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Abstract

Background: Central corneal thickness (CCT) and its association with intraocular pressure, which is a pivotal
parameter in glaucoma management, has previously been reported. In this study, we intended to investigate the
long-term change of CCT in terms of rate in eyes with primary angle-closure (PAC). Additionally, we aimed to
analyze events that could affect CCT.

Methods: In this retrospective study, 26 patients with PAC who had a follow-up period of more than 5 years were
analyzed. The rate of CCT changes from baseline was evaluated from the serial CCT measurements over the
average follow-up period. The pattern of CCT change rate according to modes of treatment and history of angle-
closure attack was analyzed using the repeated linear mixed model analysis.

Results: A total of 52 eyes were enrolled. The CCT reduction rate of the entire study population was − 0.72 ±
0.22 μm/yr (P = 0.001) with statistical significance. The CCT thinning rate of the laser peripheral iridotomy (PI) group
was − 0.53 ± 0.25 μm/yr (P = 0.034) and that of the surgical trabeculectomy group was − 1.32 ± 0.43 μm/yr (P =
0.002), and it was not statistically significant (P = 0.112). The rate of CCT thinning in patients with a history of acute
angle-closure attack was − 0.81 ± 0.31 μm/yr (P = 0.009) and that in patients without an attack was − 0.63 ± 0.30 μm/
yr (P = 0.001), and it was not statistically significant (P = 0.680). Baseline CCT appeared to be the only significant
factor affecting the rate of CCT changes (P < 0.001).

Conclusions: We found a significant reduction in CCT over a long observation period in PAC eyes. We also found
that the rates of CCT reduction were not affected by different treatment modalities or acute angle-closure attacks.
The analysis of long-term CCT changes in conjunction with baseline CCT would also be helpful in the clinical
evaluation of the PAC patients.

Keywords: Glaucoma, Central corneal thickness, Corneal biomechanics, Primary angle-closure, Glaucoma
management
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Précis
Significant reduction in central corneal thickness (CCT)
was observed over a long time period in primary angle
closure eyes. The rates of CCT reduction were not af-
fected by treatment modalities or angle closure attack
but affected by baseline CCT.

Background
As far as is known, intraocular pressure (IOP) is the only
modifiable risk factor for glaucoma, which is a multivari-
ate figure and a small error of any variable can result in
under- or over-estimation, which may significantly affect
treatment and prognosis [1, 2].
Primary angle-closure (PAC) is a more common form

of glaucoma in Asians compared to other ethnicities. It
is part of a broader disease spectrum that includes pri-
mary angle-closure suspect, PACS, primary angle-
closure glaucoma, PACG, and PAC. PAC is known as a
condition with physical narrowing of the anterior cham-
ber owing to synechiae or appositional forces, which
leads to progressive damage of the optic nerve. Of note,
eyes with only physical narrowing of the anterior cham-
ber and angles are known as PACS. PACS in the pres-
ence of raised IOP or peripheral anterior synechiae is
termed PAC. It is known as PACG when the optic nerve
or visual field is damaged. In the case of acute angle-
closure, a rapid increase of IOP causes swelling and
endothelial damage of the cornea, resulting in various
biomechanical changes.
The importance of CCT in glaucoma is well estab-

lished. It is widely accepted that true IOP with the thin-
ner cornea is higher than its measurement, and vice
versa. Famously, the ocular hypertension treatment
study, European glaucoma prevention study, and
Barbados eye study showed that CCT could be a risk
factor for the development and progression of glaucoma
disease [3–6]. Furthermore, multiple reports, including
Early Manifest Glaucoma Trial and Collaborative
Normal-Tension Glaucoma Study Group, have analyzed
that IOP alone cannot slow the progression of glau-
comatous damage [7–9]. Thereby, the concept of moni-
toring of IOP along with other ocular parameters has
emerged.
Corneal biomechanical properties were one of the im-

portant ones to be discussed. This is mainly because it
has a major effect on the accurate measurement of IOP.
In the past, glaucoma studies regarding corneal charac-
teristics, mainly CCT, were conducted mostly in open-
angle, normal-tension glaucoma, or a heterogeneous co-
hort. Although there are many reports about CCT that
focus on PAC, recent attention has been centered on
corneal hysteresis (CH). It has been reported that CH is
related to CCT and some up-to-date literature reports
its association with IOP, glaucomatous changes, long-

term glaucoma medications, and so on. In other words,
corneal biomechanics, including CH, can be an alterna-
tive for the evaluation of overall ocular biomechanics.
This presents as a possible indicator of glaucomatous
damage [10–21]. However, in most clinics, the instru-
ment that measures CH is not readily available and yet
to be clinically used for glaucoma evaluation.
CCT is important in the clinical evaluation of glau-

coma. We believe that a proper understanding of CCT
changes in PAC eyes with time is crucial since PAC itself
and even its treatments can induce long-term changes in
the cornea. Previously, many researchers have studied
the association between CCT and glaucoma [3–9]. How-
ever, most of the studies were conducted in non-Korean
populations and were short-term and cross-sectional
studies. Although some longitudinal studies were also
carried out, many were short-term studies with no sig-
nificant results or that had sparsely collected data. More-
over, most reports were heterogeneous cohorts and
included various types of glaucoma [22].
This study aimed to investigate the long-term rate of

CCT change in eyes with PAC. Longitudinal, long-term
observation of CCT and the concept of analyzing it by
rate is not unprecedented. Nonetheless, the fact that our
data are unique to the PAC eyes of the Korean popula-
tion and analyzes data that was consistently cumulated
every year makes a difference that only this study can
present.

Methods
The Institutional Review Board of Hanyang University
Hospital approved this study (IRB No. 2020–04–057-
001). The study design followed the tenets of the Declar-
ation of Helsinki for biomedical research [23].

Subjects
A total of 27 patients within the PAC disease spectrum
who were followed-up for more than five years at the
Department of Ophthalmology of Hanyang University
Hospital from January 2002 to December 2010 were en-
rolled in this study and their medical charts were retro-
spectively reviewed. Patients with PAC disease spectrum,
either unilateral or bilateral, were included in the study.
PAC diagnosis was based on gonioscopic findings, where
posterior trabecular meshwork was not visible on non-
indentation gonioscopy for at least 2 quadrants at the
primary position. Clinical definitions of PAC and its dis-
ease spectrums are further described in the oncoming
section. Referral status, history of angle-closure attack,
certain glaucoma medications were not part of either in-
clusion or exclusion criteria. Exclusion criteria included
secondary angle-closure due to many possible causes,
such as neovascular, uveitic glaucoma or trauma, corneal
disorders that prevent accurate measurements, trauma,
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and other ocular disorders after intraocular surgery. Pa-
tients with less than a 5-year follow-up period and those
with a previous history of ocular surgeries other than
glaucoma-related surgeries were also excluded from the
study. Patients with a history of cataract surgery were
not excluded.
All subjects underwent a complete ophthalmologic

examination, including visual acuity testing, manifest re-
fraction assessment, slit-lamp examination, IOP mea-
surements using Goldmann applanation tonometry,
gonioscopy, dilated fundus examination, axial length
measurement (IOLMaster; Carl Zeiss Meditec, Dublin,
Ca, USA, Aviso; Quantel medical, Quebec, Canada),
stereo-disc photography and red-free RNFL photography
(TRC-50X; Topcon Corporation, Tokyo, Japan, F-10;
Nidek, Gamagori, Japan), and Swedish interactive
thresholding algorithm (SITA) 30–2 perimetry (Hum-
phrey Field Analyzer II; Carl Zeiss Meditec, Jena,
Germany). Visual acuity was measured with a standard-
ized Korean eye chart (standard chart distance at 3 m),
and measurements were recorded in a decimal system.
Manifest refraction was measured with an auto refract-
ometer and was never manually measured. Gonioscopy
and dilated fundus exam was performed by a single glau-
coma specialist (KBU). Volk 4 mirror gonio lens and
Volk superfield lens were used for gonioscopy and di-
lated fundus examinations. The CCT measurements
were taken using an ultrasound pachymeter (Tomey SP-
3000; Tomey Corporation, Nagoya, Japan) by the same
technician, recording a mean of ten consecutive read-
ings. The above-explained ophthalmologic examinations
were performed every year for all study patients.

PAC and its disease spectrum
The latest classification scheme by the International So-
ciety of Geographical and Epidemiological Ophthalmol-
ogy (ISGEO) describes features of the PAC spectrum
(PACS, PAC, PACG). Accordingly, PACS was defined as
present in an eye with an “occludable angle” with normal
IOP, less than 21mmHg. The occludable angle was de-
fined as when the posterior trabecular meshwork was
not visible on the non-indentation gonioscopy for at
least two quadrants at the primary position. PAC was
defined as PACS eye with increased IOP, trabecular ob-
struction, such as peripheral anterior synechiae (PAS),
increased IOP, iris whirling, and glaucomflecken. Both
PAC and PACS should not have had glaucomatous optic
damage. PACG was defined as the presence of glau-
comatous optic neuropathy with compatible visual field
loss in an association with occludable angle [24].
In this study, a single glaucoma specialist (KBU) made

clinical diagnoses using a non-indentation gonioscopy.
All surgical and laser treatment decisions were made
and undertaken by a glaucoma specialist (KBU). The

laser peripheral iridotomy (PI) was done for patients
with acute angle-closure by the trained doctor men-
tioned above. Furthermore, prophylactic PI was per-
formed for patients without an attack, who were
considered to have PAC in a broad sense. Trabeculect-
omy was performed in cases with severe corneal edema
or failed PI, such as persistently high IOP or progression
of glaucomatous damage after PI. After PI and/or trabe-
culectomy IOP of all included patients was controlled
within the normal range. Baseline studies were per-
formed after the corneal status was normalized, follow-
ing laser peripheral iridotomy and/or trabeculectomy.
PI was performed in a standard manner. After admin-

istration of 2% pilocarpine eye drops, PI was done using
argon and Nd:YAG lasers, sequentially. The argon laser
was used to irradiate the iris, using an Abraham lens.
First, 3–6 pulses at a power of 200 mW and a spot diam-
eter of 200 μm with a duration of 0.2 s for iris extension,
was performed. Then, 10–40 pulses at 800-mW power,
the spot diameter of 50 μm, and a duration of 0.05 to
create perforation in the iris were done. Irradiations
were applied to the superior iris in order to avoid cor-
neal complications. Finally, pulses of 3.5 to 5.0 mJ of the
Nd:YAG laser were used for complete perforation of the
wound. Preoperatively, the administration of anti-
glaucoma medications and steroid medications were
used for one week. When IOP was not adequately con-
trolled, even after surgical or laser procedures, additional
anti-glaucoma medications were prescribed by the single
glaucoma specialist (KBU).

Calculation of central corneal thickness changing rates &
statistical analyses
All statistical tests were performed using SAS version
9.4 (SAS Institute Inc., Cary, NC, USA). Patient charac-
teristics with continuous variables were expressed as the
mean ± SD, and nominal variables were expressed as fre-
quencies and percentages. The normality of the distribu-
tion of the CCT scores was verified using the Shapiro-
Wilk test. The rate of CCT changes from baseline was
determined from the serial measurements using repeated
linear mixed model analysis (expressed in μm per year),
with a restricted maximum likelihood estimation. Fixed
effects were treatment group (trabeculectomy vs. PI and
angle-closure attack vs. no attack), time of measurement,
and the treatment group by time interaction. The rates
of change were compared among groups through testing
of the interaction term in the linear mixed models. In
this model, the treatment by time interaction was not
statistically significant. It indicates that there were no
differential changes in CCT over time, depending on
treatment groups. The covariance pattern between the
repeated measurements was assumed to be compound
symmetry. We considered different forms of the terms
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of the random effects ranging from the simplest model
with no random effects to the largest model with ran-
dom intercepts and random slopes. We computed the
Akaike information criterion (AIC) for a set of candidate
models with different forms of random effects and se-
lected the one with the smallest AIC value indicating a
better fitting model. Finally, we applied an eye-specific
random-effects model. Additionally, we analyzed the as-
sociated CCT change rate in PAC patients with clinico-
pathological factors of interest using a linear mixed
model, and estimate, SE, and its P-values were calcu-
lated. The level of significance was set at P-value < 0.05.

Results
The study evaluated 54 eyes of 27 patients with PAC.
Two eyes of one patient, which developed bullous kera-
topathy due to failure of IOP control, were excluded. Fi-
nally, 52 eyes of 26 patients were analyzed.

Clinical demographics
Table 1 shows the clinical demographics of all patients
at the time of enrollment. A total of 40 eyes underwent
PI only. A total of 12 patients had trabeculectomy. The
latter group included patients who underwent a PI be-
fore trabeculectomy. Twenty-three eyes had a history of
angle-closure attack.
The average number of the examinations was 7.0 ± 2.1

(range, 4–10) over a mean follow-up period of 94.5 ±
28.7 months (range, 66–134 months). Most of the study
population consisted of females (92.3% of all patients)
with a mean age of 63.4 ± 8.7 years (range, 48–78 years).
The baseline CCT was 549.1 ± 29.2 μm (range, 484–
619 μm), and mean presenting IOP was 29.6 ± 18.2
mmHg (range, 6–64 mmHg).

After PI and/or trabeculectomy, all of the included pa-
tients maintained stable IOP status without additional
surgical or laser treatments to reduce intraocular pres-
sure. Only 13 eyes required more than 1 class of anti-
glaucoma medication, whereas 24 eyes needed none.
Among the 13 eyes, 5 eyes were treated with all 3 types
of IOP-lowering medications, and 8 eyes were treated
with 2 types. In detail, 4 eyes were treated with a com-
bination of beta-blocker and prostaglandin analogs, 3
eyes with beta-blocker and carbonic anhydrase inhibitor,
and 1 eye with alpha-2-agonist and beta-blocker. Others
were under topical anti-glaucoma monotherapy during
the follow-up period. Monotherapy with alpha-2- agonist
in 3 eyes, Beta-blocker with 8 eyes, and prostaglandin
analogs in 5 eyes. In this study, about 10 patients under-
went phacoemulsification and intraocular implantation
surgeries after baseline review. Cataract surgery was per-
formed to improve visual acuity and not to reduce IOP.

Central corneal thickness change rate
In each group, there was a statistically significant reduc-
tion in CCT, as indicated in Supplementary Table 1. The
CCT thinning rate of all enrolled patients was − 0.72 ±
0.22 μm/yr, and it was a statistically significant reduction
(P = 0.001).
Overall, the CCT thinning rate in each of the two

groups was statistically significant. The CCT thinning
rate of the PI group was − 0.53 ± 0.25 μm/yr, that of the
trabeculectomy group was − 1.32 ± 0.43 μm/yr (P = 0.034
and P = 0.002, respectively). However, the statistical ana-
lysis showed that a higher CCT thinning rate of the tra-
beculectomy group was not statistically significant (P =
0.112) (Table 2 and Fig. 1). Similar results were observed
in CCT comparison with regard to the presence of an
angle-closure attack. The rate of CCT thinning in pa-
tients with a history of acute angle-closure attack was −
0.81 ± 0.31 μm/yr and that in patients without an attack
was − 0.63 ± 0.30 μm/yr (P = 0.009 and P = 0.001, re-
spectively). There was no statistically significant differ-
ence in the CCT thinning rate between the two groups
(P = 0.680). (Table 2 and Fig. 2).
Figures 1 and 2 show CCT changes during the follow-

up period, with the maximum being close to 11 years. It
demonstrates the changes of CCT over time in all study
patients, and that is divided by subgroups (trabeculect-
omy vs. PI, and angle-closure attack vs. no attack). The
mean CCT changes were schematically drawn to com-
pare the total study groups and the subgroups easily.
The results of the analysis for identifying factors asso-

ciated with the CCT change rates are summarized in
Table 3. Only baseline CCT was associated with the
rates of its thinning (P < 0.0001). In other words, a
higher baseline value was associated with a higher rate
of CCT reduction. However, in this statistical analysis,

Table 1 Participant demographics

N = 26, 52 eyes

Age 63.4 ± 8.7

Sex (M:F) 2:24 (7.7%:92.3%)

Initial IOP 29.6 ± 18.2

MD −6.47 ± 7.24

Axial length 22.55 ± 0.73

Baseline CCT 549.1 ± 29.2

Iridectomy only / Trabeculectomy 40/12 (76.9%/23.1%)

Angle closure attack / no attack 23/29 (44.2%/55.8%)

Follow up duration (months) 94.5 ± 28.7

Examination number 7.0 ± 2.1

Patients with diabetes (%) 17/26 (65%)

Patients with hypertension (%) 5/26 (19%)

History of smoking 1/26 (3.8%)

IOP indicates intraocular pressure, MD mean deviation from automated visual
field exam, CCT central corneal thickness
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CCT change rate was not significantly associated with
age (P = 0.297), sex (P = 0.231), IOP (P = 0.295), type of
intervention (P = 0.913), and presence of angle-closure
attack (P = 0.238).

Discussion
Biometrics of PAC eyes has been a subject of study for
many years. Recent interest in corneal biomechanics is
due to its influence on the accuracy of IOP measure-
ments [25]. In this retrospective study, we found a
marked reduction of CCT in all PAC patients enrolled
in this study. However, no significant difference was ob-
served regardless of the acute angle-closure attack and
modes of glaucoma treatment. Previous longitudinal
CCT studies show similar findings, but with sparse data
collection [22, 26–29]. Most analyses were done with
data collected only at two time points in which initial
data were collected at baseline and the other collected at
the end of the follow-up period. Instead, this study ana-
lyzed data that were collected every year. Although the
results did not show any remarkable differences from
previous results, earnest collection of data for the long-
term can better describe the trend of changes. We be-
lieve that this study has its originality in that it

conducted a long-term evaluation of CCT changes in
PAC patients with a meticulous yearly collection of data.
The study by Aghaian et al. and many other stud-

ies reported CCT variability among different ethnici-
ties. Thus, many CCT studies with various
ethnicities were published [28, 30, 31]. Nonetheless,
studies specific to the Korean population are particu-
larly lacking, especially in the context of PAC eyes
[32–34]. We only managed to find one study that re-
ports a cross-sectional comparison of CCT in PACG,
POAG, NTG, and the normal population [32]. As far
as we understand, this is the first longitudinal study
of CCT changes in PAC eyes of Korean patients.
Several studies in the past, mostly cross-sectional, have

compared CCT in normal controls and other glaucoma
subtypes, including PAC. The results of the studies
mostly suggested that there was no statistically signifi-
cant difference in CCT among glaucoma subtypes and
normal controls [35–37]. A large population study in
Beijing conducted by Xu et al. also suggested no signifi-
cant difference between glaucomatous and normal eyes
[38]. Furthermore, it was also reported that CCT of
PACG eyes was similar to that of NTG or normal eyes
in Korean subjects [26].

Table 2 Central corneal thickness change rate according the type of operation and to the presence of acute angle closure attack

According to the type of operation

Total PI only Trabeculectomy P-valuea

CCT thinning rate −0.72 ± 0.22
(P = 0.001)

−0.53 ± 0.25
(P = 0.034)

−1.32 ± 0.43
(P = 0.002)

0.112

According to the presence of angle closure attack

Total Attack (+) Attack (−) P-valueb

CCT thinning rate −0.72 ± 0.22
(P = 0.001)

−0.81 ± 0.31
(P = 0.009)

−0.63 ± 0.30
(P = 0.001)

0.680

CCT indicates central corneal thickness, PI laser peripheral iridotomy
a Repeated Measures Linear Mixed Model: Duration as continuous variable & Operation
bRepeated Measures Linear Mixed Model: Duration as continuous variable & angle closure attack

Fig. 1 Comparison of central corneal thickness changes between the trabeculectomy and laser peripheral iridectomy only groups over time.
Changes of central corneal thickness (CCT) over the 11 years. The CCT of the trabeculectomy group is lower than that of the laser peripheral
iridectomy (PI) only group, which was revealed to be statistically insignificant (P = 0.112). Note: bold lines represent the mean value
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Comparable to our study designs, some studies have
studied CCT changes in PAC eyes only. Chen et al. stud-
ied corneal status in the PAC disease spectrum. In this
study, PAC eyes with a history of ACG attack were com-
pared with fellow PAC eyes without attack and found no
significant difference in CCT between the two groups
[39]. Although previous studies published statistically
significant results with large study groups, the weakness
was that they were short-term. However, in real clinics,
glaucoma patients require long-term management of
IOP, and it is a common understanding that it should be
analyzed with CCT. Therefore, we believe being con-
scious of long-term corneal changes would be more ap-
plicable in the clinical assessment of glaucoma. The
corneal characteristics are changeable with aging and
corneal insults, such as surgeries, angle-closure attacks,
and topical medications.
In this study, the final mean CCT and its change rate

were not significantly different between the PI and tra-
beculectomy groups. The same result was observed for

eyes with and without acute angle-closure attack. This is
consistent with few previous studies. Pillunat et al. inves-
tigated corneal biomechanical changes after trabeculect-
omy and showed that despite a decline in IOP, CCT was
not altered [40]. A few other studies suggested similar
findings with PI [41, 42].
Instead of CCT, more up-to-date reports focus on CH

and its association with glaucoma [10–21]. CH is a dy-
namic property that reflects the deformability of the cor-
nea, which represents its capacity to endure IOP
fluctuations. CH reflects biomechanical properties of the
corneal extracellular matrix, in which imbalanced re-
modeling and degradation induce a fibrotic response
that ultimately leads to tissue stiffening. There are sev-
eral reports about CH and CCT relationship [10, 13, 16,
18]. It was widely reported that CCT thinning after aging
or use of long-term topical anti-glaucoma medications,
especially prostaglandin analogs, may be related to deg-
radation of the corneal stromal extracellular matrix [43,
44]. More importantly, a moderate positive correlation

Fig. 2 Comparison of central corneal thickness changes between the two groups: with angle closure attack and without an attack. Changes of
central corneal thickness (CCT) over 11-year period. The CCT of the study group with an acute angle closure attack seems to be lower than that
of the study group without an attack. Statistical analysis showed there was no statistical significance between the central corneal thickness
thinning rate of the two groups (P = 0.680). Note: bold lines represent the mean value

Table 3 Factors associated with central corneal thickness change rate in primary angle closure patients

Estimate SE CI P-valuea

Age −0.27 0.25 (−0.77, 0.24) 0.297

Sex: Female (vs. Male) −11.21 9.23 (−29.81, 7.40) 0.231

IOP −0.27 0.26 (−0.77, 0.24) 0.295

MD −0.08 0.26 (−0.59, 0.43) 0.768

Axial length 5.25 2.99 (−0.77, 11.28) 0.086

Angle closure attack (vs. No attack) −5.32 4.45 (−14.28, 3.64) 0.238

Type of intervention
: Trabeculectomy (reference: PI)

−0.59 5.38 (−11.40, 10.22) 0.913

Baseline CCT 0.81 0.07 (0.67, 0.94) < 0.001

Duration −0.45 0.34 (−1.13, 0.23) 0.195

IOP intraocular pressure, MD mean deviation from automated visual field exam, PI laser peripheral iridotomy, CCT central corneal thickness
aRepeated Measures Linear Mixed Model
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between the two parameters, and a negative correlation
between CH and IOP has also been reported [12, 45].
This suggests that CCT reduction in this study may be
related to extracellular matrix changes, although we
were unable to determine the relevant factors or possible
causes from this study. However, there are limitations to
this interpretation.
The relationship between CCT and CH is very com-

plex that more needs to be clarified, and many published
reports showed a non-consistent relationship between
the two. However, a possible effect of CH on IOP has
been consistently published. Some publications showed
that considering both CH and CCT is better for accurate
IOP evaluation than using CCT alone [12, 16, 46]. Fur-
ther studies focusing on this corneal parameter may be
more intriguing and helpful in further understanding
PAC eyes.
Multiple studies have shown irreversible corneal endo-

thelial damage caused by surgeries, laser procedures, and
even topical medications [40–42, 47–50]. In relevance to
the field of glaucoma, many researchers have studied as-
sociations between corneal endothelial loss with glau-
coma subtypes. Shiota et al. investigated corneal
endothelial status across subtypes of angle-closure glau-
coma. They found that the previous acute angle closure
and chronic PACG had significantly lower endothelial
cell density (ECD) [51]. At the same time, there are con-
flicting studies. Varadaraj et al. and Verma et al. studied
endothelial changes in the PAC disease spectrum, in-
cluding eyes with a history of acute angle closure attack
and found no significant difference in all groups [52, 53].
Interestingly, a recent study of a rat model showed eyes
with acute angle closure had lower ECD at first, but
showed a gradual resolution once IOP stabilized to nor-
mal levels [54]. It may be more useful to assess endothe-
lial changes since CCT does not reflect the overall
corneal status. Unfortunately, we were not able to per-
form endothelial studies on our study population owing
to the retrospective nature of this study. A long-term
evaluation of CCT in conjunction with ECD changes is
required for future studies, and assessment of corneal
status with various parameters will enrich future study
results.
The repeated mixed model in this study showed that

baseline CCT was the only factor associated with the
rate of its reduction. Two possible mechanisms can ex-
plain such a finding. First, eyes with thick cornea can be
intrinsically prone to CCT thinning. This mechanism re-
quires further study or statistical analysis that directly
compares the CCT thinning rate between eyes with a
thin cornea and thick cornea. Second, corneal edema
caused by an acute angle-closure attack or anti-
glaucoma procedures can be another possible explan-
ation. Corneal edema can quickly resolve as IOP

normalizes, which in turn, can overestimate CCT thin-
ning rate. Correlation with the interval between the
acute insult and CCT measurement will be helpful to
clarify this finding further.
The primary strength of this study is that the longitu-

dinal change of CCT in the extended time was evalu-
ated, with the maximum follow-up duration being close
to 11 years. Another strength is that we evaluated CCT
with account for events that can affect the corneal sta-
tus, such as acute angle-closure attack and surgeries. We
are aware of the numerous publications with notable re-
sults that studied CCT changes in normal and different
glaucoma types [48–50]. However, these studies had a
small sample size and, more importantly, had short ob-
servation periods, ranging from months to 4–5 years.
The cornea is a structure that is prone to change over
time. It can change with aging, long-term topical medi-
cation use, surgeries, and even diurnally [26, 43, 55, 56].
Considering this, we believe that a long-term investiga-
tion of CCT concerning acute events is more applicable
in glaucoma evaluation than cross-sectional studies of
CCT.
Despite the distinct merits of this study entails, there

are some limitations. One is that the study has no data
regarding CCT changes with age and that in the normal
controls or other forms of glaucoma. Many published re-
ports are showed a decrementing trend of CCT with
age, but some show contradictory results. Pang et al. and
Day et al. studied CCT and its relationship with glau-
coma in Asian and East Asian patients; their results
showed statistically significant CCT reduction with in-
creasing age. In this study, the CCT change rate and age
were found to have no association. However, since the
study only included PAC eyes, comparison with normal
controls or other forms of glaucoma is required for a
more fair comparison. Another limitation is that other
possible confounding factors were not considered in this
study. It has been previously reported that systemic dis-
eases, such as diabetes and some anti-glaucoma medica-
tions, can affect corneal biometrics. Particularly,
prostaglandin analogs, such as latanoprost and travo-
prost, [48–50, 57] were associated with thinning of CCT
in both short-and long-term studies. However, owing to
the extensive study period, information on the duration
of usage, changes in regimen was difficult to follow-up,
as well as to statistically analyze. For this reason, these
possible contributing factors were ignored in this study
and further study will be required to assess its condu-
civeness [58]. Additionally, larger sample size will be re-
quired for further studies. This may have been because
the study was retrospectively designed and included pa-
tients with a very long-term follow-up period, which
makes it difficult to collect a sufficient sample size.
Lastly, as aforementioned, other corneal parameters,
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such as ECD, were not taken into consideration owing
to the retrospective nature of this study. Evaluation of
PAC eyes with various parameters would be more inter-
esting for future study and more valuable in understand-
ing the true changes in corneal biomechanics of PAC
eyes.

Conclusions
To conclude, we found a significant decline in CCT over
a long time-period in PAC eyes. Baseline CCT appeared
to be the only significant factor affecting the rate of
changes, not by treatment modalities or history of ACG
attack. Analysis of CCT changes by its baseline, and in
conjunction with other corneal parameters are needed
for a better understanding of PAC eyes.

Abbreviations
CCT: Central corneal thickness; PAC: Primary angle closure; PI: Laser
peripheral iridotomy; IOP: Intraocular pressure; PACS: Primary angle closure
suspect; PACG: Primary angle closure glaucoma; ISGEO: International Society
of Geographical and Epidemiological Ophthalmology; CH: Corneal hysteresis

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12886-021-01908-4.

Additional file 1.

Acknowledgments
WJL had full access to the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis. The authors alone
are responsible for the content and writing of the paper.
We thank Biostatistical Consulting and Research Lab, Hanyang University,
Seoul, Korea for assistance with statistical consultation.

Authors’ contributions
Conceptualization: H.M.P., J.C., W.J.L., K.B.U. Data curation: H.M.P., J.C., W.J.L.,
K.B.U. Formal analysis: H.M.P., J.C., W.J.L., K.B.U. Funding acquisition: W.J.L.
Investigation: H.M.P., J.C., W.J.L., K.B.U. Methodology: J.C. and W.J.L.
Supervision: W.J.L. Validation: H.M.P. and W.J.L. Visualization: H.M.P., J.C., W.J.L.
Writing – original draft: H.M.P., J.C., W.J.L., K.B.U. Writing – review & editing:
H.M.P., J.C., W.J.L., K.B.U. The authors read and approved the final manuscript.

Authors’ information
Not applicable

Funding
This research was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government [(Ministry of Education) (No.
NRF-2018R1D1A1B07044619).

Availability of data and materials
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This non-interventional retrospective chart-review study was approved by
the Institutional Review Board of the Hanyang University Hospital (IRB No.
2020–04–057-001), and the committee (Institutional Review Board of the
Hanyang University Hospital) waived the need for informed consent from
the patients because the data were anonymized.

Consent for publication
Not applicable.

Competing interests
No conflicting relationship exists for any author.

Author details
1Department of Ophthalmology, Hanyang University College of Medicine,
222-1, Wangsimni-ro Seongdong-gu, Seoul 04763, South Korea. 2Department
of Ophthalmology, Hanyang University Seoul Hospital, 222-1, Wangsimni-ro
Seongdong-gu, Seoul 04763, South Korea. 3Office of Hospital Information,
Seoul National University Hospital, Seoul, South Korea.

Received: 9 December 2020 Accepted: 11 March 2021

References
1. Whitacre MM, SR. Sources of error with use of Goldmann-type tonometers.

Surv Ophthalmol. 1993;38(1):1–30. https://doi.org/10.1016/0039-6257(93
)90053-A.

2. Shimmyo M, Ross AJ, Moy A, Mostafavi R. Intraocular pressure, Goldmann
applanation tension, corneal thickness, and corneal curvature in Caucasians,
Asians, Hispanics, and African Americans. Am J Ophthalmol. 2003;136(4):
603–13. https://doi.org/10.1016/S0002-9394(03)00424-0.

3. Gordon MO, Beiser JA, Brandt JD, Heuer DK, Higginbotham EJ, Johnson CA,
Keltner JL, Miller JP, Parrish RK 2nd, Wilson MR, et al. The ocular
hypertension treatment study: baseline factors that predict the onset of
primary open-angle glaucoma. Arch Ophthalmol. 2002;120(6):714–20;
discussion 829-730. https://doi.org/10.1001/archopht.120.6.714.

4. European Glaucoma Prevention Study G, Miglior S, Pfeiffer N, Torri V, Zeyen
T, Cunha-Vaz J, Adamsons I. Predictive factors for open-angle glaucoma
among patients with ocular hypertension in the European Glaucoma
prevention study. Ophthalmology. 2007;114(1):3–9.

5. Leske MC, Wu SY, Hennis A, Honkanen R, Nemesure B, Group BES. Risk
factors for incident open-angle glaucoma: the Barbados eye studies.
Ophthalmology. 2008;115(1):85–93. https://doi.org/10.1016/j.ophtha.2007.03.
017.

6. Herndon LW, Weizer JS, Stinnett SS. Central corneal thickness as a risk factor
for advanced glaucoma damage. Arch Ophthalmol. 2004;122(1):17–21.
https://doi.org/10.1001/archopht.122.1.17.

7. Danias J, Podos SM. Comparison of glaucomatous progression between
untreated patients with normal-tension glaucoma and patients with
therapeutically reduced intraocular pressures. The effectiveness of
intraocular pressure reduction in the treatment of normal-tension
glaucoma. Am J Ophthalmol. 1999;127(5):623–5. https://doi.org/10.1016/
s0002-9394(99)00088-4.

8. Erb C. Early manifest Glaucoma trial update 2004. Ophthalmologe. 2005;
102(3):219–21.

9. Leske MC, Heijl A, Hyman L, Bengtsson B. Early manifest Glaucoma trial:
design and baseline data. Ophthalmology. 1999;106(11):2144–53. https://doi.
org/10.1016/S0161-6420(99)90497-9.

10. Broman AT, Congdon NG, Bandeen-Roche K, Quigley HA. Influence of
corneal structure, corneal responsiveness, and other ocular parameters on
tonometric measurement of intraocular pressure. J Glaucoma. 2007;16(7):
581–8. https://doi.org/10.1097/IJG.0b013e3180640f40.

11. Kotecha A. What biomechanical properties of the cornea are relevant for
the clinician? Surv Ophthalmol. 2007;52(6):S109–14. https://doi.org/10.1016/j.
survophthal.2007.08.004.

12. Hager A, Loge K, Schroeder B, Fullhas MO, Wiegand W. Effect of central
corneal thickness and corneal hysteresis on tonometry as measured by
dynamic contour tonometry, ocular response analyzer, and Goldmann
tonometry in glaucomatous eyes. J Glaucoma. 2008;17(5):361–5. https://doi.
org/10.1097/IJG.0b013e31815c3ad3.

13. Mangouritsas G, Morphis G, Mourtzoukos S, Feretis E. Association between
corneal hysteresis and central corneal thickness in glaucomatous and non-
glaucomatous eyes. Acta Ophthalmol. 2009;87(8):901–5. https://doi.org/1
0.1111/j.1755-3768.2008.01370.x.

14. Lam AK, Chen D, Tse J. The usefulness of waveform score from the ocular
response analyzer. Optom Vis Sci. 2010;87(3):195–9. https://doi.org/10.1097/
OPX.0b013e3181d1d940.

Park et al. BMC Ophthalmology          (2021) 21:145 Page 8 of 10

https://doi.org/10.1186/s12886-021-01908-4
https://doi.org/10.1186/s12886-021-01908-4
https://doi.org/10.1016/0039-6257(93)90053-A
https://doi.org/10.1016/0039-6257(93)90053-A
https://doi.org/10.1016/S0002-9394(03)00424-0
https://doi.org/10.1001/archopht.120.6.714
https://doi.org/10.1016/j.ophtha.2007.03.017
https://doi.org/10.1016/j.ophtha.2007.03.017
https://doi.org/10.1001/archopht.122.1.17
https://doi.org/10.1016/s0002-9394(99)00088-4
https://doi.org/10.1016/s0002-9394(99)00088-4
https://doi.org/10.1016/S0161-6420(99)90497-9
https://doi.org/10.1016/S0161-6420(99)90497-9
https://doi.org/10.1097/IJG.0b013e3180640f40
https://doi.org/10.1016/j.survophthal.2007.08.004
https://doi.org/10.1016/j.survophthal.2007.08.004
https://doi.org/10.1097/IJG.0b013e31815c3ad3
https://doi.org/10.1097/IJG.0b013e31815c3ad3
https://doi.org/10.1111/j.1755-3768.2008.01370.x
https://doi.org/10.1111/j.1755-3768.2008.01370.x
https://doi.org/10.1097/OPX.0b013e3181d1d940
https://doi.org/10.1097/OPX.0b013e3181d1d940


15. Narayanaswamy A, Su DH, Baskaran M, Tan AC, Nongpiur ME, Htoon HM,
Wong TY, Aung T. Comparison of ocular response analyzer parameters in
chinese subjects with primary angle-closure and primary open-angle
glaucoma. Arch Ophthalmol. 2011;129(4):429–34. https://doi.org/10.1001/a
rchophthalmol.2011.60.

16. Pensyl D, Sullivan-Mee M, Torres-Monte M, Halverson K, Qualls C.
Combining corneal hysteresis with central corneal thickness and intraocular
pressure for glaucoma risk assessment. Eye (Lond). 2012;26(10):1349–56.
https://doi.org/10.1038/eye.2012.164.

17. Medeiros FA, Meira-Freitas D, Lisboa R, Kuang TM, Zangwill LM, Weinreb RN.
Corneal hysteresis as a risk factor for glaucoma progression: a prospective
longitudinal study. Ophthalmology. 2013;120(8):1533–40. https://doi.org/10.1
016/j.ophtha.2013.01.032.

18. Deol M, Taylor DA, Radcliffe NM. Corneal hysteresis and its relevance to
glaucoma. Curr Opin Ophthalmol. 2015;26(2):96–102. https://doi.org/10.1
097/ICU.0000000000000130.

19. Zhang C, Tatham AJ, Abe RY, Diniz-Filho A, Zangwill LM, Weinreb RN,
Medeiros FA. Corneal hysteresis and progressive retinal nerve Fiber layer
loss in Glaucoma. Am J Ophthalmol. 2016;166:29–36. https://doi.org/10.101
6/j.ajo.2016.02.034.

20. Susanna CN, Diniz-Filho A, Daga FB, Susanna BN, Zhu F, Ogata NG,
Medeiros FA. A prospective longitudinal study to investigate corneal
hysteresis as a risk factor for predicting development of Glaucoma. Am J
Ophthalmol. 2018;187:148–52. https://doi.org/10.1016/j.ajo.2017.12.018.

21. Lee KM, Kim TW, Lee EJ, Girard MJA, Mari JM, Weinreb RN. Association of
Corneal Hysteresis with Lamina Cribrosa Curvature in primary open angle
Glaucoma. Invest Ophthalmol Vis Sci. 2019;60(13):4171–7. https://doi.org/1
0.1167/iovs.19-27087.

22. Brandt JD, Gordon MO, Beiser JA, Lin SC, Alexander MY, Kass MA. Ocular
Hypertension Treatment Study G: Changes in central corneal thickness over
time: the ocular hypertension treatment study. Ophthalmology. 2008;115(9):
1550–6 1556 e1551.

23. World Medical A. World medical association declaration of Helsinki: ethical
principles for medical research involving human subjects. JAMA. 2013;
310(20):2191–4.

24. Sihota R. Classification of primary angle closure disease. Curr Opin Ophthalmol.
2011;22(2):87–95. https://doi.org/10.1097/ICU.0b013e328343729f.

25. Fogagnolo P, Capizzi F, Orzalesi N, Figus M, Ferreras A, Rossetti L. Can mean
central corneal thickness and its 24-hour fluctuation influence fluctuation of
intraocular pressure? J Glaucoma. 2010;19(6):418–23. https://doi.org/10.1097/
IJG.0b013e3181aff432.

26. Choudhari NS, George R, Sathyamangalam RV, Raju P, Asokan R, Velumuri L,
Vijaya L. Long-term change in central corneal thickness from a glaucoma
perspective. Indian J Ophthalmol. 2013;61(10):580–4. https://doi.org/10.4103/
0301-4738.119338.

27. Hashemi H, Asgari S, Emamian MH, Mehravaran S, Fotouhi A. Five year changes
in central and peripheral corneal thickness: the Shahroud eye cohort study. Cont
Lens Anterior Eye. 2016;39(5):331–5. https://doi.org/10.1016/j.clae.2016.05.004.

28. Mwanza JC, Tulenko SE, Budenz DL, Mathenge E, Herndon LH, Kim HY, Hall
A, Hay-Smith G, Spratt A, Barton K. Longitudinal change in central corneal
thickness in the Tema eye survey. Am J Ophthalmol. 2018;186:10–8. https://
doi.org/10.1016/j.ajo.2017.11.002.

29. Weizer JS, Stinnett SS, Herndon LW. Longitudinal changes in central corneal
thickness and their relation to glaucoma status: an 8 year follow up study.
Br J Ophthalmol. 2006;90(6):732–6. https://doi.org/10.1136/bjo.2005.087155.

30. Aghaian E, Choe JE, Lin S, Stamper RL. Central corneal thickness of
Caucasians, Chinese, Hispanics, Filipinos, African Americans, and Japanese in
a glaucoma clinic. Ophthalmology. 2004;111(12):2211–9. https://doi.org/10.1
016/j.ophtha.2004.06.013.

31. Foster P. Central corneal thickness and intraocular pressure in a Mongolian
population. Ophthalmology. 1998;105(6):969–73. https://doi.org/10.1016/S01
61-6420(98)96021-3.

32. Chang IB, Chae MB, Park JH, Kim TJ, Kim JS. Central Corneal Thickness in
Korean Subjects with Primary Angle-Closure Glaucoma. J Korean
Ophthalmol Soc. 2014;55(3):402–7.

33. Hwang YH, Kim HK, Sohn YH. Namil study group KGS: central corneal
thickness in a Korean population: the Namil study. Invest Ophthalmol Vis
Sci. 2012;53(11):6851–5. https://doi.org/10.1167/iovs.12-10173.

34. Lee ES, Kim CY, Ha SJ, Seong GJ, Hong YJ. Central corneal thickness of
Korean patients with glaucoma. Ophthalmology. 2007;114(5):927–30. https://
doi.org/10.1016/j.ophtha.2006.09.036.

35. Lowe RF. Central corneal thickness. Ocular correlations in normal eyes and
those with primary angle-closure glaucoma. Br J Ophthalmol. 1969;53(12):
824–6. https://doi.org/10.1136/bjo.53.12.824.

36. Day AC, Machin D, Aung T, Gazzard G, Husain R, Chew PT, Khaw PT, Seah
SK, Foster PJ. Central corneal thickness and glaucoma in east Asian people.
Invest Ophthalmol Vis Sci. 2011;52(11):8407–12. https://doi.org/10.1167/
iovs.11-7927.

37. Pang CE, Lee KY, Su DH, Htoon HM, Ng JY, Kumar RS, Aung T. Central corneal
thickness in Chinese subjects with primary angle closure glaucoma. J
Glaucoma. 2011;20(7):401–4. https://doi.org/10.1097/IJG.0b013e3181f3e5d9.

38. Xu L, Zhang H, Wang YX, Jonas JB. Central corneal thickness and glaucoma
in adult Chinese: the Beijing eye study. J Glaucoma. 2008;17(8):647–53.
https://doi.org/10.1097/IJG.0b013e3181666582.

39. Chen MJ, Liu CJ, Cheng CY, Lee SM. Corneal status in primary angle-closure
glaucoma with a history of acute attack. J Glaucoma. 2012;21(1):12–6.
https://doi.org/10.1097/IJG.0b013e3181fc800a.

40. Pillunat KR, Spoerl E, Terai N, Pillunat LE. Corneal biomechanical changes
after trabeculectomy and the impact on intraocular pressure measurement.
J Glaucoma. 2017;26(3):278–82. https://doi.org/10.1097/IJG.
0000000000000595.

41. Theinert C, Wiedemann P, Unterlauft JD. Laser peripheral iridotomy changes
anterior chamber architecture. Eur J Ophthalmol. 2017;27(1):49–54. https://
doi.org/10.5301/ejo.5000804.

42. Lopez-Caballero C, Puerto-Hernandez B, Munoz-Negrete FJ, Rebolleda G,
Contreras I, Cabarga C, Corral A. Quantitative evaluation of anterior chamber
changes after iridotomy using Pentacam anterior segment analyzer. Eur J
Ophthalmol. 2010;20(2):327–32. https://doi.org/10.1177/112067211002
000211.

43. Schrems WA, Schrems-Hoesl LM, Mardin CY, Horn FK, Juenemann AG, Kruse
FE, Braun JM, Laemmer R. The effect of long-term Antiglaucomatous drug
administration on central corneal thickness. J Glaucoma. 2016;25(3):274–80.
https://doi.org/10.1097/IJG.0000000000000190.

44. Wu N, Chen Y, Yang Y, Sun X. The changes of corneal biomechanical
properties with long-term treatment of prostaglandin analogue measured
by Corvis ST. BMC Ophthalmol. 2020;20(1):422. https://doi.org/10.1186/s12
886-020-01693-6.

45. Carbonaro F, Andrew T, Mackey DA, Spector TD, Hammond CJ. The heritability
of corneal hysteresis and ocular pulse amplitude: a twin study. Ophthalmology.
2008;115(9):1545–9. https://doi.org/10.1016/j.ophtha.2008.02.011.

46. Touboul D, Roberts C, Kerautret J, Garra C, Maurice-Tison S, Saubusse E,
Colin J. Correlation between corneal hysteresis intraocular pressure, and
corneal central pachymetry. J Cataract Refr Surg. 2008;34(4):616–22. https://
doi.org/10.1016/j.jcrs.2007.11.051.

47. Jamali H, Jahanian S, Gharebaghi R. Effects of laser peripheral Iridotomy on
corneal endothelial cell density and cell morphology in primary angle
closure suspect subjects. J Ophthalmic Vis Res. 2016;11(3):258–62. https://
doi.org/10.4103/2008-322X.188395.

48. Kim HJ, Cho BJ. Long-term effect of latanoprost on central corneal thickness
in normal tension glaucoma. J Ocul Pharmacol Ther. 2011;27(1):73–6.
https://doi.org/10.1089/jop.2010.0071.

49. Lee H, Cho BJ. Long-term effect of latanoprost on central corneal thickness
in normal-tension glaucoma: five-year follow-up results. J Ocul Pharmacol
Ther. 2015;31(3):152–5. https://doi.org/10.1089/jop.2014.0109.

50. You JY, Cho BJ. Effect of latanoprost on central corneal thickness in
unilateral normal-tension glaucoma. J Ocul Pharmacol Ther. 2013;29(3):335–
8. https://doi.org/10.1089/jop.2012.0080.

51. Sihota R, Lakshmaiah NC, Titiyal JS, Dada T, Agarwal HC. Corneal endothelial
status in the subtypes of primary angle closure glaucoma. Clin Exp
Ophthalmol. 2003;31(6):492–5. https://doi.org/10.1046/j.1442-9071.2003.00710.x.

52. Varadaraj V, Ramulu PY, Srinivasan K, Venkatesh R. Evaluation of angle
closure as a risk factor for reduced corneal endothelial cell density. J
Glaucoma. 2018;27(1):e31–2. https://doi.org/10.1097/IJG.0000000000000824.

53. Verma S, Nongpiur ME, Husain R, Wong TT, Boey PY, Quek D, Perera SA,
Aung T. Characteristics of the corneal endothelium across the primary angle
closure disease Spectrum. Invest Ophthalmol Vis Sci. 2018;59(11):4525–30.
https://doi.org/10.1167/iovs.18-24939.

54. Li X, Zhang Z, Ye L, Meng J, Zhao Z, Liu Z, Hu J. Acute ocular hypertension
disrupts barrier integrity and pump function in rat corneal endothelial cells.
Sci Rep. 2017;7(1):6951. https://doi.org/10.1038/s41598-017-07534-9.

55. Kotecha A, Crabb DP, Spratt A, Garway-Heath DF. The relationship between
diurnal variations in intraocular pressure measurements and central corneal

Park et al. BMC Ophthalmology          (2021) 21:145 Page 9 of 10

https://doi.org/10.1001/archophthalmol.2011.60
https://doi.org/10.1001/archophthalmol.2011.60
https://doi.org/10.1038/eye.2012.164
https://doi.org/10.1016/j.ophtha.2013.01.032
https://doi.org/10.1016/j.ophtha.2013.01.032
https://doi.org/10.1097/ICU.0000000000000130
https://doi.org/10.1097/ICU.0000000000000130
https://doi.org/10.1016/j.ajo.2016.02.034
https://doi.org/10.1016/j.ajo.2016.02.034
https://doi.org/10.1016/j.ajo.2017.12.018
https://doi.org/10.1167/iovs.19-27087
https://doi.org/10.1167/iovs.19-27087
https://doi.org/10.1097/ICU.0b013e328343729f
https://doi.org/10.1097/IJG.0b013e3181aff432
https://doi.org/10.1097/IJG.0b013e3181aff432
https://doi.org/10.4103/0301-4738.119338
https://doi.org/10.4103/0301-4738.119338
https://doi.org/10.1016/j.clae.2016.05.004
https://doi.org/10.1016/j.ajo.2017.11.002
https://doi.org/10.1016/j.ajo.2017.11.002
https://doi.org/10.1136/bjo.2005.087155
https://doi.org/10.1016/j.ophtha.2004.06.013
https://doi.org/10.1016/j.ophtha.2004.06.013
https://doi.org/10.1016/S0161-6420(98)96021-3
https://doi.org/10.1016/S0161-6420(98)96021-3
https://doi.org/10.1167/iovs.12-10173
https://doi.org/10.1016/j.ophtha.2006.09.036
https://doi.org/10.1016/j.ophtha.2006.09.036
https://doi.org/10.1136/bjo.53.12.824
https://doi.org/10.1167/iovs.11-7927
https://doi.org/10.1167/iovs.11-7927
https://doi.org/10.1097/IJG.0b013e3181f3e5d9
https://doi.org/10.1097/IJG.0b013e3181666582
https://doi.org/10.1097/IJG.0b013e3181fc800a
https://doi.org/10.1097/IJG.0000000000000595
https://doi.org/10.1097/IJG.0000000000000595
https://doi.org/10.5301/ejo.5000804
https://doi.org/10.5301/ejo.5000804
https://doi.org/10.1177/112067211002000211
https://doi.org/10.1177/112067211002000211
https://doi.org/10.1097/IJG.0000000000000190
https://doi.org/10.1186/s12886-020-01693-6
https://doi.org/10.1186/s12886-020-01693-6
https://doi.org/10.1016/j.ophtha.2008.02.011
https://doi.org/10.1016/j.jcrs.2007.11.051
https://doi.org/10.1016/j.jcrs.2007.11.051
https://doi.org/10.4103/2008-322X.188395
https://doi.org/10.4103/2008-322X.188395
https://doi.org/10.1089/jop.2010.0071
https://doi.org/10.1089/jop.2014.0109
https://doi.org/10.1089/jop.2012.0080
https://doi.org/10.1046/j.1442-9071.2003.00710.x
https://doi.org/10.1097/IJG.0000000000000824
https://doi.org/10.1167/iovs.18-24939
https://doi.org/10.1038/s41598-017-07534-9


thickness and corneal hysteresis. Invest Ophthalmol Vis Sci. 2009;50(9):4229–
36. https://doi.org/10.1167/iovs.08-2955.

56. Vitalyos G, Kolozsvari BL, Nemeth G, Losonczy G, Hassan Z, Pasztor D, Fodor
M. Effects of aging on corneal parameters measured with Pentacam in
healthy subjects. Sci Rep. 2019;9(1):3419. https://doi.org/10.1038/s41598-01
9-39234-x.

57. Yoo R, Choi YA, Cho BJ. Change in central corneal thickness after the
discontinuation of Latanoprost in Normal tension Glaucoma-change in
central corneal thickness after stop of Latanoprost. J Ocul Pharmacol Ther.
2017;33(1):57–61. https://doi.org/10.1089/jop.2016.0036.

58. Su DH, Wong TY, Wong WL, Saw SM, Tan DT, Shen SY, Loon SC, Foster PJ,
Aung T. Singapore Malay eye study G: diabetes, hyperglycemia, and central
corneal thickness: the Singapore Malay eye study. Ophthalmology. 2008;
115(6):964–8 e961. https://doi.org/10.1016/j.ophtha.2007.08.021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Park et al. BMC Ophthalmology          (2021) 21:145 Page 10 of 10

https://doi.org/10.1167/iovs.08-2955
https://doi.org/10.1038/s41598-019-39234-x
https://doi.org/10.1038/s41598-019-39234-x
https://doi.org/10.1089/jop.2016.0036
https://doi.org/10.1016/j.ophtha.2007.08.021

	Abstract
	Background
	Methods
	Results
	Conclusions

	Précis
	Background
	Methods
	Subjects
	PAC and its disease spectrum
	Calculation of central corneal thickness changing rates & statistical analyses

	Results
	Clinical demographics
	Central corneal thickness change rate

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgments
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

