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Purpose: To characterize the corneal biomechanical properties of primary angle closure
glaucoma (PACG) and to investigate the diagnostic performance of combining corneal
biomechanical parameters and anterior segment parameters in detecting PACG.

Methods: This retrospective cross-sectional study evaluated 79 and 81 eyes of normal
controls and patients with PACG, respectively. Corvis Biomechanical Factor (CBiF) and
anterior chamber volume (ACV) were measured using the Corvis ST and Pentacam,
respectively. We performed multivariable logistic regression, adjusted for age, sex,
central corneal thickness, intraocular pressure, and ACV to evaluate the effect of CBiF
on PACG. The area under the receiver operating curve (AUC) was calculated to compare
thediagnostic performanceof ACV, CBiF, andACV-CBiF combination for detecting PACG.

Results: The median CBiF of the control and PACG groups was 6.61 (interquartile range
[IQR], 6.39–6.88) and 6.20 (IQR, 5.93–6.48), respectively (P< 0.001). A lower CBiF, sugges-
tive of decreased corneal biomechanical stability, increased the odds of PACG (odds
ratio, 0.029; 95% confidence interval [CI], 0.003–0.266; P = 0.002) in the multivariable
logistic regression model. The ACV–CBiF combination yielded the highest AUC (0.934;
95% CI, 0.882–0.968) compared with ACV alone (0.878; 95% CI, 0.823–0.928). The ACV-
CBiF combination had significantly higher discriminatory ability than that of ACV alone
(DeLong test, P = 0.004).

Conclusions: LowerCBiF andACVmayact as independentpredictors for PACG. Combin-
ing ACV and CBiF may enhance detection of PACG.

Translational Relevance: The combination of corneal biomechanical parameters and
anterior segment parameters enhances the detection of PACG.

Introduction

Primary angle closure glaucoma (PACG) affects
approximately 20 million people aged 40 to 80 years
worldwide, and this number is predicted to rise to 32
million by 2040.1 PACG poses a higher risk of blind-
ness than primary open-angle glaucoma,1–3 although

irreversible visual impairment may be preventable with
timely intervention to halt the angle closure process.4
PACG often develops insidiously with few symptoms,5
thus remaining underdiagnosed,6 especially in rural
areas.7 Hence, it may be beneficial to develop a
new classifier for detecting PACG, thereby facilitat-
ing prompt patient referral to glaucoma clinics and
preventing the irreversible progression of PACG.
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The established anterior segment configuration
in PACG includes shallow anterior chamber, thick
lens, and anteriorly positioned lens.2,8,9 Anterior
segment imaging modalities such as ultrasound biomi-
croscopy,10 anterior segment optical coherence tomog-
raphy (OCT),11,12 swept-source OCT,13 and Penta-
cam14 provide quantitative imaging-based parameters
that can be used to determine the anterior segment
configuration.4 These parameters have been shown
to be effective in detecting PACG.12,15,16 However,
several factors are involved in the complicated process
of angle closure4; thus patients having similar values
of imaging-based anterior segment parameters may
exhibit different clinical manifestations,4,17 suggesting
limitationswhen using imaging-based anterior segment
parameters alone to detect PACG.4,18–21

In glaucoma studies, corneal biomechanics has
attracted increasing attention because it is consid-
ered to be a crucial risk factor for the development
and progression of primary open-angle glaucoma.22,23
Few studies have also investigated corneal biomechan-
ical properties in PACG.24,25 The Ocular Response
Analyzer (ORA; Reichert Ophthalmic Instruments,
Buffalo, NY, USA) is a noncontact tonometer that
uses an air puff to indent the central cornea.26,27 The
ORA uses an infrared beam reflected by the cornea
to monitor corneal deformation.27 Corneal hysteresis,
a corneal biomechanical property, is measured by the
ORA.26 Previous studies have reported lower corneal
hysteresis in PACG cases than in normal controls.24,25
However, it is unclear whether the combination of
corneal biomechanical properties and imaging-based
anterior segment parameters would enhance the detec-
tion of PACG.

We measured corneal biomechanical properties and
anterior segment parameters by using the Corvis ST
(Oculus, Wetzlar, Germany) and Pentacam (Oculus),
respectively. In this cross-sectional study, we aimed
to characterize the corneal biomechanical properties
of PACG and ascertain the diagnostic performance
of combining corneal biomechanical properties and
imaging-based anterior segment parameters in detect-
ing PACG.

Methods

This cross-sectional retrospective study was
approved by the Institutional Review Board of
National Taiwan University Hospital and followed
the tenets of the Declaration of Helsinki. Patients
were recruited from National Taiwan University
Hospital between October 2017 and February 2021.

The right eye of each patient was used for the study.We
reviewed medical images and records retrospectively.
PACG was defined as the presence of glaucoma-
tous optic neuropathy coupled with a corresponding
visual field defect and angle closure.28 Angle closure
was defined as >2 quadrants of invisible posterior
trabecular meshwork on nonindentation gonioscopy.26
Glaucomatous optic neuropathy was defined as the
presence of a retinal nerve fiber layer defect, vertical
cup-to-disc ratio >0.7, cup-to-disc ratio asymmetry
>0.2, or neuroretinal rim width <0.1.28 Glaucoma-
tous visual field defect was defined according to the
Hodapp-Parrish-Anderson criteria.29 Patients meeting
any of the following criteria were excluded: a history
of corneal, refractive, cataract, or glaucoma surgery;
corneal ulcer; Fuchs’ dystrophy; keratoconus; granular
dystrophy; corneal edema; Terrien’s marginal degener-
ation; uveitis; secondary angle closure glaucoma; and
nonglaucomatous optic neuropathy.

Patients underwent extensive ophthalmic exami-
nation, including visual acuity testing, slit-lamp
examination, intraocular pressure (IOP) measure-
ment, central corneal thickness (CCT) evaluation,
gonioscopy, stereoscopic evaluation of the optic disc,
spectral-domain OCT (Cirrus SD-OCT device; Carl
Zeiss Meditec, Dublin, CA, USA), visual field exami-
nation (Humphrey Visual Field Analyzer II [Carl
Zeiss Meditec], using the standard Swedish interactive
threshold algorithm with a 24-2 test), anterior segment
imaging using Pentacam, and in vivo biomechanical
evaluation using Corvis ST. Pentacam uses a rotating
Scheimpflug camera to construct three-dimensional
images of the anterior segment and to calculate
anatomical parameters, including anterior chamber
volume (ACV). ACV has high power in detecting
narrow angles14,30,31 and is significantly correlated
with Shaffer angle grading on gonioscopy.14 In this
study, Pentacam software version 1.25r15 was used.

Corvis ST enables in vivo assessment of the dynamic
corneal deformation response and corneal biomechani-
cal properties. Corvis ST software version 1.6r2503 was
used in this study. The dynamic corneal deformation
response incited by a uniaxial air pulse in Corvis ST
involves the compression of the extracellular matrix
(ECM) and the sliding of corneal collagen lamel-
lae.32 Corvis ST captures high-speed corneal deforma-
tion images by using Scheimpflug technology.22 The
air pulse emitted from the device forces the normally
convex cornea inward into a state of concavity. As
the cornea moves inward through the first applana-
tion, it reaches its highest concavity. This oscillation
phase is followed by the returning phase in which
the cornea moves outward through a second appla-
nation before returning to its natural convex shape.
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The Corvis ST outputs several intercorrelated param-
eters that can generate analytical problems such as
multiple comparisons and multicollinearity.22,33 We
selected Corvis Biomechanical Index (CBI) and Corvis
Biomechanical Factor (CBiF) as indicators of corneal
biomechanical stability. CBI was calculated using
a logistic regression algorithm combining different
dynamic corneal response parameters obtained from
Corvis ST to measure corneal biomechanical stabil-
ity34 and optimize the discrimination of keratoconus34
and subclinical keratoconus35 from normal corneas.
However, CBI is based on a nonlinear model.34 The
recent introduction of CBiF has facilitated the linear
and standardized assessment of corneal biomechan-
ics.36 CBiF reflects the overall biomechanical stability
of the cornea in a linear manner.36 Lower CBiF and
higher CBI indicate decreased corneal biomechanical
stability.34,36 E-stage was defined by classifying CBiF
into five stages (E0–E4) to rank the severity of corneal
destablilization.37 CBiF values ≥5.94 were designated
as stage E0. An interval spacing of 0.58 was defined
for CBiF gates of each E-stage.37 Lower CBiF values
indicated higher E-stages.37 Biomechanically corrected
IOPwas calculated from finite element simulations that
were least affected by corneal properties.38 CCT was
measured using Corvis ST Scheimpflug imaging, which
has excellent repeatability and accuracy compared with
ultrasound pachymetry.39

Statistical Analysis

Statistical analyses were performed using IBM
SPSS version 22.0 (IBM Corp., New York, NY,
USA). Normality of variables was assessed using the

Kolmogorov-Smirnov test. Nonparametric tests were
performed for variables that did not pass the normality
test. Continuous variables are presented as median and
interquartile range (IQR), and categorical variables
are expressed as number and percentage. Differences
between the control group and the PACG group were
analyzed using the Mann-Whitney U test and χ2

test for continuous and categorical variables, respec-
tively. To identify the predictor variables for PACG,
we performed univariable logistic regression analyses.
Next, we used multivariable logistic regression analy-
ses adjusted for age, sex, CCT, and IOP to evaluate
the effect of the corneal biomechanical parameter (i.e.,
CBiF) and anatomical anterior segment parameter
(i.e., ACV) on PACG. The Wald test was used to deter-
mine the significance of the predictor variables. Next,
we used MedCalc version 12.0 (MedCalc Software,
Ostend, Belgium) for receiver operating characteristic
(ROC) analysis. The ROC curve and the area under the
ROC curve (AUC) were used to determine the ability
of ACV, CBiF, and the ACV–CBiF combination to
detect PACG.Optimal cutoffswere chosen tomaximize
sensitivity and specificity. The DeLong test was used to
compare significant differences between the AUCs. All
P values were two-sided and were considered statisti-
cally significant at <0.05.

Results

In total, 160 eyes of 160 patients were studied—
79 from the control group and 81 from the PACG
group. The demographic and ophthalmic character-
istics of the two groups are summarized in Table 1.

Table 1. Demographic and Ocular Characteristics of Participants

Control (n = 79) PACG (n = 81) P Value

Age (years) 64.0 (56.0, 70.0) 70.0 (67.5, 76.0) <0.001
Sex* 0.001
Male, no. (%) 39 (49.4%) 18 (22.2%)
Female, no. (%) 40 (50.6%) 63 (77.8%)

Average RNFL (μm) 94.00 (89.00, 99.00) 92.00 (80.50, 99.00) 0.061
MD (dB) −1.16 (−2.13, −0.14) −3.00 (−6.06, −1.17) <0.001
PSD (dB) 1.69 (1.39, 2.11) 2.05 (1.59, 3.84) <0.001
CCT (μm) 559.00 (540.00, 590.00) 541.00 (518.50, 559.00) <0.001
IOP (mm Hg) 16.50 (14.50, 19.00) 15.50 (13.50, 17.50) 0.006
bIOP (mmHg) 14.60 (12.90, 16.70) 14.00 (12.05, 15.35) 0.061
ACV (mm3) 123.00 (101.50, 151.25) 77.00 (55.75, 90.25) <0.001

bIOP, biomechanically corrected intraocular pressure; MD, mean deviation; PSD, pattern standard deviation; RNFL, retinal
nerve fiber layer thickness.

Data are presented as median (interquartile range) unless stated otherwise. Mann-Whitney U test was used.
*χ2 test was used.
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Table 2. Corneal Biomechanical Parameters Obtained
Using Corvis ST

Control (n = 79) PACG (n = 81) P Value

CBI 0.08 (0.03, 0.18) 0.33 (0.14, 0.60) <0.001
CBiF 6.61 (6.39, 6.88) 6.20 (5.93, 6.48) <0.001
E-stage 0.00 (0.00, 0.20) 0.50 (0.00, 1.00) <0.001

Data are presented as median (interquartile range). Mann-
Whitney U test was used.

The median age of the control and PACG groups was
64.0 (IQR, 56.0–70.0) and 70.0 (IQR, 67.5–76.0) years,
respectively (P < 0.001). The number of male patients
in the control and PACG groups was 39 (49.4%)
and 18 (22.2%), respectively (P = 0.001). Signifi-
cant differences in the visual field indexes—including
mean deviation and pattern standard deviation—were
observed between the two groups (P < 0.001). The
median CCT of the control and PACG groups was
559.00 (IQR, 540.00–590.00) and 541.00 (IQR, 518.50–
559.00) μm, respectively (P < 0.001). The median
IOP of the control and PACG groups was 16.50
(IQR, 14.50–19.00) and 15.50 (IQR, 13.50–17.50) mm
Hg, respectively (P = 0.006). No significant differ-
ence was observed in biomechanically corrected IOP
between the groups. The median ACV of the control
and PACG groups was 123.00 (IQR, 101.50–151.25)
and 77.00 (IQR, 55.75–90.25) mm3, respectively
(P < 0.001).

The corneal biomechanical parameters obtained
using Corvis ST are summarized in Table 2. Signif-
icantly higher CBI and lower CBiF values were
observed in the PACG group. The median CBI of the
control and PACG groups was 0.08 (IQR, 0.03–0.18)
and 0.33 (IQR, 0.14–0.60), respectively (P < 0.001).
The median CBiF of the control and PACG groups
was 6.61 (IQR, 6.39–6.88) and 6.20 (IQR, 5.93–6.48),
respectively (P < 0.001). Furthermore, the median E-
stage of the control and PACG groups was 0.00 (IQR,
0.00–0.20) and 0.50 (IQR, 0.00–1.00), respectively (P<

0.001).
Table 3 presents the results of univariable andmulti-

variable logistic regression analyses of the effect of
ACV and CBiF on PACG. ACV and CBiF were identi-
fied as significant predictor variables for PACG in
univariable logistic regression analyses. In the multi-
variable analysis, a lower ACV increased the odds of
PACG (odds ratio, 0.950; 95% confidence interval [CI],
0.929–0.971; P < 0.001), and a lower CBiF increased
the odds of PACG (odds ratio, 0.029; 95% CI, 0.003–
0.266; P = 0.002).

Table 4 summarizes the results of ROC analyses.
The multiparameter classifier comprising CBiF and
ACV yielded the highest AUC (0.934; 95% CI, 0.882–
0.968) compared with using ACV alone (0.878; 95%
CI, 0.823–0.928; Fig.) and CBiF alone (0.799; 95% CI,
0.726–0.860; Fig.). This multiparameter classifier had a
significantly higher discriminatory ability than that of
ACV alone (DeLong test, P = 0.004) and CBiF alone
(DeLong test, P < 0.001).

Table 3. Logistic Regression Analyses for Predicting Primary Angle Closure Glaucoma

Univariable Multivariable

Measurement Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value

Age (years) 1.120 (1.070–1.173) <0.001 1.067 (0.982–1.159) 0.126
Sex (Male) 0.293 (0.148–0.581) <0.001 0.350 (0.100–1.223) 0.100
CCT (μm) 0.980 (0.970–0.990) <0.001 0.996 (0.974–1.018) 0.700
IOP (mm Hg) 0.898 (0.814–0.991) 0.032 0.959 (0.796–1.154) 0.656
ACV (mm3) 0.947 (0.931–0.964) <0.001 0.950 (0.929–0.971) <0.001
CBiF 0.021 (0.006–0.079) <0.001 0.029 (0.003–0.266) 0.002

Table 4. Receiver Operating Characteristic Analyses

Variables AUC (95% CI) P Value Optimal Cutoff Sensitivity Specificity

ACV (mm3) 0.878 (0.823–0.928) <0.001 >96 86.84% 80.26%
CBiF 0.799 (0.726–0.860) <0.001 >6.224 51.32% 97.37%
ACV + CBiF 0.934 (0.882–0.968) <0.001 92.11% 80.26%

The formula used for the multiparameter classifier comprising CBiF and ACV was Ln(p/1 − p) = 32.117 − 0.057*ACV −
4.119*CBiF.
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Figure. Receiver operating characteristic curve demonstrated the
performanceofACV, CBiF, andACV+CBiF indiscriminatingbetween
patients with primary angle closure glaucoma and controls. ACV +
CBiF exhibited the highest area under the receiver operating charac-
teristic curve (0.934; 95% CI, 0.882–0.968) compared with ACV alone
(0.878; 95% CI, 0.823–0.928) or CBiF alone (0.799; 95% CI, 0.726–
0.860). ACV + CBiF had significantly higher discriminatory ability
than that of ACV alone (DeLong test, P = 0.004) and the CBiF alone
(DeLong test, P < 0.001).

Discussion

To discern the specific characteristics of PACG, we
compared corneal biomechanical properties between
patients with PACG and normal controls by using data
from Corvis ST. We observed a significantly higher
CBI in the PACG group than in the control group.
Similarly, Cui et al.40 reported higher CBI in eyes with
primary angle closure. Because CBI reflects corneal
biomechanical stability in a nonlinear manner,34 we
further measured CBiF to evaluate corneal biomechan-
ical stability in a linear manner.36 We observed signif-
icantly lower CBiF, suggestive of decreased corneal
biomechanical stability, in the PACG group than in the
control group. To explore the role of corneal biome-
chanical properties in PACG, we performed multivari-
able logistic regression analyses that included CBiF,
ACV, age, sex, CCT, and IOP as predictor variables
for PACG. A lower CBiF increased the odds of PACG,
and a lower ACV increased the odds of PACG. These
results highlighted that CBiF and ACV may act as
independent predictors of PACG.

We performed ROC analyses to investigate whether
combining CBiF and ACV improved the detection
of PACG. For ACV alone, we obtained an AUC
value of 0.878 (95% CI, 0.823–0.928). A previous

study similarly reported that ACV alone yielded an
AUC value of 0.89 in identifying angle closure.31 The
formula used for themultiparameter classifier compris-
ing CBiF and ACV was Ln(p/1 − p) = 32.117 −
0.057*ACV− 4.119*CBiF.We observed that themulti-
parameter classifier yielded the highest AUC (0.934;
95% CI, 0.882–0.968). This multiparameter classifier
also had a significantly higher discriminatory ability
than ACV alone (P = 0.004 using DeLong test).
This finding suggests that incorporating biomechanical
properties such as CBiF in clinical settings is beneficial
for detecting PACG.

Corneal biomechanics reflects the biomechanical
properties of the ECM.41–43 Studies have demonstrated
that single nucleotide polymorphisms in matrix metal-
loproteinase 9, which drives ECM remodeling, could
be associated with PACG pathogenesis.44 Further-
more, two genome-wide association studies have identi-
fied ECM-related susceptibility loci for PACG, includ-
ing EPDR1 and COL11A1.45,46 EPDR1 encodes
ependymin-related protein 1, which is an antiadhesive
molecule and is active within the collagen fibrils of
the ECM.47 COL11A1 encodes alpha chains of type
XI collagen, an essential component of the ECM.47
In addition, the expression of collagen I and secreted
protein acidic and rich in cysteine is high in patients
with PACG.17 Secreted protein acidic and rich in
cysteine mediates collagen deposition and changes
the biomechanical properties of the ECM.17 Taken
together, these findings indicate that an abnormal ECM
in eyes with PACGmay cause decreased corneal biome-
chanical stability.

Corneal biomechanical properties may reflect
whole-eye biomechanical properties.22,23,48 Similarities
between the ECM constituents of the cornea, anterior
segment, peripapillary sclera, and lamina cribrosa may
imply similar biomechanical properties of these ocular
structures.41,42 Studies have demonstrated that the
dynamic corneal response parameters obtained using
Corvis ST are closely correlated with scleral biome-
chanical properties23,48 and the posterior pole profile.23
Accordingly, decreased corneal biomechanical stability
in PACG may also indicate decreased biomechanical
stability of the anterior segment, peripapillary sclera,
and lamina cribrosa.

In PACG, anterior segment structures with
decreased biomechanical stability may deform easily,
altering the dynamic interaction between the iris and
peripheral cornea. With a crowded anterior segment
and occludable iridocorneal angle, the decreased
biomechanical stability of the anterior segment may
precipitate more extensive and frequent iridotrabecu-
lar contact, which would impede access of the aqueous
to the trabecular meshwork, causing increased IOP
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and progression to glaucomatous optic neuropathy.
This mechanism may explain the role of lower CBiF
in PACG.

The lamina cribrosa and peripapillary sclera in the
posterior pole are the main load-bearing structures
of the optic disc.49 Decreased biomechanical stabil-
ity of the peripapillary sclera and lamina cribrosa
may lead to the mechanical environment character-
istic of the optic disc,50,51 as well as the extent of
peripapillary atrophy in PACG.52 Consistently, Nouri-
Mahdavi et al.53 revealed characteristic patterns of
glaucomatous disc damage and visual field defects in
PACG.

Corneal hysteresis obtained from the ORA reflects
the capacity of the cornea to dissipate energy.26 Previ-
ous studies have reported lower corneal hysteresis
in patients with PACG than in normal controls.24,25
Hussnain et al.54 also reported that corneal hysteresis
was not correlated with anatomical anterior segment
parameters obtained from anterior segment OCT. Our
findings extend those of previous studies and provide
a comprehensive understanding of the role of corneal
biomechanical properties in PACG.

This study has several limitations. First, patients
were enrolled from a tertiary-care academic hospi-
tal. This may limit the generalization of our results
to PACG in the broader population. Second, our
study population was exclusively Asian. Future studies
involving other ethnicities are therefore required.
Third, antiglaucomamedication history was not evalu-
ated in our study because of the inconsistent effects
of antiglaucoma medication on corneal biomechan-
ics.55–57 In addition, different prostaglandin analogues
may exert different levels of effects on corneal biome-
chanics.58 Last, deriving causal relationships was diffi-
cult because of our cross-sectional study design.
Future longitudinal cohort studies are warranted
to elucidate causality and determine the correla-
tion between biomechanical parameters and disease
progression.

In summary, we demonstrated the lower CBiF and
lower ACV may serve as independent predictors of
PACG. The combination of CBiF and ACV may also
enhance the detection of PACG. Our findings provide
a unique conceptual framework for understanding
PACG.
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