changes.12–14 Corneal
biomechanical properties rely mainly on collagen type
I, the most abundant collagen type present in the
corneal and scleral extracellular matrix (ECM).15,16
Previous studies have investigated in vivo corneal
biomechanics and revealed lower corneal hysteresis
obtained from an Ocular Response Analyzer (Reichert
Ophthalmic Instruments, Depew, NY, USA) in OI
corneas.17,18 However, there is a limited understand-
ing on biomechanical destabilization, deformability,
and material stiffness in OI corneas. In this study,
we aim to identify the biomechanical differences
among the corneas of OI, keratoconus, and normal
controls by using the Corvis ST (Oculus, Wetzlar,
Germany).

Methods

This retrospective cross-sectional study was
approved by the institutional review board of the
National Taiwan University Hospital. This study
adhered to the tenets of the Declaration of Helsinki.
Patients diagnosed with OI, keratoconus, and normal
controls were recruited from the National Taiwan
University Hospital between April 2017 and August
2022. We retrospectively reviewed their medical
images and records. The patients in the OI group
were diagnosed based on the clinical features includ-
ing bone fragility, radiological findings, bone mineral
density, and family history in clinics of theDepartment
of Medical Genetics at National Taiwan University
Hospital.19 These OI patients were referred to the
Department of Ophthalmology for multidisciplinary
care. The keratoconus was diagnosed by stromal
thinning, conical protrusion, Fleischer’s ring, or Vogt’s
striae on slit lamp examination, and focal corneal
steepening, inferior-superior curvature asymmetry,
or skewing steepest radial axes above and below the
horizontal meridian on topography.20 Participants
in the normal control group were healthy, without
any systemic disease who presented at the ophthal-
mology clinic for routine ocular examinations. We
excluded participants with the following criteria: a
history of corneal or glaucoma surgery, corneal ulcer,
Fuchs’ dystrophy, granular dystrophy, pseudopha-
kic corneal edema, Terrien’s marginal degeneration,
uveitis, and nonglaucomatous optic neuropathy. The
participants underwent comprehensive ophthalmic
examinations, including visual acuity, slit-lamp exami-
nation, intraocular pressure (IOP), CCT evaluation,
and anterior segment imaging with Corvis ST and
Pentacam (Oculus).

Corvis ST has enabled the assessment of dynamic
corneal deformation response and in vivo corneal
biomechanical properties.21 The biomechanical
corrected IOP (bIOP) was developed by using finite
element simulations and obtained from Corvis ST.22
The bIOP is least affected by corneal properties and
is close to the real IOP.22 The deformation ampli-
tude ratio (DA ratio) at 2 mm was based on the ratio
between the deformation amplitude and the distance
moved by the paracentral cornea 2 mm nasally and
temporally from the corneal apex. Higher DA ratio
at 2 mm indicated a more deformable corneal struc-
ture. The Corvis ST measured the central radius of
curvature during the concave deformation phase and
calculated the area under the inverse radius versus
time curve. This area was termed the integrated
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radius. Higher integrated radius is an indicator of
higher corneal structural deformbility.23 Ambrósio’s
relational thickness to the horizontal profile (ARTh)
describes the thickness profile in the temporal-nasal
direction.24 The ARTh is the ratio between the thinnest
corneal thickness and pachymetric progression index.
The lower the ARTh, the more deformable the corneal
structure.24 The stiffness parameter at first applanation
(SP-A1) was measured by subtracting the bIOP from
the adjusted air pulse pressure at first applanation
and then dividing by the deflection amplitude at first
applanation. The SP-A1 represents overall structural
deformability of the cornea.25 The SP-A1 level is lower
in more deformable corneal structures.24,26

The Corvis Biomechanical Index (CBI) was devel-
oped as a composite index of corneal biomechan-
ical status to detect abnormal corneal biomechani-
cal stability.24 The CBI is used to separate kerato-
conus,24 subclinical keratoconus,12 and normal eyes.
The CBI is based on a logistic regression algorithm
that combines different dynamic corneal response
parameters obtained from Corvis ST.24 Recently, the
Corvis Biomechanical Factor (CBiF) has enabled the
linear and standardized assessment of corneal biome-
chanics.14 Lower CBiF and higher CBI values repre-
sent decreased corneal biomechanical stability.14,24 The
tomographic and biomechanical index (TBI) combine
Scheimpflug-based corneal tomography and biome-
chanics to enhance ectasia detection.27 Higher TBI
values indicate decreased corneal biomechanical stabil-
ity.27 The stress-strain index (SSI) obtained from
Corvis ST is based on numerical simulation and
finite element analysis.28,29 The SSI was developed for
estimating the stress-strain material behavior of the
cornea.28 The SSI is independent of IOP and CCT.28,30
Lower SSI is an indicator of lower corneal material
stiffeness.28

The final D values computed using the BAD III
version were designed to separate normal from abnor-
mal corneas.31 The final D values show variance from
normal but are not specific for ectatic disease.32 In
addition, corneal elevation at the thinnest corneal
point, average radii of curvature obtained from a 3.0
mm optical zone centered on the thinnest corneal
point, and average pachymetric progression index (PPI)
were measured using Pentacam. Corneal densitome-
try was measured under backscattered light over a 12-
mm diameter area of the cornea.33 This corneal area
was divided into four concentric annuli (including 0–
2 mm, 2–6 mm, 6–10 mm, and 10–12 mm from the
corneal center), each of which was further subdivided
into three different layers. The anterior layer comprised
the superficial 120 mm, the posterior layer comprised
the innermost 60 mm, and the central corneal layer

was located between the two layers.10 The output is
standardized from 0 to 100 grayscale units, repre-
senting the minimum light scatter to maximum light
scatter.34

Statistical Analysis

We performed statistical analyses using IBM SPSS
(version 22.0; International Business Machines Corp.,
New York, NY, USA). The normality of variables
was tested using the Kolmogorov-Smirnov test. We
performed nonparametric tests for variables that did
not pass the normality test. Continuous variables were
presented as median and interquartile ranges (IQR).
Categorical variables were presented as number and
percentage. We analyzed demographic data between
the OI, keratoconus, and normal controls using
the Kruskal-Wallis test and the chi-square test for
continuous and categorical variables, respectively. To
analyze ocular data from both eyes between the
OI, keratoconus, and normal controls, we performed
generalized estimating equation models to account
for inter-eye correlation.35 Bonferroni post hoc tests
were performed for pairwise comparisons. All P
values were two-sided, and significance was set as
P < 0.05.

Results

We included 46 eyes of 23 OI patients, 188 eyes of
99 keratoconus patients, and 174 eyes of 92 normal
controls in this study. The genetic mutation data of
OI group are presented in Table 1. The demographic
characteristics of the three groups are summarized
in Table 2. The median ages of the OI group, kerato-
conus group, and normal controls were 18.00 (IQR,
12.00–40.00), 25.00 (IQR, 22.00–29.00), and 24.50
(IQR, 18.00–30.00) years, respectively (P = 0.282).
The numbers of males in the OI group, keratoconus
group, and normal controls were 7 (30.4%), 73 (73.7%),
and 42 (45.7%), respectively (P < 0.001). No signifi-
cant difference was observed between the three groups
in terms of the body mass index. Fourteen (60.9%)
patients in the OI group had a history of fracture,
and 12 (52.2%) were receiving intravenous bisphospho-
nate treatment. The ophthalmic characteristics of the
three groups are summarized in Table 3. The spherical
equivalent of the OI, keratoconus group, and normal
controls were −1.75 (IQR, −3.25 to −0.13), and −6.75
(IQR, −10.75 to −4.25), and −6.75 (IQR, −8.50 to
−3.69) diopters, respectively (P < 0.001). The bIOP in
the OI group (17.55 mm Hg [IQR, 15.65–19.20]) was
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Table 1. Mutation Characteristics in Patients with OI

ID Inheritance Mutated Allele 1 Mutated Allele 2

1 AR PLOD2: c.1138C>T, p.(Arg380Cys) het PLOD2: exon1 del het
2 NA NA NA
3 NA NA NA
4 AR SERPINF1: c.72dupC, p.(Glu27GlyfsTer37) het SERPINF1: c.72dupC, p.(Glu27GlyfsTer37) het
5 AR SERPINF1: c.72dupC, p.(Glu27GlyfsTer37) het SERPINF1: c.72dupC, p.(Glu27GlyfsTer37) het
6 NA NA NA
7 NA NA NA
8 AD COL1A1 c.3046-1G>A het Wild type
9 NA NA NA

10 AD COL1A2: c.3355G>C, p.(Ala1119Pro) het Wild type
11 AD COL1A2: c.3355G>C, p.(Ala1119Pro) het Wild type
12 AD COL1A1: c.2775del, p.(Gly926ValfsTer182) het Wild type
13 AR WNT1: c.104+1G>A het WNT1: c.105G>A, p.(Trp35Ter) het
14 NA NA NA
15 AD COL1A1: c.769G>A, p.(Gly257Arg) het Wild type
16 NA NA NA
17 AD COL1A2: c.901G>A, p.(Gly301Arg) het Wild type
18 AD COL1A1 c.2236-49_2273del het Wild type
19 NA NA NA
20 AD COL1A1: exon 1-25 del het Wild type
21 AD COL1A1: c.1405C>T, p.(Arg469Ter) het Wild type
22 AD COL1A1: c.1405C>T, p.(Arg469Ter) het Wild type
23 AD COL1A1: c.2236G>T, p.(Gly746Cys) het Wild type

AR, autosomal recessive; AD, autosomal dominant; del, deletion, dup, duplication; het, heterozygous; ID, subject identity;
NA, not available.

Table 2. Demographic Characteristics of the Participants

Control OI Keratoconus P Value

Participants 92 23 99
Eyes 174 46 188
Age (y) 24.50 (18.00–30.00) 18.00 (12.00–40.00) 25.00 (22.00–29.00) 0.282
Gender* <0.001
Female 50 (54.3%) 16 (69.6%) 26 (26.3%)
Male 42 (45.7%) 7 (30.4%) 73 (73.7%)

BMI (kg/m2) 21.56 (19.61–25.00) 20.99 (17.66–26.59) 21.87 (19.57–24.26) 0.629
Fracture* 0 (0.0%) 14 (60.9%) 0 (0.0%) <0.001

BMI, body mass index.
Data are presented asmedian (interquartile range) unless stated otherwise. Kruskal-Wallis test was used. Boldface indicates

statistical significance.
*The χ2 test was used.

higher than that in the control group (15.7 mm Hg
[IQR, 14.50–17.20], P = 0.031) and keratoconus group
(14.0 mm Hg [IQR, 12.40–15.20], P < 0.001).

The corneal biomechanical parameters obtained
from the Corvis ST between the three groups are
presented in Table 4. The biomechanical parameters

of corneal overall structures among the three groups
were compared by performing the generalized estimat-
ing equations with adjustment for age, spherical equiv-
alent, bIOP and CCT. Patients with OI had signifi-
cantly higher CBI (0.51 [IQR, 0.23–0.79] vs. 0.11 [IQR,
0.05–0.19], P < 0.001), higher TBI (0.44 [IQR, 0.26–
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Table 3. Ocular Characteristics of the Participants

Control OI Keratoconus P P1 P2 P3

CVA 0.90 (0.60–1.00) 0.85 (0.60, 1.00) 0.40 (0.20, 0.60) <0.001 1.000 <0.001 <0.001
SE (D) −6.75 (−8.50 to −3.69) −1.75 (−3.25 to −0.13) −6.75 (−10.75 to −4.25) <0.001 <0.001 <0.001 0.021
Average K (D) 43.40 (42.48–44.36) 44.33 (43.63–45.11) 46.50 (44.25–50.75) <0.001 0.004 <0.001 <0.001
IOP (mm Hg) 16.50 (15.00–18.00) 16.00 (14.50–18.13) 12.50 (10.50–14.00) <0.001 1.000 <0.001 <0.001
bIOP (mm Hg) 15.70 (14.50–17.20) 17.55 (15.65–19.20) 14.00 (12.40–15.20) <0.001 0.031 <0.001 <0.001

bIOP, biomechanical corrected intraocular pressure; CVA, corrected visual acuity; D, diopter; K, keratometry; SE, spherical
equivalent; P, P values of the generalized estimating equations; P1, P values by Bonferroni post hoc tests between OI and
control; P2, P values by Bonferroni post hoc tests between OI and keratoconus; P3, P values by Bonferroni post hoc tests
between keratoconus and control.

Data are presented as median (interquartile range) unless stated otherwise. Boldface indicates statistical significance.

Table 4. Biomechanical Parameters Obtained Using Corvis ST

Control OI Keratoconus P P1 P2 P3

CBI 0.11 (0.05–0.19) 0.51 (0.23–0.79) 0.99 (0.91–1.00) <0.001 <0.001 <0.001 <0.001
CBiF 6.53 (6.39–6.76) 6.02 (5.70–6.32) 4.90 (4.20–5.50) <0.001 0.034 <0.001 <0.001
SP-A1 119.72 (108.66–130.57) 91.50 (81.47–110.61) 62.30 (47.40–79.00) <0.001 <0.001 0.020 <0.001
ARTh 582.35 (520.85–659.43) 501.14 (426.86–552.13) 244.20 (143.80–366.30) <0.001 0.468 <0.001 <0.001
DA Ratio 2 mm 4.28 (4.03–4.60) 4.62 (4.28–5.29) 6.00 (5.30–7.30) 0.042 1.000 0.147 0.050
Integr_Radius 8.62 (7.93–9.11) 9.40 (8.33–10.28) 12.35 (10.70–15.20) 0.003 1.000 0.112 0.007
TBI 0.21 (0.06–0.38) 0.44 (0.26–0.81) 1.00 (1.00–1.00) <0.001 0.040 <0.001 <0.001
SSI 0.81 (0.72–0.90) 0.79 (0.63–0.98) 0.65 (0.54–0.79) <0.001* 1.000* 0.025* <0.001*

DARatio 2mm,deformationamplitude ratio at 2mm; Integr_Radius, integrated radius;P,Pvaluesof thegeneralizedestimat-
ing equationswith adjustment for age, spherical equivalent, biomechanical corrected intraocular pressure and central corneal
thickness; P1, P values by Bonferroni post hoc tests between OI and control; P2, P values by Bonferroni post hoc tests between
OI and keratoconus; P3, P values by Bonferroni post hoc tests between keratoconus and control.

Data are presented as median (interquartile range). Boldface indicates statistical significance.
*P values of the generalized estimating equations with adjustment for age.

0.81] vs. 0.21 [IQR, 0.06–0.38], P = 0.040), lower
CBiF (6.02 [IQR, 5.70–6.32] vs. 6.53 [IQR, 6.39–6.76],
P = 0.034), and lower SP-A1 (91.50 [IQR, 81.47–
110.61] vs. 119.72 [IQR, 108.66–130.57], P < 0.001)

compared with control group. In contrast, OI group
showed lower CBI (0.51 [IQR, 0.23–0.79] vs. 0.99 [IQR,
0.91–1.00], P < 0.001), lower TBI (0.44 [IQR, 0.26–
0.81] vs. 1.00 [IQR, 1.00–1.00], P < 0.001), higher

Table 5. Corneal Tomographic Parameters Measured Using Pentacam
Control OI Keratoconus P P1 P2 P3

Corneal thickness of apex (μm) 569.00 (548.00–590.00) 500.00 (451.50–531.25) 485.50 (444.50–512.75) <0.001 <0.001 0.136 <0.001
Corneal thickness at the thinnest
point (μm)

564.50 (543.00–586.00) 497.00 (446.50–528.50) 477.00 (437.75–506.00) <0.001 <0.001 0.061 <0.001

PPI 0.98 (0.91–1.06) 1.02 (0.90–1.13) 1.99 (1.49–3.04) <0.001 0.761 <0.001 <0.001
BAD final D 0.92 (0.53–1.35) 1.67 (1.35–2.51) 7.81 (4.51–14.26) <0.001 0.027 <0.001 <0.001
Elevation of front surface at
thinnest position (μm)

3.00 (1.33–4.00) 3.00 (2.00–6.25) 18.70 (9.60–33.98) <0.001 0.165 <0.001 <0.001

Elevation of back surface at thinnest
position (μm)

6.00 (3.00–8.00) 6.00 (3.00–11.00) 43.00 (23.63–74.90) <0.001 0.741 <0.001 <0.001

ARC (mm) 7.77 (7.60–7.93) 7.59 (7.43–7.71) 6.73 (5.84–7.32) <0.001 <0.001 <0.001 <0.001
PRC (mm) 6.29 (6.12–6.42) 6.33 (6.18–6.43) 5.00 (4.10–5.64) <0.001 1.000 <0.001 <0.001

ARC, anterior radius of curvature in the3.0mmzone centeredon the thinnest locationof the cornea; finalD, overall deviation
of normality; PRC, posterior radius of curvature in the 3.0 mm zone centered on the thinnest location of the cornea; P, P values
of the generalized estimating equations; P1, P values by Bonferroni post hoc tests between OI and control; P2, P values by
Bonferroni post hoc tests between OI and keratoconus; P3, P values by Bonferroni post hoc tests between keratoconus and
control.

Data are presented as median (interquartile range) unless stated otherwise. Boldface indicates statistical significance.
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Table 6. Corneal Densitometry Measured Using Pentacam

Control OI Keratoconus P P1 P2 P3

Anterior 120 μm layer
0–2 mm 24.20 (23.00, 26.00) 23.30 (21.58, 24.40) 25.30 (22.43, 28.15) <0.001 0.022 <0.001 0.009
2–6 mm 21.80 (20.60, 23.03) 20.50 (19.00, 21.50) 21.80 (19.90, 23.78) 0.143 0.394 0.205 0.836
6–10 mm 20.00 (17.90, 24.00) 18.10 (15.90, 22.00) 17.80 (16.00, 19.78) <0.001 1.000 0.421 <0.001
10–12 mm 33.60 (25.98, 40.78) 36.95 (21.78, 48.68) 26.40 (20.15, 37.35) 0.002 1.000 0.097 0.006
Total diameter 23.70 (21.08, 25.93) 22.35 (18.88, 26.03) 22.30 (20.05, 25.15) 0.196 1.000 1.000 0.233

Center layer
0–2 mm 13.60 (13.10, 14.23) 14.90 (13.60, 16.65) 14.70 (13.90, 16.38) <0.001 0.002 0.142 <0.001
2–6 mm 12.20 (11.70, 12.83) 12.95 (12.10, 14.33) 12.50 (11.80, 13.60) 0.005 0.169 1.000 0.017
6–10 mm 11.95 (10.80, 14.30) 11.40 (10.20, 14.33) 11.40 (10.70, 12.60) 0.006 0.894 0.241 0.018
10–12 mm 21.65 (17.40, 26.20) 21.25 (13.15, 27.60) 17.45 (14.68, 22.30) 0.701 1.000 1.000 1.000
Total diameter 14.00 (12.68, 15.40) 13.80 (12.65, 16.58) 13.65 (12.60, 14.78) 0.399 0.657 0.539 1.000

Posterior 60-μm layer
0–2 mm 11.10 (10.00, 12.10) 11.85 (10.68, 12.73) 10.00 (8.20, 12.28) 0.751 1.000 1.000 1.000
2–6 mm 10.30 (9.40, 11.23) 10.70 (9.80, 11.70) 10.50 (9.10, 11.40) 0.504 1.000 1.000 1.000
6–10 mm 11.10 (9.88, 12.60) 10.60 (9.20, 12.13) 10.30 (9.20, 11.50) 0.367 0.715 1.000 0.796
10–12 mm 17.05 (14.08, 20.23) 15.95 (10.48, 20.68) 15.50 (13.30, 18.63) 0.199 1.000 1.000 0.218
Total diameter 11.80 (10.58, 13.20) 11.40 (10.05, 13.45) 11.20 (10.00, 12.50) 0.301 1.000 0.887 0.516

Total thickness
0–2 mm 16.20 (15.50, 17.40) 16.55 (15.40, 17.60) 16.85 (15.20, 18.80) 0.019 1.000 0.030 0.015
2–6 mm 14.80 (13.98, 15.70) 14.75 (13.70, 15.65) 15.00 (13.80, 16.20) 0.448 1.000 1.000 0.623
6–10 mm 14.20 (12.98, 16.73) 13.30 (12.03, 15.95) 13.10 (12.03, 14.70) <0.001 1.000 0.290 0.002
10–12 mm 24.30 (19.98, 29.00) 24.45 (14.90, 31.83) 19.95 (16.90, 25.50) 0.003 1.000 0.289 0.004
Total diameter 16.70 (14.90, 18.13) 15.70 (14.10, 18.25) 15.70 (14.23, 17.30) 0.309 1.000 0.939 0.568

P, P values of the generalized estimating equations; P1, P values by Bonferroni post hoc tests between OI and control; P2, P
values by Bonferroni post hoc tests between OI and keratoconus; P3, P values by Bonferroni post hoc tests between kerato-
conus and control.

Data are presented as median (interquartile range) unless stated otherwise. Boldface indicates statistical significance.

CBiF (6.02 [IQR, 5.70–6.32] vs. 4.90 [IQR, 4.20–5.50],
P < 0.001), and higher SP-A1 (91.50 [IQR, 81.47–
110.61] vs. 62.30 [IQR, 47.40–79.00], P = 0.020) than
keratoconus group. We further compared the corneal
material stiffness, SSI, among the three groups by
performing the generalized estimating equations with
adjustment for age. Intriguingly, the SSI was not signif-
icantly different between the OI and normal controls
(0.79 [IQR, 0.63–0.98] vs. 0.81 [IQR, 0.72–0.90], P =
1.000), whereas keratoconus showed the lowest SSI
(0.65 [IQR, 0.54–0.79]) compared with OI group (0.79
[IQR, 0.63–0.98],P= 0.025) and normal controls (0.81
[IQR, 0.72–0.90], P < 0.001).

A comparison of corneal tomographic features
using Pentacam between the three groups is summa-
rized in Table 5. Corneal thickness at the apex and
corneal thickness at the thinnest point were signifi-
cantly lower in OI corneas (corneal thickness at the
apex = 500.00 [IQR, 451.50–531.25]; corneal thick-
ness at the thinnest point = 497.00 [IQR, 446.50–
528.50]) comparedwith normal controls (corneal thick-
ness at the apex= 569.00 [IQR, 548.00–590.00] μm,P<

0.001; corneal thickness at the thinnest point = 564.50
[IQR, 543.00–586.00] μm, P < 0.001). In contrast, no

significantly different corneal thickness at the apex,
and corneal thickness at the thinnest point were noted
between OI and keratoconus group. Notably, no signif-
icant difference in PPI between the OI corneas and
normal controls was noted (1.02 [IQR, 0.90–1.13] vs.
0.98 [IQR, 0.91–1.06],P= 0.761), whereas keratoconus
showed highest PPI (1.99 [IQR, 1.49–3.04]) than OI
corneas (1.02 [IQR, 0.90–1.13], P < 0.001) and normal
controls (0.98 [IQR, 0.91–1.06],P< 0.001). OI corneas
had higher BAD final D (1.67 [IQR, 1.35–2.51])
compared with normal controls (0.92 [IQR, 0.53–1.35],
P = 0.027), whereas keratoconus showed the highest
BAD final D (7.81 [IQR, 4.51–14.26]) compared with
OI cornea (1.67 [IQR, 1.35–2.51], P < 0.027) and
normal controls (0.92 [IQR, 0.53–1.35], P < 0.001).
OI corneas showed lower anterior radius of curvature
(7.59 [IQR, 7.43–7.71]) compared to those in normal
controls (7.77 [IQR, 7.60–7.93] mm, P < 0.001). There
were no significant differences in elevation of front
surface at thinnest position, elevation of back surface
at thinnest position, and posterior radius of curvature
between the OI corneas and normal controls, whereas
keratoconus showed significantly highest elevation of
front surface at thinnest position, highest elevation of
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back surface at thinnest position, lowest anterior radius
of curvature, and lowest posterior radius of curvature
compared with OI corneas and normal controls.

Corneal densitometry values measured using Penta-
cam are presented in Table 6. In comparison to the
control group, patients with OI had significantly lower
corneal densitometry in the 0 to 2 mm annuli of the
anterior 120 μm layer (23.30 [IQR, 21.58–24.40] vs.
24.20 [IQR, 23.00–26.00], P = 0.022]), and higher
corneal densitometry in the 0 to 2 mm annuli of
the center layer (14.90 [IQR,13.60–16.65] vs. 13.60
[IQR,13.10–14.23], P = 0.002). In addition, kerato-
conus showed the highest corneal densitometry in the
0 to 2 mm annuli of the anterior 120 μm layer (25.30
[IQR, 22.43–28.15]) compared with the OI (23.30
[IQR, 21.58–24.40], P < 0.001]) and normal controls
(24.20 [IQR, 23.00–26.00], P = 0.009]); keratoconus
also showed the highest corneal densitometry in the 0 to
2 mm annuli of the total thickness (16.85 [IQR, 15.20–
18.80]) compared with the OI (16.55 [IQR, 15.40–
17.60], P = 0.030]) and normal controls (16.20 [IQR,
15.50–17.40], P = 0.015]).

Among patients with OI, there was no signifi-
cant difference in corneal biomechanical parameters
between patients with and without history of fracture
(Supplementary Table S1). Furthermore, there was no
significant difference in corneal biomechanical param-
eters between patients with and without intravenous
bisphosphonate treatment (Supplementary Table S2).
In addition, no significant correlation was noted
between corneal biomechanical parameters and bone
mineral density in patients with OI (Supplementary
Table S3).

Discussion

We found different biomechanical properties
between OI corneas, keratoconus, and normal controls.
Our study revealed that higher values of CBI, TBI,
and lower values of CBiF and SP-A1 in OI corneas
than normal controls, whereas no significantly differ-
ent values of SSI was found between OI and normal
controls. In contrast, keratoconus showed highest
values of CBI, TBI, and lowest values of CBiF, SP-
A1, and SSI compared with OI corneas and normal
controls.

Comparative analysis using generalized estimating
equations suggested that decreased corneal structural
stability in the OI corneas than normal controls as
indicated by higher CBI, lower CBiF, and higher TBI
values. We furthermore found higher corneal structural
deformability in OI corneas than normal controls as

indicated by lower SP-A1. There were limited studies
about the biomechanical properties of OI corneas. In
agreement with our findings, the decreased rigidity of
the OI sclera was noted in previous studies.5,36 The
lower stability and higher deformability of OI corneal
structures may be explained by the defective collagen
type I in OI corneas. Type I collagen constitutes about
80% of the collagen in cornea11 and contributes to
corneal tensile strength.5 Besides the overall corneal
structure, we also evaluate the viscoelasticity of OI
corneas. The cornea is a viscoelastic material that can
be conceptualized as a combination of two mechan-
ical components: a spring with elastic property and
a shock absorber with viscous property.37 Corneal
hysteresis represents viscous properties of cornea.37
Previous studies have demonstrated decreased corneal
hysteresis obtained from theOcularResponseAnalyzer
in OI corneas.17,18 Corneal material stiffness represent
elastic properties of cornea.37 We found that corneal
material stiffness, SSI, was not significantly different
between the control and OI corneas in this study. In
contrast, keratoconus showed the lowest CBiF, SP-
A1 and SSI, and highest CBI and TBI compared
with OI corneas and normal controls in our study,
which is consistent with previous studies.25,38 These
findings suggested that keratoconus showed lowest
corneal structural stability, highest corneal deforma-
bility, and lowest corneal material stiffness compared
with OI corneas and normal controls. The possible
explanation for the different corneal biomechanical
properties between OI and keratoconus could be the
different pathogenesis between OI and keratoconus.
The mutated collagen in OI mainly causes overall
corneal structural alterations, in contrast to the focal
and progressive corneal weakening in keratoconus.13
Additionally, abnormal proteoglycans and proteolytic
activity were noted in keratoconus.39,40 Taken together,
OI corneas have characteristic biomechanical proper-
ties.

The corneal shape depends heavily on corneal
biomechanical properties.41 Regarding tomographic
characteristics in OI corneas, higher BAD final D,
and lower anterior radius of curvature were noted,
which is consistent with previously reported litera-
ture.10 Intriguingly, no significantly different elevation
of the front surface at the thinnest position, eleva-
tion of the back surface at the thinnest position, or
the posterior radius of curvature in the OI cornea was
noted in our study. In contrast, keratoconus showed
higher posterior corneal elevation,42 and higher poste-
rior radius of curvature.32 Furthermore, we found
no difference in PPI between the OI and normal
controls, whereas keratoconus showed highest PPI
than OI and normal controls. Consistent with previ-
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ous studies, the corneal thickness spatial profile of
OI corneas showed relatively homogeneous thinning
in all corneal positions,11 whereas the corneal thick-
ness spatial profile of keratoconus eyes showed hetero-
geneous thinning from the central to the peripheral
cornea.43,44 These findings are logical because the
mutated collagen inOI causes generalized corneal alter-
ations, in contrast to the focal and progressive corneal
destructions in keratoconus.13 Therefore OI corneas
have characteristic biomechanical and corresponding
tomographic properties.

Corneal densitometry values provide quantitative
data on corneal transparency.34 Light scattering is
minimal in normal corneas.34 Corneal transparency is
influenced by several factors, including the organiza-
tion of collagen fibrils34 and density of keratocytes.33
In comparison to the control group, OI corneas had
significantly lower corneal densitometry values in the
0 to 2 mm annuli of the anterior 120 μm layer. This
finding may be explained by the decreased ECM in the
OI corneas. In contrast, this study and previous studies
revealed that increased corneal densitometry in the 0
to 2 mm annuli of the anterior 120 μm layer in kerato-
conus.45

Careful evaluation of glaucoma risk in patients with
OI is essential, because a higher risk of primary open-
angle glaucoma in OI patients has been previously
reported.5,17,46 The IOP is underestimated in thinner47
and more deformable corneas.48 Hence, thinner and
more deformable OI corneas may lead to underes-
timation of IOP. In our study, we noted that bIOP
was higher than IOP in OI eyes. Corneal biome-
chanical properties may reflect whole-eye biomechan-
ical properties.21,49 Because the cornea and sclera
have similar ECM constituents, the cornea, peripap-
illary sclera, and lamina cribrosa may have similar
biomechanical properties.15,50,51 Accordingly, a more
deformable structure in the OI cornea may indicate
more deformable peripapillary sclera and lamina
cribrosa,52 which are the main load-bearing structures
of the optic disc.21,53,54 More deformable peripapil-
lary sclera and lamina cribrosa may affect the risk of
glaucomatous optic neuropathy.21 A genotyping study
further suggested that COL1A1mutations in OI might
cause primary open-angle glaucoma.55

Fractures are the most important clinical symptoms
of OI5 and impair the quality of life of patients
with OI.56 We observed that no significant different
corneal biomechanical parameters between OI patients
with and without fracture history. Intravenous bispho-
sphonates are prescribed to increase bone mineral
density and decrease fracture risk in patients with
OI.57,58 However, it is unclear whether intravenous
bisphosphonate therapy improves the corneal condi-

tions in patients with OI in our study. We found no
significant difference in corneal biomechanical param-
eters between patients with and without intravenous
bisphosphonate treatment. Furthermore, no correla-
tion was noted between bone mineral density and
corneal biomechanical parameters in our study. Consis-
tently, no correlation was noted between bone mineral
density and corneal tomographic parameters in a previ-
ous study.10 The possible explanation is that bone
fragility is determined by multiple factors such as
organic collagen type I and nonorganic hydroxyap-
atite.59 The decreased corneal biomechanical parame-
ters mainly reflects the defect of organic collagen type
I in OI. Additionally, the secondary bone fragility from
osteoporosis does not occur in cornea. Thus the corneal
biomechanical parameters might not serve as a surro-
gate for fracture risk assessment.

This study had several limitations. First, the sample
size was limited because of the rarity of OI. It is
still unclear whether the OI corneas are more likely
to develop the keratoconus. Second, our participants
were Asian. Future studies are warranted to investi-
gate the implications of our results in other ethnicities.
Finally, deriving causal relationships was challenging
because of the cross-sectional study design. Longitudi-
nal cohort studies are warranted to elucidate the under-
lying pathophysiological mechanisms of OI.

In summary, our study revealed that lower struc-
tural stability and higher deformability in OI corneas
than normal controls, while no significantly different
corneal material stiffness was found between OI and
normal controls. In contrast, keratoconus showed not
only lower structural stability and higher deformabil-
ity but also lower material stiffness compared with OI
cornea and normal controls. The biomechanical alter-
ations are different between OI corneas and kerato-
conus. Future longitudinal studies with more samples
are warranted to explore whether the OI corneas more
likely develop the keratoconus. This study provides a
novel conceptual framework for understanding the OI
corneas.
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