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#e rapid advancement of anterior segment imaging tech-
nologies in recent years has allowed for precise visualization
and accurate assessment of the anterior segment structures.
#erefore, these devices have become necessary for better
diagnosis and treatment of anterior segment disorders, i.e.,
corneal diseases, cataract, glaucoma, and disorders of the
eyelid and lacrimal system.

As we have mentioned in the call for papers, the pub-
lished manuscripts cover the topics of anterior segment
imaging techniques including corneal topography, confocal
microscopy, anterior segment optical coherence tomogra-
phy (OCT), specular microscopy, and ultrasound bio-
microscopy (UBM). In addition to the application of these
anterior segment imaging devices in research as well as in the
diagnosis and monitoring of anterior segment disorders,
particular interest was also placed on novel technologies of
anterior segment imaging and applications of artificial in-
telligence in anterior segment imaging. In this Special Issue,
the authors contributed 14 original research papers and 3
review articles regarding newly developed technologies of
anterior segment imaging and clinical application of novel
imaging devices.

#e authors have contributed their original research
papers on various topics on anterior segment imaging, as
follows: (1) Changes in Corneal Volume at Different Areas

and Its Correlation with Corneal Biomechanics after SMILE
and FS-LASIK Surgery; (2) Endothelial Plaques as Sign of
Hyphae Infiltration of Descemet’s Membrane in Fungal
Keratitis; (3) #e Effectiveness of Ultrasound Biomicro-
scopic and Anterior Segment Optical Coherence Tomog-
raphy in the Assessment of Anterior Segment Tumors: Long-
Term Follow-Up; (4) Observation of Gonio Structures
duringMicrohook Ab Interno TrabeculotomyUsing a Novel
Digital Microscope with Integrated Intraoperative Optical
Coherence Tomography; (5) Comparison of Different Types
of Corneal Foreign Bodies Using Anterior Segment Optical
Coherence Tomography: A Prospective Observational
Study; (6) Function and Morphology of the Meibomian
Glands Using a LipiView Interferometer in Rotating Shift
Medical Staff; (7) Intraoperative Optical Coherence To-
mography Analysis of Clear Corneal Incision: Effect of the
Lateral Stromal Hydration; (8) Assessment of Scleral and
Conjunctival #ickness of the Eye after Ultrasound Ciliary
Plasty; (9) Bleb Morphology Using Anterior-Segment Op-
tical Coherence Tomography after Ahmed Glaucoma Valve
Surgery with Tenon Capsule Resection; (10) Keratoconus
Diagnosis: Validation of a Novel Parameter Set Derived
from IOP-Matched Scenario; (11) Eyes of Aniso-Axial
Length Individuals Share Generally Similar Corneal Bio-
metrics with Normal Eyes in Cataract Population; (12)
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Comparison of the Stability of Two Intraocular Lenses in
Primary Angle-Closure Glaucoma after Phacoemulsifica-
tion; (13) Tear Lipid Layer#ickness in Children after Short-
Term Overnight Orthokeratology Contact Lens Wear; (14)
Effect of Topical Brimonidine 0.15% on Conjunctival In-
jection after Strabismus Surgery in Children.

#is Special Issue also includes review articles on the
following topics: (1) Objective Imaging Diagnostics for Dry
Eye Disease; (2) Intraoperative Optical Coherence Tomog-
raphy Imaging in Corneal Surgery: A Literature Review and
Proposal of Novel Applications; (3) Advances in Imaging
Technology of the Anterior Segment of the Eye.

We hope these papers will provide readers with valuable
clinical information on anterior segment imaging and new
ideas for research on associated topics.
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Purpose. To investigate the effects of topical brimonidine 0.15% instillation on conjunctival injection after strabismus surgery in
children.Methods. We retrospectively analyzed 63 Korean children who underwent strabismus surgery for intermittent exotropia.
Patients received topical brimonidine 0.15% after surgery for up to 4 weeks. Conjunctival injection was objectively assessed using a
software that automatically scored the region of interest from the image of the bulbar conjunctiva. Conjunctival injection scores
were compared with those of the control group who were not prescribed topical brimonidine. Results. .e mean scores of
conjunctival injection after rectus muscle recession and resection were significantly lower in the brimonidine group than the
controls at 4 weeks after surgery (P � 0.008 and 0.046, respectively). .ere was no significant difference in intraocular pressure
between the two groups. No adverse effects, such as dry mouth, fatigue/drowsiness, headache, sedation, hypotension, or bra-
dycardia, were reported. Conclusions. Administration of topical brimonidine 0.15% after strabismus surgery is efficacious and safe
in reducing postoperative conjunctival injection.

1. Introduction

Various complications may occur after strabismus surgery,
including local issues such as conjunctival injection, scar
formation, and inclusion cysts; however, severe problems
such as cellulitis and endophthalmitis are rarely seen [1–3].
Conjunctival injection is by far one of the most common
complications after strabismus surgery [2]. Although pa-
tients do not expect conjunctival injection to persist for a
long time after surgery, it may cause anxiety, cosmetic
problems, and disappointment, despite successful ocular
alignment [4].

Brimonidine tartrate is a selective α2-adrenergic re-
ceptor agonist that has been widely used to lower intraocular
pressure (IOP) [5, 6]. Alpha-adrenergic agonists bind to
α-receptors on vascular smooth muscles and induce smooth
muscle contraction and vasoconstriction [7]. Alpha-

adrenergic agonists have been widely used in the treatment
of glaucoma because vasoconstriction limits blood flow to
the ciliary muscle and reduces the production of aqueous
humor [8]. As brimonidine affects vasoconstriction pri-
marily via the α2-adrenergic receptor, it has been reported
that the pre- and postoperative use of topical brimonidine
can help reduce bleeding-related problems in ophthalmic
surgery [9–11]. In addition, brimonidine has relatively lower
systemic adverse effects than other vasoconstrictors such as
phenylephrine, and the safety of brimonidine has been
confirmed in children over 2 years of age [12].

A few studies have assessed the effect of prophylactic
topical brimonidine in reducing intraoperative bleeding in
strabismus surgery [13–15]. However, to the best of our
knowledge, no studies have reported the effect of postop-
erative use of topical brimonidine in reducing conjunctival
injection after surgery..erefore, we performed this study to
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evaluate the effect of brimonidine on conjunctival injection
after strabismus surgery in children.

2. Methods

2.1. Patients. A retrospective study was performed on con-
secutive children between 7 and 12 years of age with exotropia
who underwent unilateral lateral rectus recession with medial
rectus resection (RR) by the same surgeon (J-M. H.). A limbal
conjunctival incision was made in all operations, and all
surgical incisions were repaired with a minimal number of
sutures with absorbable 8-0 polyglactin sutures (8-0 Polysorb;
Covidien, Mansfield, MA, USA). All patients underwent
complete ophthalmological examination before surgery. Data
were collected on demographics and clinical characteristics,
including age, sex, preoperative angle of deviation, dosage of
surgery, and cycloplegic refractive errors. Patients were ex-
cluded if they had other possible causes of inflammatory
diseases of the anterior segment, including conjunctivitis,
keratitis, and uveitis, a history of prior strabismus surgery,
simultaneous oblique or vertical muscle surgery, simulta-
neous vertical transposition surgery, adjustable surgery, use of
biodegradable collagen matrix implant, ocular disease other
than strabismus, systemic disorders such as congenital
anomalies, neurological disorders, and connective tissue
disease, or if they did not comply with postoperative anterior
segment photographs. .is study was approved by the In-
stitutional Review Board (IRB) of the Seoul National Uni-
versity Bundang Hospital.

After surgery, all patients received gatifloxacin 0.3%
(Gatiflo; Handok, Inc., Chungbuk, Korea), topical fluo-
rometholone 0.1% (Fluvin; Taejoon Pharmaceutical, Seoul,
Korea), and topical bromfenac 0.1% (Bronuck; Taejoon
Pharmaceutical, Seoul, Korea) for 4 weeks. In addition,
patients who were prescribed topical brimonidine tartrate
0.15% (Alphagan P; Allergan, Inc., Irvine, CA, USA) twice a
day for 4 weeks were defined as the brimonidine group. .e
control group was defined as those who did not receive
topical brimonidine.

2.2. IOPMeasurement. IOP was measured using noncontact
tonometry (ICT-900, KOWA, Japan) 4 weeks after surgery.
IOP measurements were repeated until three measurements
differed by ≤1mm Hg, and the average of these three
readings was recorded.

2.3. Conjunctival Injection. Conjunctival injection was
measured by an objective method using software that au-
tomatically scores the region of interest from the image of
the bulbar conjunctiva [16–18]. A masked observer mea-
sured each anterior segment photograph of the conjunctiva
using the contrast-limited adaptive histogram equalization
algorithm, and the results were converted into numeric
values ranging from 0 to 100 (Figure 1). .e nasal and
temporal quadrants of the conjunctiva were analyzed sep-
arately. Extensive subconjunctival hemorrhage was not in-
cluded in the region of interest. Postoperative conjunctival
injection scores were assessed at 4 weeks after surgery and

were calibrated as the amount of increase in numeric values
compared with preoperative values.

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS version 22.0 for Windows (SPSS, Inc., Chicago).
Independent t-test and chi-square test were used to compare
the groups. Linear regression was used to analyze the re-
lationship between conjunctival injection scores and age,
cycloplegic refraction, angle of deviation, and surgical
dosage. Statistical significance was set at P< 0.05. All con-
tinuous variables were reported as mean± standard devia-
tion (range, min, and max) values.

3. Results

A total of 63 consecutive patients (36 boys and 27 girls) who
underwent RR surgery were included in the study..e mean
age was 9.1± 1.0 years (range, 7.6–11.8 years). A comparison
of clinical characteristics and surgical details between the
two groups showed no statistically significant differences
(Table 1). No cases of postoperative infection or abnormal
bleeding occurred. No known adverse effects of brimonidine
were reported, including dry mouth, fatigue/drowsiness,
headache, sedation, hypotension, or bradycardia [19, 20].

3.1. Conjunctival Injection. Figure 2 compares the differ-
ences in conjunctival injection scores between the two
groups. .e mean scores of postoperative conjunctival in-
jection after rectus muscle recession and resection were
significantly lower in the brimonidine group than the
control group at 4 weeks after surgery (P � 0.008 and 0.046,
respectively). In linear regression analysis, no linear cor-
relation was observed between the surgical dosage, age, axial
length, or the degree of conjunctival injection.

3.2. Intraocular Pressure. .emean intraocular pressure at 4
weeks after surgery was 11.7± 3.3 (range, 7–20) mmHg in
the brimonidine group and 12.4± 3.0 (range, 8–19) mmHg
in the control group (P � 0.418).

4. Discussion

In this study, we evaluated the safety and efficacy of treat-
ment with 0.15% brimonidine tartrate ophthalmic solution
for reducing conjunctival injection after strabismus surgery
in children. .ese data demonstrate that the postoperative
administration of topical brimonidine 0.15% can signifi-
cantly reduce conjunctival injection after strabismus
surgery.

Conjunctival injection is an important cosmetic problem
after strabismus surgery. Escardo-Paton and Harrad [4]
reported that the median duration of conjunctival injection
following surgery was approximately 10 weeks. In addition, a
few patients had persistent postoperative conjunctival in-
jection beyond 24 weeks. Although postoperative con-
junctival injection does not cause severe ophthalmological
problems, it may be a cosmetic concern and cause psy-
chosocial stress that affects social activities over several
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weeks or months, as would be required for the injection to
subside [21].

Currently, the most widely used ophthalmic vasocon-
strictors, such as phenylephrine, are α1- or mixed α1/α2-
adrenergic receptor agonists. However, α1-adrenergic

agonists are associated with cardiovascular adverse effects,
and rebound conjunctival injection may occur when dis-
continued, which restricts their long-term use. [22–24]
Conversely, since brimonidine affects vasoconstriction
through the α2-adrenergic receptor, the possibility of

(a) (b)

(c) (d)

Figure 1: Anterior segment photographs of conjunctival injection before and after strabismus surgery in the brimonidine group ((a), (b))
and control group ((c), (d)). Conjunctival injection increased after strabismus surgery in both groups, while the amount of increase was less
in the brimonidine group. Based on the preoperative conjunctival injection score, (b) scored 6.4 and (d) scored 33.3.

Table 1: Baseline characteristics of patients receiving topical brimonidine 0.15% and the control group.

Characteristics Brimonidine (n� 32) Control (n� 31) Total (n� 63) P value
Sex (M : F) 18 :14 18 :13 36 : 27 0.884∗
Laterality (R : L) 15 :17 17 :14 32 : 31 0.527∗
Mean age (years) 9.2± 1.1 (7.7–11.8) 9.0± 1.0 (7.6–11.6) 9.1± 1.0 (7.6–11.8) 0.549†

Cycloplegic refraction (D) −1.30± 1.61 (−5.25–+2.25) −1.34± 1.82 (−6.50–+1.25) −1.32± 1.70 (−6.50–+2.25) 0.916†

Angle of deviation (PD)
Distance 23.2± 7.4 (12−45) 22.8± 7.2 (12–45) 23.0± 7.2 (12–45) 0.824†

Near 29.9± 8.3 (15−45) 27.0± 8.6 (12–40) 28.5± 8.5 (12–45) 0.177†

Surgical dosage (mm)
Medial rectus muscle 6.1± 0.9 (4.0–7.0) 5.7± 1.2 (3.5–7.0) 5.9± 1.0 (3.5–7.0) 0.168†

Lateral rectus muscle 5.6± 1.2 (4.0–8.5) 5.4± 1.2 (3.5–8.5) 5.5± 1.2 (3.5–8.5) 0.605†

M�male; F� female; R� right; L� left; D� diopters; PD� prism diopters.∗P value by Pearson’s χ2 test. †P value by independent t-test.
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cardiovascular events or rebound conjunctival injection is
relatively low. .erefore, brimonidine can be safely used to
reduce conjunctival injection after strabismus surgery.
However, the overall safety profile of brimonidine in chil-
dren under 2 years of age remains uncertain. [12] In our
study, brimonidine was not prescribed for patients under 2
years of age.

Several studies have reported the efficacy of brimonidine
in reducing bleeding-related problems in strabismus surgery
[13–15]. Two previous studies prophylactically administered
topical brimonidine or phenylephrine in patients with
strabismus before surgery [13, 15]. .ose studies reported
that both drugs can reduce intraoperative bleeding and
postoperative subconjunctival hemorrhage compared with
sodium hyaluronate when assessed by a subjective scoring
system [13, 15]. Dahlmann-Noor et al. [14]. analyzed video
images up to 20 minutes after instilling brimonidine or
apraclonidine at the beginning of adjustable strabismus
surgery in 10 adults. .ey quantified the surface area of the
anterior ocular blood vessels on video images with ImageJ
(open source, public domain software) and reported that
brimonidine reduced the surface area of blood vessels by
69.2% and this persisted for 20 minutes. In our study, we
evaluated the efficacy of postoperative topical brimonidine
0.15% instillation for a prolonged period of 4 weeks in
children using the contrast-limited adaptive histogram
equalization (CLAHE) algorithm that automatically extracts
vasculature and scores the degree of vascularity in numeric
values ranging from 0 to 100, as performed in the previous
studies [16–18]. We chose the CLAHE algorithm to deter-
mine postoperative conjunctival injection because it is
theoretically most suitable for the quantification of vascu-
larization, as shown in the previous studies [16–18, 25–27].

Our study is significant in that it has objectively proved the
effect of brimonidine on conjunctival injection after stra-
bismus surgery.

Topical brimonidine prescription has other benefits
besides reducing conjunctival injection. Topical corticoste-
roids are generally used to control postoperative inflam-
mation after strabismus surgery. However, there are
concerns regarding IOP elevation associated with the use of
steroids [17, 18, 28–31]. In particular, there have been several
reports of increases in IOP by up to 82% due to topical
steroids after strabismus surgery in children [30, 31]. Even
fluorometholone, which causes lesser IOP elevation than
other steroids, significantly induced IOP elevation after
strabismus surgery in children, and 23% of patients reported
an increase of ≥10mm Hg compared with the baseline IOP
[17]. .e next-generation corticosteroid, loteprednol, can
also cause IOP elevation after strabismus surgery, especially
in young children ≤8 years of age [18]. .erefore, postop-
erative brimonidine can be a prophylactic measure in pa-
tients with steroid-induced IOP elevation.

Our study objectively confirmed that topical brimoni-
dine can be used to control conjunctival injection after
strabismus surgery in children aged 7 years or older. Fur-
thermore, we found that brimonidine did not cause serious
systemic complications in children. Brimonidine can also
alleviate IOP elevation that may occur with topical steroid
application after strabismus surgery.

.ere are some limitations that must be considered.
First, our study was a nonrandomized retrospective study;
therefore, there may be a selection bias. However, to exclude
this bias, we included all patients who underwent RR surgery
between September 2019 and April 2020. Second, since
conjunctival injection was assessed at 4 weeks after using
brimonidine, the long-term effect after stopping the drug
remains to be elucidated.

In conclusion, administration of topical brimonidine
0.15% after strabismus surgery is efficacious and safe in
reducing postoperative conjunctival injection. However,
further research will be needed to determine the long-term
effect of topical brimonidine on postoperative conjunctival
injection after discontinuation of the drug.
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Figure 2: Comparison of conjunctival injection between the bri-
monidine group and control group. .e mean score of injection at
the temporal bulbar conjunctiva overlaying an area of the previous
lateral rectus recession was significantly lower in the brimonidine
group, 9.1± 9.9 in the brimonidine group and 15.9± 9.8 in the
control group (p � 0.008). At the nasal bulbar conjunctiva over-
laying an area of the previous medial rectus resection, the mean
score of conjunctival injection was significantly lower in the bri-
monidine group, 13.0± 11.1 in the brimonidine group and
18.6± 10.5 in the control group (p � 0.046).
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Advances in imaging technology and computer science have allowed the development of newer assessment of the anterior
segment, including Corvis ST, Brillouin microscopy, ultrahigh-resolution optical coherence tomography, and artificial intelli-
gence. *ey enable accurate and precise assessment of structural and biomechanical alterations associated with anterior segment
disorders. *is review will focus on these 4 new techniques, and a brief overview of these modalities will be introduced. *e
authors will also discuss the recent advances in research regarding these techniques and potential application of these techniques
in clinical practice. Many studies on these modalities have reported promising results, indicating the potential for more detailed
comprehensive understanding of the anterior segment tissues.

1. Introduction

Direct visualization of ocular surface tissue using conven-
tional techniques, e.g., slit-lamp biomicroscopy, still remains
the primary examination tool for anterior segment diseases
[1]. Development of devices for anterior segment imaging,
such as anterior segment optical coherence tomography
(OCT), corneal topography, specular microscopy, confocal
microscopy, ultrasound biomicroscopy, and ocular response
analyzer, has enabled detailed objective observations of
anterior segment structures that can contribute to improved
anatomical and visual outcome after cornea, cataract, and
refractive surgeries [2].

Development of newer technologies, such as corneal
visualization Scheimpflug Technology (Corvis ST), Brillouin
microscopy, and ultrahigh-resolution OCT (UHR-OCT), is
expected to allow even more detailed visualization of an-
terior segment structures, which would allow even more
understanding of anterior segment pathology. Artificial

intelligence may also be useful for providing optimal di-
agnostic and treatment protocols by integrating findings
obtained using various imaging modalities.

In this review, we aim to provide an overview of these 4
newer techniques and discuss the research advances and
potential clinical application of these modalities.

1.1.CornealBiomechanicalAssessmentUsingUltrahigh-Speed
Imaging and Special Analytical Methods. *e Corvis ST
(OCULUS Optikgeräte GmbH, Wetzlar, Germany) is the
integration of two measurements modalities, i.e., a non-
contact tonometer with a collimated high-intensity air pulse
and an ultrafast Scheimpflug camera, that is used for the
assessment of biomechanical properties of the cornea [3–9].

In the device, a fixed pressure air pulse causes corneal
deformation, while passing through two applanation mo-
ments; the corneal movement during the deformation
process is recorded using an ultrafast Scheimpflug camera at
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a speed of 4330 frames/s [10]. In each examination, a series
of 140 images with width of 8.5mm is obtained in 33ms
[3, 10]. As the Corvis ST is capable of analyzing the whole
process of dynamic corneal deformation, it enables calcu-
lation of various dynamic corneal response (DCR) param-
eters [3, 11, 12]. Parameters including “deformation” are
calculated without compensating for whole eye movement
(WEM), while the parameters including “deflection” com-
pensate for the WEM [13].

As the air pulse is triggered, the cornea deforms inward
through the moment of first corneal applanation (A1), [3] at
which the length of the applanated cornea (A1 length), the
velocity of the corneal apex (A1 velocity), time from the
measurement beginning (A1 time), and corneal deflection
amplitude (A1 DeflAmp), defined as the displacement of the
corneal apex without the WEM, are measured [3].

Just prior to A1, deformation amplitude ratio (DA ratio)
at 1 or 2mm, i.e., central deformation divided by an average
of the deformation 1 or 2mm from center with maximum
value, is measured, and deflection amplitude ratio (DefA
ratio) at 1 or 2mm can be calculated after compensation for
WEM [3].

Initially, the moment during the cornea highest con-
cavity (HC), parameters including radius of corneal cur-
vature (HC radius), time from beginning to the moment of
HC (HC time), maximum deformation amplitude (DA),
corneal deflection area (HCDeflArea), corneal deflection
amplitude (HCDeflAmp), delta arc length of the outer
corneal edge between initial state and HC (HCdArclength),
and distance between two corneal peaks at HC (peak dis-
tance) are measured [3, 9, 13]. *e radius of corneal cur-
vature at HC (curvature radius HC) and the maximum value
of the integrated inverse of the corneal radius HC
(InvRadMax) are also determined [3, 9, 13].

At the moment of the second applanation (A2), the time
for the A2 (A2 time), length of the flattened cornea (A2
length), and the velocity of the corneal apex (A2 velocity) are
measured [3]. *e value of corneal displacement before and
after deformation (WEMax; maximum WEM) can also be
determined [14, 15]. Corneal thickness over the entire
cornea including central corneal thickness (CCT) and in-
traocular pressure (IOP) data, including uncorrected and
biomechanically corrected IOP (bIOP), were also assessed
[16]. As IOP values have strong association with the age,
CCT, and DCR parameters, [17] bIOP was calculated based
on an algorithm designed to compensate for the effects of
these factors [18]. Stiffness parameters (SP) can be calculated
by dividing the loading (air pressure—bIOP) on the cornea
by the displacement of the corneal apex at A1 (SP-A1) and
HC (SP-HC), respectively [3]. Several studies have dem-
onstrated that Corvis ST had high repeatability and re-
producibility for measurement of CCT, IOP, bIOP, and
DCR parameters [10, 14, 15].

DCR parameters were shown to be helpful for the de-
tection of corneal ectasia (Figure 1) [19, 20]. Keratoconus is
associated with an increase in DA [21, 22]. A larger curvature
radius HC and lower InvRadMax were related to increased
corneal stiffness and higher resistance to deformation. [13].

For early and accurate diagnosis of corneal ectasia,
several indices have been developed [6, 23]. Vinciguerra
et al. [6] proposed the Corvis Biomechanical Index (CBI) by
combining DCR parameters including the DA ratio at 2mm,
InvRadMax, and SP-A1 and corneal thickness data
expressed as Ambrósio’s Relational *ickness in the hori-
zontal profile (AR*) [23]. CBI with a cut-off value of 0.5
successfully detected 98.2% of corneal ectasia with 100%
specificity, suggesting its potential value for early detection
of keratectasia [6]. In a subsequent study, they presented 12
cases with subclinical keratoconus detected using CBI cut-
off value of 0.5 in which topography and tomography were
all normal [24].

In 2017, Ambrosio et al. [23] introduced the tomo-
graphic biomechanical index (TBI) by integrating
Scheimpflug-based corneal tomographic and biomechanical
data to improve accuracy for detection of corneal ectasia
(Figure 2) [23]. *e TBI cut-off value of 0.79 provided 100%
sensitivity and 100% specificity for detecting clinical corneal
ectasia [23]. *ey also showed that TBI was significantly
more accurate than CBI or Belin-Ambrosio Deviation dis-
play (BAD-D) for detecting corneal ectasia [23]. Steinberg
et al. [25] also demonstrated that TBI was superior to CBI
and BAD-D in keratoconus screening in topographical and
tomographical normal fellow eyes of clinically ectatic eyes,
although all the three indices were excellent for discrimi-
nating advanced keratoconus from normal eyes. Ferreira-
Mendes et al. [26] revealed that the TBI was more accurate
than BAD-D and CBI for detecting subclinical ectasia
amongst topographically normal eyes in patients with
asymmetric ectasia, indicating that the index might identify
an intrinsic susceptibility for ectasia progression [26]. Other
studies have also shown that TBI was the most accurate
amongst the various indices developed so far for discrimi-
nating subclinical keratoconus from normal eyes [20,27].
Kataria et al. [20] reported that, among indices including
CBI, TBI, BAD-D, and SP-A1, TBI showed the weakest
correlation with biomechanical confounding factors.
However, the cut-off value of TBI for detecting eyes with
ectasia susceptibility varied amongst the studies, and no
consensus regarding the cut-off value has been established
yet [28]. Koh et al. [29] showed that 40% of cases with
clinical ectasia in one eye and a fellow eye with normal
topography were classified as normal by BAD-D, CBI, and
TBI.*ese findings suggest that further studies are necessary
for further development of indices and guidelines for dis-
criminating eyes with ectasia susceptibility [29].

Corvis ST can also be helpful in monitoring changes in
cornea after collagen cross-linking (CXL) treatment [30, 31].
CXL treatment was associated with increase in A2V and DA
as well as decrease in A2L in eyes with keratoconus [31]. *e
difference between the A1L and A2L was reliable in dis-
criminating cross-linked keratoconic corneas from un-
treated keratoconic or healthy corneas [31]. Hashemi et al.
[30] showed that Corvis STshowed DCR changes suggesting
corneal strengthening, such as decreased DA 2mm and
increased SP-A1, indicating that the device can provide
biomechanical evidence of the efficacy of corneal CXL [30].
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Corvis ST is also expected to be useful for evaluation of
changes in corneal biomechanical properties associated with
refractive errors and keratorefractive surgery [32–34].
Tubtimthong et al. [35] demonstrated that high myopia was
associated with higher DA and smaller curvature radius,

indicating that the condition might have reduced corneal
stiffness and decreased stability. Hashemi et al. [34] showed
that laser-assisted in situ keratomileusis (LASIK) led to more
substantial changes in corneal biomechanical properties
than photorefractive keratectomy (PRK) in high myopia,

Figure 2: Corvis ST biomechanical/tomographic assessment of a keratoconic eye. Biomechanical assessment shows increase in DA ratio and
integrated radius, and decrease in AR* and SP-A1 (top left). Tomographic assessment shows central corneal thinning with an asymmetric
bow tie pattern (top right). *e percentage of thickness increase (PTI) graph shows an inferior escape from the normal mean. CBI, TBI, and
BAD are all increased (bottom).

Figure 1: Vinciguerra screening report displays DCR parameters of a patient with keratoconus in comparison with normative values. *e
AR* and SP-A1 are lower, and the DA ratio, integrated radius, and CBI are higher in keratoconus compared to normal subjects.
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although both procedures caused significant biomechanical
changes in the cornea. Corvis ST has shown that both LASIK
and small incision lenticule extraction (SMILE) cause re-
markable changes in corneal biomechanical parameters
[32, 33, 36]. However, SMILE was associated with reduced
change in DA and better recovery of corneal biomechanical
strength [32, 33]. Khamar et al. [36] reported that creation of
a LASIK flap caused greater acute biomechanical weakening
intraoperatively in comparison to a SMILE cap, although
both resulted in similar biomechanical changes after wound
healing.

Cataract surgery was associated with decreased SP-A1
and increased DA even at 3months postoperatively, sug-
gesting decreased corneal stiffness [37, 38]. As the reduction
in corneal stiffness was associated with falsely low IOP
measurements, care should be taken particularly when
evaluating glaucoma patients after cataract surgery [37].

Corvis ST is also expected to be a potential biomarker in
thyroid orbitopathy [39, 40]. *yroid orbitopathy was as-
sociated with a decrease in WEM, which had a correlation
with increase in cross-sectional area of the extraocular
muscles [40]. Leszczynska et al. [39] also demonstrated
biomechanical alterations including decreased WEM length
and time, increased bIOP, and higher SP, indicating reduced
orbital compliance in association with thyroid orbitopathy
[39].

With the development of OCT technology, swept source
(SS) OCT combined with air puff applanation is also ex-
pected to enable accurate and precise evaluation of corneal
biomechanical properties [41, 42]. Several studies have
shown the efficacy of SS-OCTwith an air puff in assessment
of dynamic response of cornea to air pulse, suggesting it as a
potential option for the in vivo assessment of corneal me-
chanical properties, particularly due to its high resolution
[43, 44].

2. Brillouin Microscopy

Brillouin microscopy is a recently introduced modality to
measure the viscoelastic property of the cornea in vivo [45].
In Brillouin microscopy, a low-power, near-infrared laser
beam is focused into the corneal tissue and it interacts with
intrinsic acoustic waves, which leads to a Brillouin frequency
shift of scattered light reflected from the modulation of the
focus [45, 46]. *e Brillouin frequency shift is proportional
to the acoustic propagation speed of tissue at the focus,
which is proportional to the square of the longitudinal
modulus; thus, assessment of the Brillouin frequency shift
provides a determination of longitudinal modulus or me-
chanical compressibility, which is the inverse of the longi-
tudinal modulus, of the target tissue [45].

Brillouin microscopy is advantageous due to its non-
contact nature and ability to generate 3D mapping of the
spatial variation of longitudinal modulus using high-reso-
lution confocal spectrometer and is expected to be widely
used for practice and research on anterior segment disorders
[45, 46].

Clinical studies using Brillouin microscopy have dem-
onstrated significant alteration in corneal elastic properties

in keratoconus, suggesting the potential applicability of the
device for detection of cornea with ectasia susceptibility
[47, 48]. Brillouin frequency shift in the cone region is
significantly reduced in keratoconic corneas compared to
normal ones [47–49]. In keratoconus, the cone region has
substantially decreased Brillouin frequency shift, compared
to the peripheral regions [47–49]. Shao et al. [47] also
demonstrated that asymmetry of Brillouin frequency shifts
between the right and left cone regions is significantly higher
in eyes with early keratoconus compared with normal eyes,
indicating that bilateral symmetry of Brillouin value might
have a value for detection of early-stage KC.

*e modality may also be useful in evaluation of corneal
CXL protocols [50, 51]. Brillouin analyses revealed that
accelerated CXL protocols were especially ineffective in the
deeper portions of the cornea [50], and the stiffening effect of
localized-CXL extended to regions surrounding the localized
irradiated area [51].

Brillouinmicroscopy can be useful in themanagement of
corneal endothelial disorders and monitoring the disease
severity [52, 53]. Brillouin frequency shift was shown to have
negative correlation with corneal hydration, [52] which
might be helpful in evaluating abnormal hydration change
associated with endothelial dysfunction. Eltony et al. [53]
revealed that patients with Fuchs’ endothelial dystrophy
showed a centralized reduction in Brillouin shift, which was
consistent with central corneal edema. Brillouin microscopy
also detected substantially reduced corneal hydration after
Descemet membrane endothelial keratoplasty (DMEK) [53].

*e technique is also expected to be useful for the
evaluation of corneal biomechanical change associated with
cornea, refractive, and cataract surgery [45, 54]. LASIK flap
creation resulted in significantly reduced Brillouin frequency
shift, due to reduced corneal stiffness [54]. As differences in
biomechanical properties including corneal hydration might
contribute to the variability in refractive outcome after
cataract and refractive surgeries, [55, 56] Brillouin mi-
croscopy is expected to be helpful for establishment of in-
dividually tailored nomograms for optimal visual outcome
[45, 55].

3. Ultrahigh Resolution OCT (UHR-OCT)

Although anterior segment time-domain OCT, which has
been commercially utilized since the early 2000s, is capable
of providing comprehensive images of anterior segment
structure, it lacks the ability to show structural details due to
the lower resolution [57, 58]. Advances in technology have
enabled development of spectral-domain OCT with im-
proved axial resolution of 4–7 μm and, subsequently, ul-
trahigh-resolution (UHR) OCT with axial resolution of
1–4 μm [58].

UHR-OCTuses a light source based on Ti:sapphire laser
with a broad bandwidth of larger than 100 nm as well as an
optical system specifically designed to deliver optimal per-
formance [59], which results in a resolution of less than 5 μm
[58, 59].

Enhanced axial resolution of UHR-OCTenabled precise
delineation of all 5 corneal layers and thickness
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measurement of each layer [59]. *e device also allowed
visualization of microstructures, such as limbal palisades of
Vogt, limbal blood vessels, corneal nerve fiber bundles, and
aqueous humor drainage pathway including intrascleral,
episcleral, and conjunctival venous plexuses [59], which may
be helpful for understanding the pathophysiology of various
anterior segment disorders and glaucoma.

UHR-OCT also allows visualization of precorneal tear
film and tear film lipid layer [60–62] and provides thickness
data of tear film and lipid layer with excellent reproducibility
[61, 62]. *ese findings suggest that the UHR-OCT can be a
viable option for diagnosis and management of dry eye
disease [59]. It also enabled precise evaluation of re-epi-
thelialization after corneal injury by 3D mapping and ob-
servation of microarchitectural alterations in early phases of
corneal wound healing [63, 64].

UHR-OCT was also shown to be a viable tool for de-
tection, differential diagnosis, and monitoring of treatment
response of ocular surface tumors including ocular surface
squamous neoplasia and melanoma [58, 65, 66]. It can
provide clear demarcation and information regarding depth,
localization, and characteristics of various ocular surface
lesions [67]. UHR-OCT findings of the lesions showed close
correlation with histopathologic features [66, 67]. Shousha
et al. [66] suggested that UHR-OCTcan play a critical role in
guiding the diagnosis in some cases, in which the optical
signs obtained using the device indicated that the presumed
clinical diagnosis might be incorrect and favored a diagnosis
later confirmed by histopathologic examination [66]. *ese
findings indicate that UHR-OCT may have potential for
noninvasive options for confirming diagnosis and moni-
toring treatment response of ocular surface lesions [66, 67].
*e modality also enables detection of subclinical ocular
surface neoplasia that cannot be observed by slit-lamp ex-
amination [66, 68], which may be invaluable for surveillance
for recurrent or residual tumors after treatment [58].

UHR-OCT can also be helpful for diagnosis and treat-
ment of ocular surface infection. For instance, the device
allows visualization of characteristic signs of Acanthamoeba
keratitis, such as corneal nerve thickening reflecting radial
keratoneuritis and highly reflective dots indicating the cysts
[59].

*e ability of the UHR-OCT to generate vertical
thickness map and indices of the corneal epithelium and
Bowman’s layer can be helpful for discrimination of sub-
clinical corneal ectasia [69, 70]. In 2019, Santos et al. [71]
reported that a UHR-OCT combined with a deep learning
algorithm called CorneaNet was capable of segmentation of
both healthy and keratoconus images with high reliability,
suggesting that the device can be a useful tool for early
detection of keratoconus.

UHR-OCT allows in vivo high-resolution visualization
of corneal endothelial cells and measurement of density of
the cells [72], which can be beneficial for detection and
monitoring of pathologic conditions in endothelium, e.g.,
endothelial guttata in Fuchs’ endothelial dystrophy [68].

*e device can also be helpful for management after
corneal surgery, particularly after keratoplasty. UHR-OCT
allows visualization of endothelial graft after DMEK [59],

which enables early detection of graft detachment. It can also
detect a gap in the keratoprosthesis-cornea interface with
absence of epithelial closure after implantation of artificial
cornea [73], which is critical for prevention of complica-
tions, such as leakage, graft extrusion, and endophthalmitis
[73].

As UHR-OCT technology has a potential for visuali-
zation of anterior segment structure at a microscopic level
and assessment of ocular biometry with excellent accuracy, it
is expected to further improve visual outcome after cataract
and refractive surgery [2].

4. Artificial Intelligence

Artificial intelligence (AI) using machine learning and deep
learning is expected to be helpful for diagnosis and treatment
of anterior segment diseases, although the use of AI has
already been extensively established for systemic associa-
tions with retinal findings [74, 75]. Machine learning al-
gorithms including support vector machines or random
forest models are programmed to adapt according to the
input data and produce assumptions, e.g., determinations or
predictions, based on the parameters of its algorithm [76].
Conventional machine learning might be sufficient for de-
signing predictive algorithms using clinical data including
medical records or population-based studies [77]. Deep
learning refers to a subset of machine learning technique
that involves neural networks comprising multiple neuron-
like computational layers of algorithms, i.e., convolutional
neural networks (CNNs) [76]. Deep learning has been
widely used for the analysis of image-based data including
anterior segment photographs, fundus photographs, or OCT
images, due to its improved diagnostic performance [77].

Mahesh Kumar et al. [78] reported that a multiclass
computer-aided system, based on machine learning using
support vector machine by sequential minimal optimization
algorithm, showed accuracy of 97% for diagnosing anterior
segment eye abnormalities such as senile arcus or cataracts,
suggesting the potential of ophthalmic image analysis using
AI for clinical application.

AI has currently been useful for development of indices
for discrimination of keratoconus [23,79]. *e TBI devel-
oped using random forest model with leave-one-out cross-
validation was shown to be superior to other indices, such as
CBI and BAD-D, for differentiation between keratoconus
and normal corneas [23, 26]. *e Pentacam random forest
index (PRFI), a random forest model generated using
Pentacam HR (Oculus, Wetzlar, Germany) data, was also
demonstrated to improve the accuracy of detection of ectasia
susceptibility compared to BAD-D [79].

AI also allows rapid assessment of the corneal endo-
thelium with good reliability [80–83]. A deep learning
method called U-net was capable of substantially faster and
more accurate segmentation compared to manual seg-
mentation [80, 81]. Heinzelmann et al. [84] revealed that the
endothelial cell counts measured using U-Net showed strong
correlation with those obtained with the gold standard,
suggesting the potential applicability of the AI model in the
long-term assessment of corneal grafts. After DMEK, deep
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learning model using CNN can also be useful for automated
quantification of graft dislocation, which may enable early
detection of graft [85].

Al enables rapid and accurate evaluation of corneal
subbasal nerve plexus using in vivo confocal microscopy
(IVCM) [86, 87]. Using neural network and random forest
models, Chen et al. [86] generated an automated method for
detection and quantification of nerve fibers in IVCM mages
with speed and repeatability superior to manual quantifi-
cation. Al-Fahdawi et al. [88] introduced an automatic
system using AI for nerve segmentation and assessment of
parameters including nerve thickness, tortuosity, and length
in IVCM images, which is expected to be useful for early
detection of diabetic peripheral neuropathy. Williams et al.
[87] also introduced a deep learning algorithm for the au-
tomated quantification of the corneal nerves, which showed
rapid and excellent localization performance.

AI can be helpful for the diagnosis and management of
ocular surface infection [89,90]. Xu et al. [89] revealed that
an automatic hyphae detection method based on image
recognition with adaptive robust binary pattern in IVCM
images was more accurate than corneal smear examination,
suggesting the potential applicability of AI for noninvasive
diagnosis of fungal keratitis [89]. A system for automatic
segmentation of corneal ulcer areas using a joint method of
Otsu and Gaussian mixture modeling has also been pro-
posed [90].

In dry eye disease, deep learning can be applied for the
automatic segmentation of the anterior segment OCT image
with a thresholding-based segmentation algorithm for the
evaluation of the tear meniscus [91].

For iris tumor, Ouabida et al. [92] showed that an au-
tomatic method using the Vander Lugt correlator based
active contour method and a K-means clustering model
detected all iris tumors with an accuracy of 100% [92].

AI is also expected to be useful for screening of
cataract [93–95]. Lin et al. [93] introduced an automatic
detection protocol for pediatric cataracts using a deep
learning algorithm using anterior segment photographs.
Yang et al. [94] also developed an ensemble learning
based method using support vector machine and back-
propagation neural network, which showed good per-
formance for detection and grading of cataract [94]. Wu
et al. [95] reported that a universal AI platform integrated
with a AI-based multilevel collaborative pattern showed
excellent reliability for diagnosis of cataract and detection
of referable cases, which might enable effective referral
service for cataracts. Machine learning algorithms have
also shown higher efficacy with comparable safety in
nomogram prediction in SMILE compared with surgeon-
developed normograms [96].

5. Conclusion

Novel techniques including Corvis ST, Brillouin micros-
copy, and UHR-OCT are expected to enable even more
detailed assessment of anterior segment structures with high
accuracy. AI can integrate the findings from these new
modalities as well as from conventional imaging devices and

generate protocols for optimal diagnosis and treatment of
various anterior segment disorders.

With further developments, these future techniques may
allow comprehensive and precise evaluation of anatomical
and functional alterations associated with various anterior
segment diseases, which would be critical for enhanced
diagnostic performance and treatment outcome.
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S. Marcos, “Dynamic OCT measurement of corneal defor-
mation by an air puff in normal and cross-linked corneas,”
Biomedical Optics Express, vol. 3, no. 3, pp. 473–487, 2012.

[42] D. Alonso-Caneiro, K. Karnowski, B. J. Kaluzny,
A. Kowalczyk, and M. Wojtkowski, “Assessment of corneal
dynamics with high-speed swept source optical coherence
tomography combined with an air puff system,” Optics Ex-
press, vol. 19, no. 15, pp. 14188–14199, 2011.

[43] E. Maczynska, K. Karnowski, K. Szulzycki et al., “Assessment
of the influence of viscoelasticity of cornea in animal ex vivo
model using air-puff optical coherence tomography and
corneal hysteresis,” Journal of Biophotonics, vol. 12, no. 2,
Article ID e201800154, 2019.

[44] E. Maczynska, J. Rzeszewska-Zamiara, A. Jimenez Villar,
M. Wojtkowski, B. J. Kaluzny, and I. Grulkowski, “Air-puff-
Induced dynamics of ocular components measured with
optical biometry,” Investigative Opthalmology & Visual Sci-
ence, vol. 60, no. 6, pp. 1979–1986, 2019.

[45] S. H. Yun and D. Chernyak, “Brillouin microscopy,” Current
Opinion in Ophthalmology, vol. 29, no. 4, pp. 299–305, 2018.

[46] G. Scarcelli and S. H. Yun, “Confocal Brillouin microscopy for
three-dimensional mechanical imaging,” Nature Photonics,
vol. 2, no. 1, pp. 39–43, 2008.

[47] P. Shao, A. M. Eltony, T. G. Seiler et al., “Spatially-resolved
Brillouin spectroscopy reveals biomechanical abnormalities in
mild to advanced keratoconus in vivo,” Scientific Reports,
vol. 9, no. 1, p. 7467, 2019.

[48] G. Scarcelli, S. Besner, R. Pineda, P. Kalout, and S. H. Yun, “In
vivo biomechanical mapping of normal and keratoconus
corneas,” JAMA Ophthalmology, vol. 133, no. 4, pp. 480–482,
2015.

[49] T. G. Seiler, P. Shao, A. Eltony, T. Seiler, and S.-H. Yun,
“Brillouin spectroscopy of normal and keratoconus corneas,”
American Journal of Ophthalmology, vol. 202, pp. 118–125,
2019.

[50] J. N. Webb, J. P. Su, and G. Scarcelli, “Mechanical outcome of
accelerated corneal crosslinking evaluated by Brillouin mi-
croscopy,” Journal of Cataract & Refractive Surgery, vol. 43,
no. 11, pp. 1458–1463, 2017.

[51] J. N. Webb, E. Langille, F. Hafezi, J. B. Randleman, and
G. Scarcelli, “Biomechanical impact of localized corneal cross-
linking beyond the irradiated treatment area,” Journal of
Refractive Surgery, vol. 35, no. 4, pp. 253–260, 2019.

[52] P. Shao, T. G. Seiler, A. M. Eltony et al., “Effects of corneal
hydration on Brillouin microscopy in vivo,” Investigative
Opthalmology & Visual Science, vol. 59, no. 7, pp. 3020–3027,
2018.

[53] A. M. Eltony, F. Clouser, P. Shao, R. Pineda, and S.-H. Yun,
“Brillouin microscopy visualizes centralized corneal edema in
Fuchs endothelial dystrophy,” Cornea, vol. 39, no. 2,
pp. 168–171, 2020.

[54] J. B. Randleman, J. P. Su, and G. Scarcelli, “Biomechanical
changes after LASIK flap creation combined with rapid cross-
linking measured with brillouin microscopy,” Journal of
Refractive Surgery, vol. 33, no. 6, pp. 408–414, 2017.

[55] A. Denoyer, X. Ricaud, C. Van Went, A. Labbé, and
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Objective. To observe the stability of intraocular lenses (IOLs) in primary angle-closure glaucoma by ultralong scan depth spectral-
domain optical coherence tomography (UL-OCT) after phacoemulsification. Methods. A prospective, randomized study. 73
patients (82 eyes) with primary closed-angle glaucoma and age-related cataract were included in the study. 42 eyes were implanted
with ZCB00, while 40 eyes were implanted with Softec HD after phacoemulsification. ,e tilt, decentration, and space between
IOL and posterior capsule (IOL-PC space) were analyzed using UL-OCT at 1 week, 1 month, and 3 months after surgery. ,e
intergroup difference was compared with the paired t-test. Result. ,e difference of decentration and tilt was not statistically
significant (both P> 0.05) both in the horizontal and vertical positions at 1 week, 1 month, and 3 months postoperatively. ,e
horizontal IOL-PC space is 0.111± 0.091mm2, 0.044± 0.066mm2, and 0.055± 0.055mm2 in the Softec HD group and
0.458± 0.488mm2, 0.497± 0.363mm2, and 0.492± 0.441mm2 in the ZCB00 group. ,e vertical IOL-PC space is
0.102± 0.061mm2, 0.037± 0.052mm2, and 0.053± 0.079mm2 in the Softec HD group and 0.692± 0.815mm2, 0.510± 0.415mm2,
and 0.691± 0.635mm2 in the ZCB00 group.,e difference was statistically significant (P< 0.05) both in the horizontal and vertical
positions except for the first week on the horizon. ,e Softec HD group is smaller than the ZCB00 group. Conclusion. ,ere is no
difference in the stability of the IOL although the IOL-PC space is different. ,e thickness of IOL may affect the IOL-PC space.

1. Introduction

Primary angle-closure glaucoma (PACG) is the most
common type of glaucoma in the clinic. ,e anatomical
structures such as shortness of the axial eye length, shallow
anterior chamber, increased thickness, and curvature of the
crystalline lens were different from cataract [1]. Most of the
patients are combined with cataract and phacoemulsifica-
tion which can relieve pupillary block. At present, there is no
intraocular lens designed for glaucoma patients and no
report on the selection of IOL in relevant research. However,
the stability of IOL in the capsular bag is crucial for patients
in visual quality [2]. ,e application of ultralong scan depth

spectral-domain optical coherence tomography (UL-OCT)
makes the state of IOL in the capsular bag clear. In this study,
UL-OCT was used to measure the decentration, tilt, and
IOL-PC space of IOL and analyze the factors for the better
selection of IOL in the clinic.

2. Materials and Methods

A total of 82 eyes (73 patients) with PACG were randomly
divided into 2 groups. Randomization was done using
computer-generated tables (Microsoft Excel; Microsoft
Corporation, Redmond, Washington). ZCB00 was per-
formed in 42 eyes (37 patients), and Softec HD was
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performed in 40 eyes (36 patients) of patients who visited the
Eye Hospital, Wenzhou Medical University, from May 2017
to May 2019 (Table 1).

Each patient has undergone a complete ophthalmo-
logical evaluation. Patients with other eye and systemic
diseases, such as high myopia, uveitis, retinal diseases,
corneal disease, and previous corneal or intraocular surgery,
were excluded from the study. ,e study protocol was ap-
proved by the Zhejiang Eye Hospital Ethics Committee
(another name of Zhejiang Eye Hospital is Eye Hospital,
Wen Zhou Medical University) and adhered to the Decla-
ration of Helsinki. All of the participants signed an informed
consent form.

,e Softec HD group was implanted with one-piece
aspherical IOL (Softec HD, Lenstec, USA), which is a one-
piece, biaspheric, square edge, 12mm diameter, hydrophilic
acrylic IOL.,e ZCB00 group was implanted with one-piece
aspherical IOL (ZCB00, AMO,USA), which is a plate-haptic,
aspheric surface, 13mm diameter, square edge hydrophobic
acrylate IOL.

Phacoemulsification was performed by one experienced
surgeon under topical anesthesia with a 3.2mm clear corneal
incision. A 4.5mm capsulorhexis, centered on the dilated
pupil, was performed with the aid of capsulorhexis forceps.
,e incision of the right eyes was on the temporal side while
the left eyes on the paranasal side. ,e residual viscoelastic
was absorbed completely.

A custom spectrometer with a unique design was de-
veloped to achieve an experimental scan depth of 7.2mm in
air based on the technology of spectral-domain OCT. ,e
modification includes a transmission grating and a line scan
CCD camera (Aviiva SM2 CL 2010, 2048 pixels; Atmel, San
Jose, CA). X–Y cross-aiming was applied to align the UL-
OCTscanning position necessary to image the entire IOL in
the capsule and the posterior capsule (PC).,e UL-OCT has
an approximately 6-μm axial resolution and a scan width up
to 20mm. ,e accuracy and repeatability of the instrument
have been confirmed in previous works [3, 4]. ,e ZCB00
IOL and Softec HD IOL are shown in Figure 1.

Follow-up assessments were performed at 1 week and 1
and 3 months postoperatively. ,e horizontal and vertical
position of IOL was performed. ,en, using Image-pro plus
version 6.0, the OCT images were analyzed. ,e tilt angle
and decentration length were measured according to the
method by Alberto de Castro et al. [5, 6]. ,e method was
based on the Scheimpflug system: IOL decentration is ob-
tained from the distance between the IOL center and the
pupillary axis. Total decentration, determined by trigo-
nometry analysis, shows the magnitude of the result vector
of horizontal and vertical decentration [7]. ,e tilt was
calculated by dividing the slope of IOL by the slope of the
limbus [8]. ,e OCT images were taken as in Figure 1, the
curve of the surface of the IOL and the PC was drawn, and
then it was substituted into the two-dimensional coordinate
plane to get the scatter plot as in Figure 2. ,e area between
the IOL and posterior capsular region was evaluated through
the function of the software [9].

Statistical analyses were performed to compare the
differences in the biometric data between the ZCB00 group

and the Softec HD group using SPSS 19.0. ,e Kolmo-
gorov–Smirnov test was used to confirm the normal dis-
tribution. ,e tilt and decentration were compared with the
paired t-test. ,e IOL-PC space was compared with the rank
sum test. Differences were considered statistically significant
when the P value was less than 0.05.

3. Results

Table 2 shows the postoperative visual acuity results in the
two IOL groups. At the 3-month visit, no significant dif-
ference was found in corrected-distance visual acuity
(CDVA), uncorrected-distance visual acuity (UDVA), and
axial length between the groups. ,e thickness of IOL was
significantly different between the two groups. Softec HD
was thicker than ZCB00.

,e total decentration is 0.182± 0.054mm,
0.232± 0.081mm, and 0.183± 0.089mm in the Softec HD
group and 0.311± 0. 212mm, 0. 214± 0. 111mm, and 0.
228± 0.156mm in the ZCB00 group at 1 week, 1 month, and
3 months postoperatively.,e difference was not statistically
significant.

,e horizontal tilt is 1.65± 6.23°, 0.45± 4.29°, and
−1.76± 7.37°in the Softec HD group and 0.05± 6.21°,
0.34± 8.51°, and −0.17± 6.30°in the ZCB00 group at 1 week,
1 month, and 3 months postoperatively. ,e vertical tilt is
3.67± 6.61°, −0.94± 4.73°, and 0.54± 9.51°in the Softec HD
group and −0.73± 7.33°, 0.32± 7.20°, and 0.07± 5.52°in the
ZCB00 group. ,e difference was not statistically significant
both in the horizontal and vertical positions.

Table 3 shows the horizontal IOL-PC space in the two
study groups. ,e difference was statistically significant
(P< 0.05) except for the first week. Table 4 shows the vertical
IOL-PC space. ,e difference was statistically significant
(P< 0.05). ,e IOL-PC space in the Softec HD group is
smaller than the space in the ZCB00 group (Figure 3).

4. Discussion

,e quality of visual acuity will be improved without
decentration and tilt [10]. However, a previous study had
reported that IOL tilt was more extensive in the eyes with
glaucoma than normal cataract [11]. ,e increased thick-
ness, curvature of the crystalline lens, and a more anterior
lens position indicate that lens capsule configuration is also
abnormal in eyes with angle-closure glaucoma. It is therefore
reasonable to conclude that the implanted IOL is apt to be
tilted or decentered in eyes with CAG. Another study found
AL is negatively correlated with crystalline lens tilt, which
means IOLs are more prone to tilt in patients with a short AL
[12]. ,e possible explanation is that the crystalline lens is
more likely to tilt in the crowded intraocular space. In
addition, Chen et al. [13] have found that the thicker lens was

Table 1: ,e age and gender distribution.

Softec HD group ZCB00 group P value
Age (year) 65.34± 11.32 68.25± 10.68 ＞0.05
Gender (M : F) 13 : 24 11 : 25 ＞0.05
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strongly correlated with larger decentration. ,erefore, the
decentration and tilt in PACG may be different from cat-
aract, so the research may have a reference value for the
choice of IOL in clinical work.

We have found that the IOL-PC space of Softec HD,
which is constituted by hydrophilic acrylate, is significantly
smaller than that of ZCB00 made of hydrophobic acrylate
material. ,e finding is different from some research: hy-
drophobic acrylates have better biocompatibility, which can
make the optical part of IOL close to the posterior capsule
and reduce the incidence of posterior cataract and the
shrinkage of the capsule. However, the hydrophilic acrylate
material could not be closely attached to the posterior
capsule, which provided space for LECs growth and pro-
liferation [9]. ,e reasons may be as follows: the thickness of
IOL is determined by the material and the diopter. In this
experiment, the average thickness of Softec HD is
1.47± 0.355mm and ZCB00 is 1.19± 0.287mm. ,e dif-
ference is statistically significant. If the IOL is assumed to be
a standard ellipsoid, according to the ellipse volume formula
V� 4/3πabc (a, b, and c, respectively, represent half of each
axis), where the length of a and b takes the radius of the
optical surface and c takes half of the thickness, then it can be
inferred that the volume of Softec HD is about
50.87± 12.28mm3 and ZCB00 is about 44.83± 10.81mm3.
Takuhei et al. have reported that the lens thickness is pos-
itively correlated with axial length [14]. Another study found
that equatorial capsular bag diameter is correlated with axial
length [15]. A significant difference in axial length was not
found between the study groups, which means a difference
in capsular bag size is not a likely reason for the larger IOL-
PC space observed in the ZCB00 group. ,en, we can
speculate that Softec HD with a larger volume fills the
capsular bag better. As a result, the IOL-PC space in Softec
HD is smaller than ZCB00.

,e IOL-PC space on visual function is in agreement
with the concept “no space, no cell, no PCO” [16]. Studies
have reported that, with increasing severity of PCO, visual
acuity and stray light deteriorate [17]. In our study, a thicker
IOL could promote the elimination of IOL-PC space. So, we
can infer that the incidence of posterior cataract is reduced
and vision will be maintained better with a thicker IOL.

,ere was no statistical difference between the tilt and
decentration although the IOL-PC space was significantly
different. ,e result is similar to the research of Katayama
et al. [18]: decentration and tilt did not change significantly
although the posterior capsular opacity (PCO) value in the
hydrophilic group increased significantly with time and was
statistically significantly higher than in the hydrophobic
group at 18 and 24 months postoperatively in either group.

�e IOL

IOL-PC space
Posterior capsule

(a)

�e IOL
Iris

IOL-PC space

Posterior capsule

(b)

Figure 1: ,e UL-OCTdetects the boundaries of intraocular lens (IOL), posterior capsule (PC), and the space between IOL and posterior
capsule (IOL-PC space). (a) ,e ZCB00 IOL. (b) ,e Softec HD IOL. UL-OCT�ultralong scan depth spectral-domain optical coherence
tomography.

�e back surface of IOL

IOL-PC space

Posterior capsule

–4 –3 –2 –1 0
0

0.5

1

1.5

2

2.5

3

1 2 3 4

Figure 2: ,e scatter plot.

Table 2: Postoperative results in the two study groups.

Softec HD ZCB00 P

UDVA (logMAR) 0.18± 0.13 0.21± 0.09 0.28
CDVA (logMAR) 0.10± 0.09 0.13± 0.12 0.24
Axial length (mm) 22.84± 1.92 22.92± 2.11 0.32
,ickness of IOL (mm) 1.47± 0.355 1.19± 0.287 0.03
CDVA� corrected-distance visual acuity; UDVA� uncorrected-distance
visual acuity; logMAR� logarithm of the minimum angle of resolution.

Table 3: Horizontal IOL-PC space (mm2) postoperative.

1 week 1 month 3 months P value
Softec
(mm2) 0.11± 0.091 0.044± 0.066 0.055± 0.055 0.189

ZCB00
(mm2) 0.458± 0.488 0.497± 0.363 0.492± 0.441 0.823

P value 0.15 0.002 0.001

Table 4: Vertical IOL-PC space (mm2) postoperative.

1 week 1 month 3 months P value
Softec
(mm2) 0.102± 0.061 0.037± 0.052 0.053± 0.079 0.035

ZCB00
(mm2) 0.692± 0.815 0.510± 0.415 0.691± 0.635 0.997

P value 0.013 0.001 0.006
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,e reasons may be as follows: first, Modesti et al. [19]
considered that the maximum diameter of the lens capsule at
any time after cataract surgery was ＜12.0mm, which was
smaller than that of the IOLs in this study (12mm in Softec
HD and 13mm in ZCB00). But, the lens capsule is thicker
than the intraocular lens, so the IOL is stuck in the center of
the capsule without bound to the posterior capsule tightly.
As a result, haptic provides most of the strength for the
stability of the IOL. ,is finding explains that IOLs with a
diameter greater than 12mm were more stable than IOLs
with a diameter less than 12mm [20]. Besides, the two IOL’s
haptics are made of acrylate, which is soft and firm. When
the capsule is contracted, the soft haptic can be compressed
independently without transmitting this force to the IOL
optics. ,erefore, in the case of different IOL-PC space,
stability is less affected.

,e limitations of this trial were that it was limited by
clinical work and only followed up for 3 months. PCO
begins three months after surgery, and the long-term
stability of IOL in patients with PACG remains unknown.
Besides, studies have shown that mathematics can be used
based on cross-sectional and sagittal images. Modeling
restores the 3D stereo image of the IOL to accurately
calculate the maximum tilt and decentration of the IOL
[21]. But in clinical work, mathematical modeling requires
a lot of time and effort.

In summary, by using UL-OCT, we could clearly observe
the IOL and posterior capsule. ,e objective quantification
of thickness demonstrated a correlation with IOL-PC space.
Maybe the haptic and diameter of IOL length play a more
important role in stability than IOL-PC space. ,ese results
suggested that UL-OCTcould be used as a powerful method
to evaluate the IOL-PC space and the tilt and decentration of
IOL.
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Meibomian gland lipid secretion is important to the stability of the tear film and ocular surface comfort. Changes in the tear film’s
lipid layer thickness (LLT) after orthokeratology treatment may reflect underlying changes to the meibomian gland function. +e
purpose of this study was to investigate the features of the tear lipid layer in normal children and the effects of short-term
orthokeratology treatment. Altogether, 163 myopic children (age: 10.7± 1.9 years, 8–15 years; 71 males) with no contact lens use
history were enrolled in this study, of whom 56 were successfully fitted with orthokeratology lenses and completed the 1-month
study.+e tear film’s LLT (average, maximum, andminimum) and blinking pattern weremeasured by a LipiView® interferometer
in 163 participants at baseline and in 56 orthokeratology participants at 1 week and 1 month after overnight lens wear. Results
show that LLT (average) was 58.09± 21.66 nm in Chinese normal children. LLT was significantly correlated with rate of partial
blinks at every follow-up (all p< 0.05). Compared to baseline, the LLT (average and minimum) and partial blinks (number and
rate) at 1 week and 1 month after orthokeratology treatment both significantly increased, and the increase of LLTwas correlated
with elevation of rate of partial blinks. In conclusion, LLT was shown to be elevated after short-term overnight orthokeratology
treatment and was related to change in rate of partial blinks. Further studies are needed to clarify the long-term effect and the
underlying mechanism.

1. Introduction

Orthokeratology has been used worldwide since the advent
of rigid, gas permeable lens material in the 1990s [1]. +e
high-Dk lens material combined with a paracentral reverse
geometry design has made overnight wear possible and
provides wearers with good visual acuity in the daytime
[2, 3]. A previous study of over 29,500 contact lens fittings
revealed that orthokeratology was gaining popularity over
the past decade [4], and another study showed that over 25%
of prescribed rigid contact lenses were orthokeratology
lenses for children and adolescents, and 47% were for
younger children (6–12 years old) [5].

+e Implementation Plan for the Comprehensive Pre-
vention and Control of Childhood and Adolescent Myopia,
issued by the Chinese government in 2018, has made

orthokeratology, amongst other myopia control modalities,
even more well-established in China [6]. +erefore, the
safety issues associated with the popularity of orthoker-
atology lens fitting have recently received unprecedented
attention.

As the first and foremost protection measure for the
cornea, the tear film plays an important role in maintaining
safety in contact lens wear by nourishing the cornea with
oxygen, clearing the debris accumulated behind the lens,
rewetting the ocular surface, and decreasing friction during
blinking, etc. Compared with daily wear contact lenses,
overnight orthokeratology has an advantage of inducing less
disturbance to tear volume during a closed-eye condition by
reducing evaporation [7]. Additionally, orthokeratology has
been reported to increase daily eye comfort, especially in late
afternoon, as compared to soft contact lenses [8].+e impact

Hindawi
Journal of Ophthalmology
Volume 2020, Article ID 3602653, 9 pages
https://doi.org/10.1155/2020/3602653

mailto:doctzhouxingtao@163.com
https://orcid.org/0000-0001-6232-0120
https://orcid.org/0000-0002-9038-4831
https://orcid.org/0000-0002-8233-2740
https://orcid.org/0000-0002-3465-1579
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3602653


of orthokeratology on the tear breakup time, tear volume,
and meibomian gland morphology in children after long-
term orthokeratology treatment suggested the common
safety of orthokeratology for ocular surface health [7, 9].
However, the change in corneal shape following orthoker-
atology lens wear and its closed-eye wearing modality may
impact the tear dynamics and biochemistry accordingly. For
example, changes in tear osmolarity, composition, inflam-
matory mediators, and corneal nerve density after ortho-
keratology have been reported [10–13]. Considering these
mechanical, chemical, or biological impacts, potential
change in meibomian gland function in lipid secretion could
occur.

Recent development of LipiView® interferometer has
enabled us to directly measure lipid layer thickness (LLT)
with reasonable accuracy and repeatability, both in normal
and dry eye patients [14, 15]. To our knowledge, few studies
have investigated the influence of orthokeratology lenses on
tear LLT; however, it appears that the average level of LLT in
children needs to be considered independently from adults
[16, 17]. +e current study aimed at evaluating the LLT in a
group of normal Chinese children, and the changes in LLT
after short-term orthokeratology treatment.

2. Methods

+is study was performed with approval from the hospital’s
institutional review board (trial number: 2015013–3). In-
formed consent was obtained from all subjects. +e whole
study was performed in accordance with the Declaration of
Helsinki.

+is study included two parts. In the first stage, we
measured LLT (average, minimum, and maximum) and
blinking pattern in 163 asymptomatic participants. In the
second stage, 56 of 163 participants accepted orthoker-
atology treatment, and LLT and blinking pattern in 56
participants were followed up to 1 week and 1 month.

2.1. Participants. Between October 1, 2017, and September
30, 2019, 163 children (71 males, 92 females; age range: 8–15
years; mean age: 10.7± 1.9 years) consulting the myopia
control clinic of the Fudan University Eye and ENT Hos-
pital, Shanghai, China, were enrolled in this study. No
participant had previous contact lens history, dry eye
symptoms, or significant meibomian gland dysfunction.
+ey had no systemic diseases or other eye diseases affecting
ocular surface health.

2.2. Collection of Ocular Biometrics of 163 Participants at
Baseline. Demographic and ocular biometrics data of par-
ticipants at baseline were collected. It was obtained by
reviewing records of participants at regular clinic within 1
month before baseline, including slit lamp examination,
spherical and cylindrical refractive error, best corrected
distance visual acuity, axial length (IOLmaster 500, Carl
Zeiss, Germany), thinnest corneal thickness (Pentacam,
Oculus Optikgerate, Wetzlar, Germany), corneal curvature

along the flat meridian (K1), and the steep meridian (K2)
(NIDEK RT-5100, Japan).

2.3. Orthokeratology Lens Fitting and Wearing of 56
Participants. Among the 163 participants in the clinic, 56
accepted orthokeratology treatment. All orthokeratology
lenses were fitted in accordance with the manufacturer’s
recommendation, demonstrated adequate movement on
blink and showed good centration under slit lamp micro-
scope and corneal topography during the trial lens fitting
period. Over refraction was then performed with a refractive
target being plano. Participants were requested to insert
orthokeratology lenses before going to sleep, with a mini-
mum of 8 hours of lens wear each night. Children and their
guardians received instructions on how to safely insert and
remove the lenses, along with the lens care regimen. Par-
ticipants in this study did not use additional artificial tears
other than routine drops for lens wearing and taking off.

2.4. Follow-Up of Lipid Layer 3ickness and Blinks. +e
LipiView® interferometer (Johnson & Johnson, USA),
which measures the LLT (average, minimum, and max)
during natural blinking in a noninvasive manner with
satisfactory repeatability, was used to evaluate the LLT and
blinking pattern (number of blinks, number of partial blinks,
and rate of partial blinks). First, 163 normal participants
were enrolled. Next, among 163 participants, LLT and
blinking pattern of 56 undergoing orthokeratology treat-
ment were followed up to 1 week and 1 month.

All measurements were made in both eyes, and data of
the right eye were included for analysis in this study. Du-
ration of measurement on LipiView was 19.1 seconds per
round. In this time window, LLT (average, minimum and
maximum) was calculated automatically, and the number of
blinks and partial blinks were also automatically counted
and displayed on the screen (Figure 1). +e ambient tem-
perature was controlled between 25 to 30°C, and relative
humidity between 50% and 65%. After adjusting the position
of the chin and forehead, the participants were instructed to
fixate on the internal target, and the camera was then ad-
justed until the inferior tear meniscus area was clearly in
focus. Image capture was obtained with participants blinking
naturally. Reliability index (CFactor on-screen) was
requested to exceed 0.7, otherwise the measurements would
be repeated. +e results were output as interferometric color
units (ICU), which was equivalent to nanometers (nm). +e
LipiView® interferometer had an upper cutoff of 100 nm in
the measurement of LLT.

2.5. Statistical Analysis. For data of 163 normal participants
at baseline, Pearson and Spearman correlation analyses were
conducted to investigate the correlation between LLT (av-
erage, min, andmax) and blink pattern (number of complete
blinks, number of partial blinks, and rate of partial blinks).
Rate of partial blinks was calculated as follows: number of
partial blinks/number of blinks. Correlation of LLT and
other parameters including age, sex, spherical and
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cylindrical refractive error, cylindrical axis, axial length,
thinnest corneal thickness, and corneal curvature at the flat
meridian (K1) and steep meridian (K2) was also analyzed.

Correlation analysis of lipid layer thickness and blinking
pattern was conducted for data of 56 participants undergoing
orthokeratology treatment at every follow-up. Single-factor
repeated measure ANOVA was used to analyze the change in
lipid layer thickness (average, minimum, and max) and
blinking pattern (number of blinks, number of partial blinks,
and rate of partial blinks) 1 week and 1 month after ortho-
keratology treatment. Repeated measure correlation (rmcorr)
was used to analyze the correlation between change in lipid
layer thickness and change in blinking pattern after ortho-
keratology treatment [18].

Statistical significance was defined as a p value< 0.05.
SPSS software 22.0 (IBM Corp., Armonk, NY, USA) and R
(4.0.2) were used.

3. Results

3.1. LLTof 163 Participants and the Correlation between LLT
and Other Variables. At baseline (baseline data of partici-
pants are presented in Tables 1 and 2), the average tear LLT
(average, max, and min) of 163 participants was
58.09± 21.66 nm (n� 163), 82.14± 20.12 nm (n� 154), and
46.37± 20.04 nm (n� 154), respectively.

Correlation analysis of LLT and blinking pattern is
presented in Table 1. Number of partial blinks and rate of
partial blinks were correlated with LLT (average, maximum,
and minimum).

+e results revealed that the tear LLT (average) was
significantly correlated with age (r� 0.17, p � 0.03), axial
length (r� 0.18, p � 0.02), thinnest corneal thickness
(r� −0.21, p � 0.01), K1 (r� −0.20, p � 0.01), and K2
(r� −0.19, p � 0.02) (Table 2).

Eye: OD - capture date: 11/4/2017 8:46:37 AM - lipiview ® serial number: 00385
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Figure 1: Display of LLTand blinking pattern on-screen of LipiView® interferometer. +e result of LLT (average, minimum, and max) of a
participant on the screen of LipiView. CFactor: reliability index, which needs to be above 0.7. Partial blinks: before slash is number of partial
blinks, and after slash is number of all blinks during 19.1 s.
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3.2. Follow-Up of LLT and Blinking in 56 Participants after
Orthokeratology Treatment. All 56 participants who un-
derwent orthokeratology treatment showed an uneventful
course, with daily uncorrected visual acuity higher than 0.8
on Snellen chart and SE being ±0.5D of plano. All 56
participants finished both the 1-week and 1-month follow-
up visits. Grade one or less corneal staining was found at 1-
week follow-up. No complications were observed during the
1-month follow-up.

3.2.1. Correlation between LLTand Blinking Pattern at Every
Follow-Up. LLT and blinking pattern of 56 participants at
every follow-up are presented in Table 3. Correlation be-
tween LLT and blinking pattern at baseline, 1 week, and 1
month was analyzed, respectively (Table 3). Correlation
analysis of LLT and other clinical variables of 56 OK par-
ticipants at baseline are presented in Table 4.

3.2.2. Change of LLT after Orthokeratology Treatment.
ANOVA results of LLT (average, minimum, and maximum)
at baseline, 1 week, and 1 month are presented in Table 5 and
Figure 2.

LLT (average) significantly changed over time
(p � 0.028), with pairwise comparison showing a significant
difference between 1 week and baseline (p � 0.017) and
between 1 month and baseline (p � 0.025). No statistical
difference was detected between the 1-week and 1-month
follow-up visits (p � 0.699) (Table 5, Figure 2).

LLT (minimum) also significantly changed over time
(p � 0.024), with pairwise comparison showing a significant
difference between 1 week and baseline (p � 0.022) and

between 1 month and baseline (p � 0.012). No statistical
difference was detected between the 1-week and 1-month
follow-up visits (p � 0.864) (Table 5, Figure 2).

No significant change of LLT (maximum) at 1 week or
1month was detected (p � 0.447) (Table 5, Figure 2).

LLT: lipid layer thickness. average: average value of
LLT. min: minimum value of LLT. max: maximum value
of LLT. ANOVA: single-factor repeated measure analysis
of variance. LSD: LSD paired t-test. n: number. P:
significance.

3.2.3. Change of Blinking Pattern after Orthokeratology
Treatment. ANOVA results of blinking pattern (number of
blinks, number of partial blinks, and rate of partial blinks) at
baseline, 1 week, and 1 month are presented in Table 6 and
Figure 3.

No significant change of number of blinks was detected
over time (p � 0.727), with pairwise comparison showing no
significant difference in any pair (Table 6, Figure 3).

Partial blinks significantly changed over time
(p � 0.037), with pairwise comparison showing a significant
difference between 1 week and baseline (p � 0.012). No
statistical difference was detected between 1 month and
baseline (p � 0.417) or between the 1-week and 1-month
follow-up visits (p � 0.094) (Table 6, Figure 3).

Rate of partial blinks significantly changed over time
(p � 0.008), with pairwise comparison showing a significant
difference between 1 week and baseline (p< 0.001). No
statistical difference was detected between 1 month and
baseline (p � 0.056) or between the 1-week and 1-month
follow-up visits (p � 0.366) (Table 6, Figure 3).

Table 1: LLT (average, minimal, and max) and blinking pattern of 163 eyes at baseline.

LLT average (nm) 58.09± 21.66,
n� 163

LLT max (nm) 82.14± 20.12,
n� 154

LLT min (nm) 46.37± 20.04,
n� 154

Blinks 10.13± 4.50, n� 154 r� −0.05, p � 0.52, n� 154 r� −0.16, p � 0.84, n� 154 r� −0.15, p � 0.07, n� 154
Partial blinks 5.55± 4.36, n� 154 r� 0.18∗, p � 0.027, n� 154 r� 0.22∗, p � 0.006, n� 154 r� 0.19∗, p � 0.02, n� 154
Rate of partial blinks 0.55± 0.33,
n� 154 r� 0.26∗, p � 0.001, n� 154 r� 0.29∗, p< 0.001, n� 154 r� 0.32∗, p< 0.001, n� 154

LLT: lipid layer thickness. LLT average: average value of LLT during 19.1-second measurement. LLT max: maximum value of LLT during 19.1-second
measurement. LLT min: minimum value of LLT during 19.1-second measurement. Blink: number of blinks during 19.1s. Partial blink: number of partial
blinks during 19.1s. r: relative coefficient. P: significance. n: number.

Table 2: Correlation of LLT (average) and other clinical variables of 163 eyes at baseline.

LLT average
(nm)

Age
(years) Sex Sph

(D)
Cylin
(D) Axis BCDVA

(logMAR)

Axial
length
(mm)

K1
(D) K2 (D) TCT

(um)

Number of cases (n) 163 163 163 155 155 106 116 157 153 154 149
Average 58.09 10.67 — −2.86 −0.35 79.15 1.06 24.77 42.70 43.82 544.89
Standard deviation 21.66 1.89 — 1.18 0.47 83.89 0.10 0.83 1.27 1.41 28.07

Association with LLT
average (nm)

r — 0.17∗ −0.08 −0.00 −0.05 0.04 0.03 0.18∗ 0.20∗ −0.19∗ −0.21∗
P — 0.03 0.33 0.97 0.53 0.66 0.76 0.02 0.02 0.02 0.01
n — 163 163 155 155 106 116 157 153 154 149

LLT average: average value of LLTduring 19.1-second measurement. Sph: spherical power. Cylin: cylindrical power. BCDVA: best corrected distance visual
acuity. K1: flat corneal curvature. K2: steep corneal curvature. TCT: thinnest corneal thickness. Blink: number of blinks during 19.1 s. Partial blink: number of
partial blinks during 19.1 s. r: relative coefficient. P: significance. n: number.
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Table 4: Association of LLT average and other variables of 56 orthokeratology eyes at baseline.

LLT average
(nm)

Age
(years) Sex Sph

(D)
Cylin
(D) Axis BCDVA

logMAR
Axial

length(mm)
K1
(D)

K2
(D)

TCT
(um)

Number of cases (n) 56 56 56 56 56 56 56 56 56 56 56
Average 54.29 10.30 — −2.90 −0.42 95.95 −0.02 24.82 42.77 43.91 550.79
Standard deviation 22.13 1.75 — 1.12 0.48 83.81 0.04 0.70 1.07 1.12 26.16

Association with
LLT average

r — −0.03 −0.38∗ 0.07 0.06 0.34∗ 0.04 0.03 −0.74 −0.67 −0.21
P — 0.82 0.00 0.63 0.66 0.04 0.76 0.82 0.59 0.621 0.12
n — 56 56 56 56 37 56 56 56 56 56

LLT: lipid layer thickness. Sph: spherical power. Cylin: cylindrical power. BCDVA: best corrected distance visual acuity. K1: flat corneal curvature. K2: steep
corneal curvature. TCT: thinnest corneal thickness. Blink: number of blinks during 19.5 s. Partial blink: number of partial blinks during 19.5 s.

Table 3: LLT (average, minimal, and max) and blinking pattern of 56 OK eyes at baseline.
Baseline

LLT average (nm) 54.29± 22.13,
n� 56

LLT max (nm) 80.36± 20.47,
n� 56

LLT min (nm) 42.30± 19.66,
n� 56

Blinks 10.89± 4.79, n� 56 r� −0.14, p � 0.45, n� 56 r� −0.10, p � 0.45, n� 56 r� −0.18, p � 0.19, n� 56
Partial blinks 5.70± 5.06, n� 56 r� 0.18, p � 0.19, n� 56 r� 0.13, p � 0.35, n� 56 r� 0.17, p � 0.20, n� 56
Rate of partial blinks 0.51± 0.33,
n� 56 r� 0.28∗, p � 0.04, n� 56 r� 0.23, p � 0.09, n� 56 r� 0.30∗, p � 0.02, n� 56

1 week
LLT average (nm) 62.41± 23.08,

n� 56
LLT max (nm) 83.86± 18.93,

n� 56
LLT min (nm) 49.96± 22.94,

n� 56
Blinks 11.23± 4.90, n� 56 r� 0.25, p � 0.07, n� 56 r� 0.22, p � 0.11, n� 56 r� 0.18, p � 0.19, n� 56
Partial blinks 7.59± 5.72, n� 56 r� 0.45∗, p � 0.001, n� 56 r� 0.48∗, p< 0.001, n� 56 r� 0.45∗, p< 0.001, n� 56
Rate of partial blinks 0.65± 0.34,
n� 56 r� 0.48∗, p< 0.001, n� 56 r� 0.54∗, p< 0.001, n� 56 r� 0.53∗, p< 0.001, n� 56

1 month
LLT average (nm) 61.39± 24.36,

n� 56
LLT max (nm) 82.43± 18.98,

n� 56
LLT min (nm) 50.57± 25.17,

n� 56
Blinks 10.46± 4.49, n� 54 r� −0.33, p � 0.81, n� 54 r� 0.08, p � 0.55, n� 54 r� −0.04, p � 0.77, n� 54
Partial blinks 6.37± 4.71, n� 54 r� 0.23, p � 0.10, n� 54 r� 0.36∗, p � 0.007, n� 54 r� 0.27, p � 0.05, n� 56
Rate of partial blinks 0.60± 0.36,
n� 54 r� 0.37∗, p � 0.005, n� 54 r� 0.43∗, p � 0.001, n� 54 r� 0.44∗, p � 0.001, n� 56

LLT: lipid layer thickness. LLT average: average value of LLT during 19.1-second measurement. LLT max: maximum value of LLT during 19.1-second
measurement. LLT min: minimum value of LLT during 19.1-second measurement. Blink: number of blinks during 19.1s. Partial blink: number of partial
blinks during 19.1s. r: relative coefficient. P: significance. n: number.

Table 5: Short-term change of LLT (average, minimum, and max) after orthokeratology.

n LLT average Standard deviation ANOVA Baseline (LSD） 1 week（LSD） 1 month （LSD）
LLT (average)
Baseline 56 54.29 22.13 p � 0.028∗ n� 56 — P � 0.017∗ n� 56 p � 0.025∗ n� 56
1 week 56 62.41 23.08 p � 0.017∗ n� 56 — p � 0.699 n� 56
1 month 56 61.10 24.41 p � 0.025∗ n� 56 p � 0.699 n� 56 —
LLT (min)
Baseline 56 42.30 19.66 p � 0.024∗ n� 56 — p � 0.022∗ n� 56 p � 0.012∗ n� 56
1 week 56 49.96 22.74 p � 0.022∗ n� 56 — p � 0.864 n� 56
1 month 56 50.57 24.94 p � 0.012∗ n� 56 p � 0.864 n� 56 —
LLT (max)
Baseline 56 80.36 20.47 p � 0.447 n� 56 — p � 0.265 n� 56 p � 0.436 n� 56
1 week 56 83.86 18.76 p � 0.265 n� 56 — p � 0.572 n� 56
1 month 56 82.43 18.81 p � 0.436 n� 56 p � 0.572 n� 56 —
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3.2.4. Association between Change of LLT and Change of
Blinking Pattern. Rmcorr analysis showed significant as-
sociation between rate of partial blinks and LLT (average,
minimum, and max) with p � 0.003, 0.001, and 0.014, re-
spectively (Table 7).

4. Discussion

In this study, we used a noninvasive LipiView ® interfer-
ometer to observe features of the LLTin normal children and

found that a number of ocular biometrics were associated
with LLT. We also measured LLT in children undergoing
orthokeratology treatment and found that even short-term
lens wear had an impact on LLT.

LipiView has been used for dry eye evaluation in adults.
However, LLT is complicated by the presence and category
of dry eye, which is common among this population. A
thicker LLT of 80 (20–100) nm could be found in group
where 79% were diagnosed with meibomian gland dys-
function [14], while another study found that dry eye
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and rate of partial blinks of the 56 patients at baseline, 1 week, and 1 month after orthokeratology treatment. ∗ denotes p< 0.05.
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Figure 2: Lipid layer thickness (average, minimum and max) after orthokeratology lens wear. +e average lipid layer thickness (average,
minimum, and max) of the 56 patients at baseline, 1 week, and 1 month after orthokeratology treatment. ∗ denotes p< 0.05.

Table 6: Short-term change of blinking pattern after orthokeratology.

n Average Standard deviation ANOVA Baseline(LSD) 1 week (LSD) 1 month (LSD)
Blinks
Baseline 54 10.89 4.74 p � 0.727 n� 54 — p � 0.660 n� 54 p � 0.907 n� 54
1 week 54 11.23 4.86 p � 0.660 n� 54 — p � 0.454 n� 54
1 month 54 10.49 4.49 p � 0.907 n� 54 p � 0.454 n� 54 —
Partial blinks
Baseline 54 5.70 5.01 p � 0.037∗ n� 54 — p � 0.012∗ n� 54 p � 0.417 n� 54
1 week 54 7.59 5.67 P � 0.012∗ n� 54 — p � 0.094 n� 54
1 month 54 6.37 4.66 p � 0.417 n� 54 p � 0.094 n� 54 —
Rate of
partial blinks
Baseline 54 0.51 0.33 p � 0.008 n� 54 — p< 0.001∗n� 54 p � 0.056 n� 54
1 week 54 0.65 0.33 p< 0.001∗ n� 54 — p � 0.366 n� 54
1 month 54 0.61 0.35 p � 0.056 n� 54 p � 0.366 n� 54 —
ANOVA: single-factor repeated measure analysis of variance. LSD: LSD paired t-test. n: number. P: significance.
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symptom scores were higher in participants with LLT lower
than 60 nm [19]. +ese results were even higher than normal
children in our study showing 58.09± 21.66 nm (n� 163,
aged 10.7± 1.9 years), combining with previous study re-
vealing different composition of lipid in meibum from
varied populations [20], indicating that LLT in children
needs to be evaluated with different standards.

When focusing on children and adolescents, we found
that the average value of 58.09± 21.66 nm in our study was
close to that in a previous study, being 58.1± 20.0 nm in
asymptomatic children aged 10.8± 1.8 years [16]. Both
studies together offered the normal range of LLT in children
at age of myopia progression. Another study reported a
higher average LLT of 68.7± 23.1 nm in elder children aged
15 years with a healthy ocular surface [17]. Combining
previous studies and the current study, it is tentative to
conclude that tear LLT varies in younger children, adoles-
cents, and adults. +e threshold value of LLT for the di-
agnosis of dry eye also needs to be differently defined at
various ages.

Further analysis found that LLT was positively asso-
ciated with age (r � 0.193, p � 0.013) in the present study.
Although r value close to 0.2 revealed weak power of the
test, when combined the facts mentioned above, it sug-
gested age to be a factor of LLT. It is acknowledged that
even 1-month-old infants already have morphologically
complete meibomian glands which are distributed across
the whole tarsal plates of both the upper and lower eyelids
[21]. After infancy, meibomian gland loss begins, causing
MG deficiency to become more prevalent into childhood
and adolescence [16]. Meibomian glands decrease with
age in normal subjects ranging from 4 to 98 years old [22].
However, LLT was observed to increase with age in
normal children in our study. We speculate that the
volume of lipid is dependent on the secretory function of
every gland duct rather than the number of meibomian
gland. During childhood and adolescents, potential in-
crease in secretory function of meibomian glands might
compensate for the decrease in gland tubes. +e percent
area of the meibomian gland acini in the eyelid was shown
to be significantly higher in adolescents than in children
[23]. Moreover, the composition of lipids has been shown
to be related to age, suggesting another potential func-
tional change of glands over time [20]. +ese above-
mentioned facts helped explain the potential mechanism
of positive association between LLT and age in normal
children in the current study.

Our results indicated that LLT was positively correlated
with axial length and negatively correlated with corneal
curvatures and thinnest corneal thickness in 163 partici-
pants. However, these correlations were weak with r value

near 0.2, and the correlation was no longer significant in
analysis of 56 OK participants at baseline. Previous studies
focusing on association of dry eye and axial length in
populations with different degree of myopia also got dif-
ferent results [24, 25], indicating further studies are needed
for clarification of correlation of LLT and other variables. It
is well acknowledged that the axial length elongates and
corneal flattens with age in childhood [26]; therefore, age-
matched design will be necessary in studies.

Blinking helps to distribute lipid over ocular surface,
being beneficial to stabilize tear film and improve dry eye
disease [27], and therefore, a concerned factor in ocular
surface health. Especially, in Asian population, incomplete
blinks are more observed due to anatomic features of eye lids
[28], which were reported to be correlated with dry eye
disease [29], although the causality has not been clearly
clarified.+ese suggested us that blinking pattern in Chinese
children was an important factor of LLT. In our study,
number of blinks had no significant change at 1-week or 1-
month follow-up, while number of partial blinks and rate of
partial blinks increased significantly after orthokeratology
treatment. Ocular surface disease index and corneal sensi-
tivity showed changes after orthokeratology in previous
studies [7]. Lum et al. found a decrease in corneal sensitivity
and nerve fiber density after orthokeratology lens wear [13],
and these changes had already occurred after one month of
orthokeratology wear [30], which could potentially change
blinking pattern.

In this study, children who have undergone ortho-
keratology treatment showed an increase in LLT even in
the short term of one week and lasted till one month. We
speculated that the interaction of the orthokeratology
contact lens and the ocular surface, especially between the
lens edge and the tarsal plate, could have yielded an el-
evation in lipid secretion during blinking. In our study,
rate of partial blinks was significantly correlated with LLT
at every follow-up. Notably, rmcorr analysis confirmed
that increase in rate of partial blinks was associated with
increase of LLT (average, max, and minimum) after
orthokeratology lens wear. However, being different with
other studies indicating that partial blinks were associated
with dry eye disease and poorer lipid layer quality
[29, 31, 32], increase of rate of partial blinks in our study
was companied with elevation in LLT value. Since this is a
short-term observation study and advent of dry eye is a
chronic process, we could not conclude that the increase
in LLT was “good” sign for ocular surface health. It might
be temporary, or a kind of stimulus response. Interest-
ingly, similar 1-month change of incomplete blinking was
observed after corneal refractive surgeries; however, it
was accompanied with decreased LLT [33]. +e

Table 7: Correlation of change in LLT and blinking pattern after orthokeratology.

LLT ave LLT min LLT max
Blink r� 0.04, p � 0.677, n� 56 r� −0.05, p � 0.612, n� 56 r� 0.04, p � 0.649, n� 56
Partial blink r� 0.18, p � 0.055, n� 56 r� 0.12, p � 0.217, n� 56 r� 0.18, p � 0.055, n� 56
Partial blink/blink r� 0.28, p � 0.003, n� 56 r� 0.31, p � 0.001, n� 56 r� 0.23, p � 0.014, n� 56
LLT: lipid layer thickness. ave: average. min: minimum.
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mechanism under the difference change of LLT needs
further study.

Considering other factors of LLT change, studies have
shown that tear composition including ascorbate, sIgA,
albumin, and lactate dehydrogenase changed dramatically
after one night of orthokeratology lens wear, which could be
an “irritation” caused by short-term orthokeratology
treatment [11]. Also, composition change of tear might have
influence on detection of thickness of the lipid layer.
Moreover, changed corneal curvature of reshaped cornea
could influence the dynamics of tear. In terms of long-term
effects of orthokeratology lens wear on ocular surface, a
previous study showed an insignificant decrease in tear
breakup time and no change inmeibomian glands after three
years of overnight orthokeratology treatment [7]. +ese
studies combined suggested that despite a short-term in-
terruption, orthokeratology is generally safe in the long run
with minimal influence on ocular surface.

+ere are limitations of this study. Morphology of
meibomian glands was not quantitatively analyzed. Data
such as refraction and corneal curvature after orthoker-
atology were missing. Further studies in the future will help
better understand the lipid layer quality, in addition to
quantity, after orthokeratology.

5. Conclusion

LLT in Chinese normal children was different with LLT in
adults reported previously. Significant correlation between
LLT and rate of partial blinks was found. LLT increased in
children undergoing orthokeratology in the short term and
the change was associated with increase in rate of partial
blinks. A long-term study incorporating LLT and other tear
composition parameters is needed to elucidate the long-term
impact of orthokeratology on ocular surface and the un-
derlying mechanism.
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Aims. To determine the characteristics of corneal biometrics in eyes from aniso-axial length cataract patients compared with eyes
from non-aniso-axial length individuals.Methods. -is is a retrospective case series. Cataract patients with preoperative binocular
measurements were recruited. A binocular axial difference of ≥1mm was considered to indicate aniso-axial length. -e anterior
segmental biometrics were measured using Pentacam HR (Oculus, Wetzlar, Germany) and IOLMaster 500 (Carl Zeiss Meditec,
Jena, Germany). Comparisons of biometrics were made among 4 eye conditions: the longer eyes from aniso-axial length patients,
the shorter eyes from aniso-axial length patients, the longer eyes from non-aniso-axial length patients, and the shorter eyes from
non-aniso-axial length patients.-e aniso-axial length eyes were also stratified into 8 subgroups with axial length (AL) increments
of 1mm, and the biometrics of the subgroups were compared. Results. -ere was smaller anterior corneal astigmatism in the
shorter aniso-axial length group than those in the longer aniso-axial length group (1.01± 0.70D vs 1.12± 0.76D, P � 0.031). -e
longer aniso-axial length eyes had greater anterior corneal steep curvature (44.13± 1.69D vs 43.87± 1.69D, P � 0.009) and
anterior corneal astigmatism (1.12± 0.76D vs 1.02± 0.69D, P � 0.023) compared with longer non-aniso-axial length subjects.
Other corneal biometrics were similar between the aniso-axial length eyes and the non-aniso-axial length eyes. In the longer aniso-
axial length group, the posterior corneal aberrations of eyes in the ≥5mm subgroups were greater than those in the <5mm
subgroups (0.879± 0.183 μm vs 0.768± 0.178 μm for total aberrations, P< 0.001; 0.228± 0.086 μm vs 0.196± 0.043 μm for high-
order aberrations, P � 0.036; 0.847± 0.173 μm vs 0.741± 0.179 μm for low-order aberrations, P � 0.001). Conclusion. Eyes of
aniso-axial length individuals share generally similar corneal biometrics with normal eyes in cataract population. Anterior corneal
astigmatism of the longer eyes from the aniso-axial length cataract patients was higher than that of the longer eyes from the non-
aniso-axial length individuals. Total posterior corneal aberrations of the longer aniso-axial length eyes increased when the
binocular axial difference was over 5mm.

1. Introduction

Anisometropia is a distinct condition of binocular asym-
metry—both the eyes of an individual share an identical
genetic background and similar environmental exposure but
develop significantly different refractive status [1]. It is one
of the leading causes of amblyopia, either alone or combined
with strabismus [2, 3]. Anisometropia also follows ambly-
opia caused by either deprivation or strabismus. However,

the chronology and effects of anisometropia on ocular
biometrics are unclear [4].

-e well-accepted standard for anisometropia is a dif-
ference of >1.00 diopter (D) of the spherical lens (DS) and/or
1.00D of the cylinder lens [5, 6]. -e comparison of bin-
ocular parameters in the anisometropic eye was studied
previously, indicating that axial length (AL) was the most
important factor in anisometropia [7]. Whether or not other
anterior segmental parameters such as corneal power, lens
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power, and anterior chamber resulting in or related to
anisometropia is under debate [7–9].

On the one hand, previous studies have fully analyzed
the general relationship between AL and corneal bio-
metrics, indicating flatter cornea and smaller corneal
curvature (K values) with AL elongation [10]. On the
other hand, available anisometropia studies only focused
on binocular parameter comparisons in the anisome-
tropia patients rather than comparisons between normal
and anisometropia eyes. As the etiology of anisometropia
is still unclear and the binocular development is asym-
metric in the anisometropic eyes, we are not sure if the
anisometropic eyes and the normal eyes follow the same
rule of AL-K value interactions. Here, we were supposed
to figure out if the corneal biometrics in anisometropic
eyes are different from that in nonanisometropic eyes
following the AL elongation. We undertook to define the
monocular characteristics of anisometropia patients by
comparing the ocular biometrics of the asymmetrically
developed eyes with those of the normal eyes in a large
cohort of cataract patients.

Lens opacity also contributed to anisometropia diagnosis
[8]. In cataract population, early asymmetric cataract de-
velopment (especially nuclear sclerosis) in both eyes was
reported to account for about 40% of anisometropia [11].
However, cataract patients have reduced fixation stability
and visual acuity, along with the substantial degree of op-
tometry variability [2], and measurement precision of cat-
aract cases needs to be taken into account when diagnosing
anisometropia. Also, lens-related factors contributing to
anisometropia make no sense for them as a cataract is
replaced by intraocular lens (IOL) after surgical treatment.
-us, the clinical significance of preoperative optometry in
cataract patients is reduced.

Considering AL plays the most important role in an-
isometropia [7, 8, 12, 13], is independent of the cataract
surgery itself, can be precisely measured in cataract patients
[14], and has unparalleled status in IOL power calculation,
we assume that “aniso-axial length” is synonymous with
“anisometropia.” In this study, it is defined as an individual’s
binocular axial difference of ≥1mm. First, according to the
Gullstrand eye model, the AL of the eye globe is 24.38mm
[15], and other modified schematic eyes and investigation
results have shown this length to be around 24mm [16, 17].
Second, eyes with AL ≥26mm or with refractive errors more
serious than −6.00DS are equally considered high myopia
[18]. -ird, in children aged 6–7 or 12–13 years with an-
isometropia of ≥1D, the mean asymmetry of the interocular
AL was 0.40± 0.40 or 0.60± 0.50mm, respectively [6].
-erefore, an increase in the AL of 1mm can cause a change
in the refractive error at the corneal surfaces of about
−3.00DS. Because other factors may compensate the an-
isometropia caused by aniso-axial length, we consider that
an axial difference of ≥1mm can be deemed anisometropia,
or even serious anisometropia of about ≥3DS.

-us, we aimed to (1) compare the binocular corneal
biometrics from cataract patients with an axial difference
≥1mm; (2) compare the corneal biometrics of eyes from
cataract patients with an axial difference ≥1mm to those of

eyes from the cataract patients with symmetric binocular
ALs; and (3) determine the characteristics of corneal bio-
metrics in aniso-axial length cataract patients.

2. Materials and Methods

-is was a retrospective case series conducted at the Eye and
ENT Hospital of Fudan University, Shanghai, China. It was
approved by the Human Research Ethics Committee of the
Eye and ENT Hospital of Fudan University (no. 2020103)
and complied with the tenets of the Declaration of Helsinki.

All patients were recruited, and the data were collected
between September 29, 2016, and August 15, 2018, following
the methods described before [19, 20]. In general, cataract
patients with ocular comorbidities or history of ocular
surgeries or contract lens within 2 weeks were excluded. A
rotating Scheimpflug camera (Pentacam HR; Oculus,
Wetzlar, Germany) and partial coherence interferometry
(IOLMaster 500; Carl Zeiss Meditec, Jena, Germany) were
used for data collection. Only patients in whom both eyes
were examined were included. Written informed consent
was obtained from each patient.

All patients were divided into the aniso-axial length
group (binocular axial difference ≥1mm) and the non-
aniso-axial length group (binocular axial difference <1mm).
-e two eyes of each patient were separated into the longer
one and the shorter one. Each eye from the aniso-axial
length group in the longer set and the shorter set got the AL
matched with one or two eyes from the non-aniso-axial
length group in the longer set and the shorter set, respec-
tively (see more details in Appendix Methods). Corneal
astigmatism was defined as “with the rule” (WTR), “against
the rule” (ATR), or “oblique,” according to the axis of the
corneal steep meridian, as previously described [19].

All continuous data are shown as means± standard
deviations (SD).-e normality of continuous data was tested
using the Kolmogorov–Smirnov test. All categorical data
were compared using the chi-square test. Variables were
compared among the longer aniso-axial length, the shorter
aniso-axial length, the longer non-aniso-axial length, and the
shorter non-aniso-axial length groups using analyses of
variance (ANOVA) and a post hoc analysis with the LSD
correction. Studied variables included the following: (1)
anterior corneal curvature (flat and steep radius of curva-
ture, r1 and r2), anterior and posterior corneal curvature
values (flat and steep power of curvature, K1 and K2; average
radius and power of curvature defined as the central radius
of curvature in the steep direction/central radius of curva-
ture in the flat direction using n� 1.3375, Rm and Km), and
astigmatism; (2) the root mean square of the anterior,
posterior, and total corneal low-order aberrations (LOAs),
high-order aberrations (HOAs), and total aberrations (TAs);
(3) the anterior, posterior, and total corneal Zernike poly-
nomial coefficients of the third-order aberrations (vertical
coma, horizontal coma, vertical trefoil, and oblique trefoil)
and the primary spherical aberrations (SAs); and (4) the
central corneal thickness (CCT). Except for r1, r2 and CCT
reported using IOLMaster 500, others were obtained using
Pentacam HR.
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All aniso-axial length eyes in both the shorter and
longer sets were also divided into eight subgroups based
on the axial difference in increments of 1mm (1-2, 2-3, 3-
4, 4-5, 5-6, 6-7, 7-8, and 8-9mm, where a value of 1mm is
included in the 1-2mm subgroup, and similarly for other
values that fall at the boundary between two subgroups).
-e variables were compared again among all subgroups
in the two sets with ANOVA and post hoc LSD correction,
respectively. Data analyses were performed using SPSS
26.0 (SPSS, IBM Corp., Armonk, NY, USA). A P val-
ue < 0.05 was considered to indicate statistical
significance.

3. Results

In total, anterior segmental biometrics of 10,094 eyes from
6747 cataract patients were available and 3347 patients
had both eyes examined. Among them, 2842 patients had
an absolute difference in the AL of <1mm between their
two eyes. -e distribution of the AL of the remaining 505

aniso-axial length patients is shown in Figure 1; among
these patients, 16 were excluded because of their young
age (<20 years old). Ultimately, 489 aniso-axial length
patients were recruited, together with 564 shorter non-
aniso-axial length eyes and 597 longer non-aniso-axial
length eyes (Table 1). -e ≥9mm subgroup had only one
patient and was excluded in statistical analyses among
subgroups.

Only one statistically significant difference between
the shorter and longer eyes in the aniso-axial length
group: anterior corneal astigmatism (1.01 ± 0.70 D vs
1.12 ± 0.76 D, P � 0.031) was detected. Anterior corneal
K2 and astigmatism were higher in the longer aniso-axial
length group compared with the longer non-aniso-axial
length group (44.13 ± 1.69 D vs 43.87 ± 1.69 for the an-
terior corneal K2, P � 0.009; 1.12 ± 0.76 D vs 1.02 ± 0.69 D
for the anterior corneal astigmatism, P � 0.023; Table 2
and Figure 2). -e division of the total corneal astig-
matism into WTR, ATR, or oblique astigmatism was
similar (P � 0.569; Table 3).
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Figure 1: Distributions of the binocular axial lengths of 505 aniso-axial length patients. Every dot in the figure represents one person with a
binocular axial difference ≥1mm.-e horizontal axis indicates the axial length of the relative longer eye in each patient, and the vertical axis
indicates the axial length of the relative shorter eye.
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No significant differences were detected between longer or
shorter eyes from aniso-axial length or non-aniso-axial length
individuals in HOAs, coma, or trefoil. -e SAs were slightly
higher in the aniso-axial length group and highest in the shorter
aniso-axial length group (ANOVA, all P> 0.100). -e anterior
corneal, posterior corneal, and total corneal SAs of the shorter
aniso-axial length eyes were 0.34± 0.12μm, −0.13±0.03μm,
and 0.31±0.12μm, respectively, and those of the longer aniso-
axial length eyes were 0.33±0.12μm, −0.13±0.03μm, and
0.30±0.12μm, respectively (Table 4).-e anterior and posterior
corneal SAs did not differ significantly among the four groups.
We found wide distributions of SAs in the aniso-axial length
groups and the non-aniso-axial length groups (Table 4). By the
way, a total of 13 eyes with negative SAs were detected, 7 eyes
from the non-aniso-axial length group and 6 eyes from the
aniso-axial length group. -eir specific corneal biometrics are
presented in Appendix Table A1.

-ere were 266, 114, 50, 25, 13, 8, 9, and 3 aniso-axial
length patients with axial differences of 1-2, 2-3, 3-4, 4-5, 5-6, 6-
7, 7-8, and 8-9mm, respectively. ANOVA of the corneal
biometrics detected significant differences in the posterior
corneal TAs (P � 0.025), posterior corneal HOAs (P � 0.005),
posterior corneal LOAs (P � 0.039), and posterior corneal

oblique trefoil (P � 0.040) among subgroups in the longer set,
whereas there were no significant difference among subgroups
in the shorter set. -e distributions of the variables in the eight
subgroups of the longer set are shown in Figure 3. Post hoc
analysis with LSD correction indicated an increase of posterior
corneal TAs, HOAs, LOAs, and oblique trefoil at an axial
difference of 5mm (P< 0.05 of comparisons between the
subgroups with an axial difference of<5mmand≥5mm. Exact
standard errors, mean differences, or P values were not shown)
for all four variables. General comparisons in the longer set
between eyes with an axial difference< 5mm and ≥5mm also
indicated statistical significance in TAs (0.879± 0.183μm vs
0.768± 0.178μm, P< 0.001), HOAs (0.228± 0.086μm vs
0.196± 0.043μm, P � 0.036), and LOAs (0.847± 0.173μm vs
0.741± 0.179μm, P � 0.001 ). However, the same 5mm cut-off
was not found among subgroups in the analysis of ALs with
ANOVA (Appendix Table A2).

4. Discussion

Anisometropia is the condition in which an individual’s eyes
have significant binocular refractive differences. Shapira
et al. [21] found that the more myopic eye of anisometropic

Table 1: Demographic data of patients included in the study.

Shorter set Longer set
TotalNon-aniso-axial

length (N� 564)
Aniso-axial length

(N� 489) P value Non-aniso-axial
length (N� 597)

Aniso-axial length
(N� 489)

P

value
Gender based on
eyes (male/
female)†

268/296 167/322 <0.001∗ 261/336 167/322 0.001∗ 863/1276

Age (years) 57.49± 10.28 58.01± 10.57 0.415 57.88± 10.41 58.01± 10.57 0.836 57.84± 10.44
Axial length (mm) 26.72± 2.71 26.56± 2.77 >0.999 28.68± 2.85 28.92± 2.71 0.890 27.73± 2.96
∗P< 0.05. †Chi-square test.

Table 2: Comparisons of corneal biometrics between non-aniso-axial length and aniso-axial length patients in both the shorter and longer
sets.

Shorter set Longer set
P value††Non-aniso-axial

length
Aniso-axial

length P value† Non-aniso-axial
length

Aniso-axial
length P value†

CCT (mm) 544.07± 31.88 539.48± 32.05 0.018∗ 543.51± 30.43 539.92± 31.29 0.061 0.028∗
K2 F (D) 43.80± 1.63 44.02± 1.63 0.033∗ 43.87± 1.69 44.13± 1.69 0.009∗ 0.005∗
r2 F (mm) 7.66± 0.29 7.62± 0.29 0.010∗ 7.64± 0.30 7.60± 0.28 0.007∗ 0.001∗
K1 B (D) −6.16± 0.26 −6.19± 0.26 0.025∗ −6.16± 0.26 −6.19± 0.27 0.047∗ 0.029∗
K2 B (D) −6.44± 0.29 −6.49± 0.27 0.010∗ −6.46± 0.29 −6.49± 0.28 0.054 0.013∗
Rm B (mm) 6.36± 0.26 6.32± 0.25 0.015∗ 6.36± 0.27 6.32± 0.26 0.042∗ 0.017∗
Km B (mm) −6.30± 0.26 −6.34± 0.25 0.012∗ −6.30± 0.27 −6.33± 0.26 0.051 0.017∗
Astigmatism F
(D) 0.94± 0.73 1.01± 0.70 0.110 1.02± 0.69 1.12± 0.76 0.023∗ 0.002∗

TA F (μm) 2.30± 0.75 2.38± 0.68 0.103 2.33± 0.90 2.47± 0.78 0.002∗ 0.002∗
LOA F (μm) 2.23± 0.74 2.30± 0.67 0.106 2.25± 0.88 2.40± 0.77 0.002∗ 0.002∗
TA cornea (μm) 2.03± 0.72 2.10± 0.67 0.148 2.03± 0.88 2.18± 0.76 0.002∗ 0.005∗
LOA cornea (μm) 1.95± 0.72 2.02± 0.65 0.151 1.95± 0.86 2.10± 0.75 0.002∗ 0.004∗

†Post hoc LSD correction; ††analyses of variance. ∗P< 0.05. F� anterior corneal surface; B� posterior corneal surface; Corneal� total cornea; K1� flat power
of curvature in the center of anterior surface using n� 1.3375 on a ring in 15° around the corneal apex; K2� steep power of curvature in the center of anterior
surface using n� 1.3375 on a ring in 15° around the corneal apex; Rm� average radius of curvature (central radius of curvature in the steep direction/central
radius of curvature in the flat direction); Km� average power of curvature using n� 1.3375; LOAs� low order aberrations; TAs� total aberrations. Only r2
and CCT were reported using IOLMaster 500, and others were obtained using Pentacam HR.
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patients before refractive surgery yielded lower predictability
and accuracy in terms of surgical outcomes and tended to be
overcorrected, whereas the less myopic eye had similar
outcomes as the isometropic control eyes.-is indicated that
there were some unknown characteristics of anisometropic

eyes. We tried to address this problem with a cataract
population in this study.

Patients in this study had unusually long axial length
(26.56± 2.77mm in the shorter aniso-axial length group and
28.92± 2.71mm in the longer aniso-axial length group) and

Nonaniso
0.0

0.5

1.0

1.5

2.0

A
sti

gm
at

ism
 (D

)

Anterior surface
Posterior surface

P = 0.023P = 0.110

Shorter set Longer set

P = 0.704P = 0.377

Aniso Nonaniso Aniso

Figure 2: Comparison of astigmatism among the aniso-axial length groups and the non-aniso-axial length groups in the shorter set or the
longer set. Non-aniso�non-aniso-axial length group, Aniso� aniso-axial length group. P values were reported by post hoc LSD correction.

Table 3: Distributions of total corneal astigmatism divisions in the non-aniso-axial length group and the aniso-axial length group of the two
sets.

Shorter set Longer set
Total

Non-aniso-axial length Aniso-axial length Non-aniso-axial length Aniso-axial length
WTR 297 (52.66%) 250 (51.12%) 308 (51.59%) 238 (48.67%) 1093
ATR 172 (30.50%) 156 (31.90%) 183 (30.65%) 170 (34.76%) 681
Oblique 95 (16.84%) 83 (16.97%) 106 (17.76%) 81 (16.56%) 365
Total 564 (100%) 489 (100%) 597 (100%) 489 (100%) 2139
WTR�with-the-rule astigmatism; ATR� against-the-rule astigmatism; oblique� oblique astigmatism. Percentages of astigmatism division in each group
were shown in brackets. P> 0.05 using the chi-square test.

Table 4: Distributions of total, anterior, and posterior corneal SAs in different groups.

Groups SAs Minimum (μm) Maximum (μm) Mean± SD (μm)

Aniso, longer (N� 489)
Total cornea −0.118 0.742 0.303± 0.120

Posterior corneal surface −0.235 −0.016 −0.128± 0.034
Anterior corneal surface −0.102 0.768 0.334± 0.116

Non, longer (N� 597)
Total cornea −0.133 0.687∗ 0.295± 0.151

Posterior corneal surface −0.229 −0.021 −0.132± 0.034
Anterior corneal surface −0.180 0.751∗ 0.331± 0.148

Aniso, shorter (N� 489)
Total cornea −0.365 0.681 0.306± 0.125

Posterior corneal surface −0.224 −0.011 −0.128± 0.035
Anterior corneal surface −0.286 0.695 0.337± 0.118

Non, shorter (N� 564)
Total cornea −0.154 0.702 0.293± 0.117

Posterior corneal surface −0.223 −0.018 −0.131± 0.035
Anterior corneal surface −0.099 0.698 0.328± 0.112

SAs� spherical aberrations; Aniso� aniso-axial length group; Non � non-aniso-axial length group; shorter� shorter set; longer� longer set; SD� standard
deviation. -e P values of total posterior and anterior corneal SAs with analyses of variance were >0.05 among the four groups. ∗One non-aniso-axial length
eye in the longer set with anterior corneal SA� 2.767 μm, posterior corneal SA� −0.097 μm, and total corneal SA� 2.748 μm was considered abnormal and
was not listed as the maximum.
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were incredibly young (58.01± 10.57 years old in the aniso-
axial length group). -is is consistent with our previous
publication based on the same cataract population, reporting
26.65% patient with an AL >26mm among 6747 eyes from
6747 patients [20]. -ere are two reasons for such a large
proportion of high myopia in this population. First, urban
China has a high prevalence of high myopia. In survey
among university students in Shanghai, which is the most
advanced area in China and the location of our hospital, the
prevalence of high myopia was 19.5% in 2012 [22]. Second,
instead of an epidemiological investigation, our study
population is a retrospective hospital-based clinical research.
Our hospital is one of the top specialized hospitals in
ophthalmology in China, high-myopia patients come to our
hospital in great numbers. -us, the percentage of high
myopia in our cataract patients rises to 25% in this study. As
high-myopia patients tended to develop cataract early [23], it
was reasonable to have relatively young cataract population
compared with the general population.

In this study, using a definition of aniso-axial length/
anisometropia as a binocular axial difference of 1mm (about
3D), the percentage of aniso-axial length patients was
15.09% (505/3347). Most aniso-axial length patients had 1-
2D asymmetry in AL between the two eyes (275/
505� 54.46% with no age limit; Figure 1). Deng et al. [24]
reported a prevalence of anisometropia of >20% in elderly

patients of >1D spherical refraction. Our comparatively
lower fraction seems credible as stricter definition of aniso-
axial length/anisometropia was applied.

Among all the aniso-axial length patients, we detected
greater tendencies for female patients to develop aniso-
axial length and for the right eye to be the longer one,
which are consistent with the findings of Linke et al. [25]
and Singh et al. [9], respectively. Many studies support the
proposition that the dominant eye is the more myopic in
patients with myopic anisometropia [26–29]. -e dex-
tromanuality might contribute to the greater proportion
of myopic right eyes and right dominance of eyes [30]. So,
it is reasonable to find the right eyes as the longer ones in
aniso-axial length individuals with the dextromanuality of
Chinese.

In this study, we found no significant differences in
corneal biometrics between the two eyes of aniso-axial
length patients, except anterior corneal astigmatism
(1.01± 0.70D in the shorter eyes vs 1.12± 0.76D in the
longer eyes, P � 0.031), and only slightly greater aberrations
in the shorter eyes compared with the longer eyes of aniso-
axial length patients (all P> 0.05 for anterior corneal,
posterior, and total cornea; data not shown). -ese findings
are roughly consistent with those of previous studies [1, 31]
of anisomyopes, which have reported similar levels of ab-
errations between the two eyes or slightly higher levels in the
less myopic eye.

-e focus of this study was the comparison of the longer
and shorter eyes of aniso-axial length patients with the AL-
matched eyes of non-aniso-axial length patients. To our
surprise, when examining the anterior corneal surface, only
K2 differed between the aniso-axial length and non-aniso-
axial length groups (44.13± 1.69D vs 43.87± 1.69D,
P � 0.009). K1, K2, Rm, and Km of the posterior corneal
surface in both the longer set and the shorter set had sig-
nificant lower values (larger absolute values when negative)
in the aniso-axial length group than in the non-aniso-axial
length group (Table 2).-is might make some compensation
for the binocular refractive imbalance in aniso-axial length
patients. -ough the contribution of the posterior corneal
curvature is small [32], its effects on total corneal refractive
status should not be neglected casually, especially in aniso-
axial length patients.

Because of the difference in the corneal curvature, we
expected to find a difference in corneal astigmatism between
eyes from the aniso-axial length and the non-aniso-axial
length groups. Astigmatism was greater in the longer aniso-
axial length group than those in the longer non-aniso-axial
length group, but only significant in anterior corneal
astigmatism (1.12± 0.76D vs 1.02± 0.69D for the anterior
corneal surface, P � 0.023 ; and 0.30± 0.19D vs 0.29± 0.16D
for the posterior corneal surface, P � 0.377; Figure 2).
-ough no difference in posterior corneal astigmatism may
hold true in the means, it cannot be so in individuals, as
posterior corneal curvatures (K1, K2, and Km) were smaller
in the aniso-axial length group than those in the non-aniso-
axial length group. Again, the contribution of posterior
corneal surface to the total corneal refractive status should be
paid attention to in aniso-axial length individuals.
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Figure 3: Distribution of posterior corneal aberrations among the
eight subgroups in the longer set. TAs� total aberrations;
HOAs� high-order aberrations; LOA� low-order aberrations. For
the aniso-axial length subgroups, a value of 1mm is included in the
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LOAs, and oblique trefoil with analyses of variance among the eight
aniso-axial length subgroups in the longer set were 0.025, 0.005,
0.039, and 0.040, respectively. -e P values for TAs, HOAs, LOAs,
and oblique trefoil using independent Student’s t test between
aniso-axial length eyes in the longer set with and without AL
≥5mm were <0.001, 0.036, 0.001, and 0.275, respectively.

6 Journal of Ophthalmology



-ough statistically significant, the difference of anterior
corneal astigmatism between the longer aniso-axial length
and the non-aniso-axial length was only 0.10D. -is is
partially consistent with previous studies that have shown
that the asymmetry of the ocular refractive status does not
seriously affect the cornea, while some have reported sta-
tistically significant effects [1, 8, 33, 34]. It also confirmed a
smaller contribution of corneal astigmatism to the aniso-
metropia compared with defocus (where AL plays an im-
portant role), supporting the rationale of defining aniso-
axial length/anisometropia as AL asymmetry. As we
matched these eyes from the aniso-axial length patients
solely by AL to the eyes of other non-aniso-axial length
patients, the mean corneal powers were also very similar and
the difference in mean corneal astigmatism was small. And
most of the other parameters are similar, which seems to
indicate, a little indirectly, that axial length is the main thing
that varies.

Of the SAs and other HOAs, the total corneal SA of the
aniso-axial length eyes remained stable at 0.302± 0.120 μm
in the longer set and 0.306± 0.125 μm in the shorter set and
did not differ from those of the non-aniso-axial length
patients (both P> 0.050). -e tendency of SA to be lower in
the shorter set than in the longer aniso-axial length group is
consistent with our previous study [19] of 502 eyes with
cataract and axially high myopia, and 1500 eyes with age-
related cataracts (0.281± 0.207 μm vs 0.314± 0.153 μm for
total corneal SA, respectively, P< 0.001). -e implantation
of an aspheric IOL with −0.20 μm to achieve an outcome of
+0.10 μm SA would be the preferred option, as described
before [19]. -e range of total corneal SAs in the non-aniso-
axial length group was −0.154 to 0.702 μm (one abnormal
case excluded), and the distribution of SAs of the aniso-axial
length group (from −0.365 to 0.742 μm) was wide.-erefore,
customized SA correction may be the best option for the
aniso-axial length cataract population. Although a negative
ocular SA might lead to axial elongation, it seems that the
incidence of negative corneal SA does not correlate with the
monocular AL, regardless of whether there is a binocular
axial difference (Appendix Table A1).

ANOVA with LSD post hoc correction of the corneal
biometrics in the subgroups with various axial differences in
the longer set indicated a clear cut-off at 5mm for the
posterior corneal TAs, HOAs, LOAs, and oblique trefoil
(Figure 3). -is is inconsistent with an axial cut-off at 5 or
7mm in the longer set (Appendix Table A2). Our previous
studies [19, 35] suggestthat the corneal aberrations of highly
myopic cataract patients and those with age-related cataract
differed only slightly and these are insufficient to explain
these results. More care must be taken in future clinical
studies, and more attention should be paid to posterior
corneal aberrations.

-e first limitation of this study was its retrospective
design without the inclusion of IOL formulae or postop-
erative refractive outcomes. However, this study is a
foundational analysis for a later study, detecting potential
differences in refraction-affecting anterior segmental bio-
metrics. -e second limitation was that no case with bin-
ocular astigmatism difference (especially total corneal

astigmatism) was studied because we focused on the
asymmetry of AL. Further analyses based on binocular
asymmetry of the total corneal astigmatism and inconsis-
tencies its axis/division are required to provide general
indications for toric IOL implantation in aniso-astigmatism
patients.

In conclusion, eyes of aniso-axial length individuals
share generally similar corneal biometrics with normal eyes
in cataract population. Anterior corneal astigmatism of the
longer eyes from the aniso-axial length cataract patients was
higher than that of the longer eyes from the non-aniso-axial
length individuals. Total posterior corneal aberrations of the
longer aniso-axial length eyes increased when the binocular
axial difference was over 5mm.

Data Availability

Raw data were generated at the Eye and ENT Hospital of
Fudan University, Shanghai, China. Derived data supporting
the findings of this study are available from the corre-
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Additional Points

Synopsis. Eyes of aniso-axial length individuals share gen-
erally similar corneal biometrics with normal eyes in cataract
population. Anterior corneal astigmatism of the longer eyes
from the aniso-axial length cataract patients was higher than
that of the longer eyes from the non-aniso-axial length
individuals.
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Purpose. Considering that intraocular pressure (IOP) is an important confounding factor in corneal biomechanical evaluation, the
notion of matching IOP should be introduced to eliminate any potential bias. +is study aimed to assess the capability of a novel
parameter set (NPS) derived from IOP-matched scenario to diagnose keratoconus. Methods. Seventy samples (training set; 35
keratoconus and 35 normal corneas; pairwise matching for IOP) were used to determine NPS by forward logistic regression. A
large validation dataset comprising 62 matching samples (31 keratoconus and 31 normal corneas) and 203 unmatching samples
(112 keratoconus and 91 normal corneas) was used to evaluate its clinical significance. To further assess its diagnosis capability,
NPS was compared with the other two prior biomechanical indexes. Results. NPS was comprised of three biomechanical pa-
rameters, namely, DA Ratio Max 1mm (DRM1), the first applanation time (AT1), and an energy loading parameter (Eload). NPS
was successfully applied to the validation dataset, with a higher accuracy of 96.8% and 95.6% in the IOP-matched and -unmatched
scenarios, respectively. More surprisingly, accuracy of NPS was 95.5% in the combined validation, an improvement compared to
the two prior biomechanical indexes. Conclusions. +is is the first study taking IOP bias into consideration to determine a
biomechanical parameter set. Our study shows that NPS indeed offers comparable performance in keratoconus diagnosis.
Translational Relevance. Determining a parameter set after eliminating the influence from IOP is useful in revealing the essential
differences between keratoconus and normal corneas and possibly facilitating further progress in keratoconus diagnosis.

1. Introduction

+e clinical diagnosis of keratoconus remains a significant
challenge, especially before the appearance of any signs or
symptoms. It has been well documented that the changes in
the biomechanical properties of keratoconus are postulated
to occur before the disease becomes tomographically ap-
parent [1–4].+ese changes can be certainly attributed to the
abnormalities in stromal collagen [1–4]. +erefore, it is
becoming increasingly popular to detect keratoconus with
the biomechanical parameters derived from Corneal

Visualization Scheimpflug Technology (Corvis ST, Oculus,
Germany).

Corvis ST is a relatively new device that induces corneal
deformation with an air puff and allows the real-time
monitoring of the entire deformation process using an ultra-
high-speed Scheimpflug camera [5, 6]. During the dynamic
process of corneal deformation, Corvis ST can be used to
simultaneously measure the corneal biomechanical pa-
rameters and intraocular pressure (IOP). More recently, IOP
has been gradually accepted as a biasing factor for corneal
biomechanical evaluation [7, 8], and thus it is supposed to be
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excluded to ensure an unbiased analysis. Unfortunately, in
the field of keratoconus diagnosis, there is a lack of studies
that determine the combined biomechanical parameters
from the perspective of IOP matching. Additionally,
plethora of new and important biomechanical parameters
[5, 9] is catching up, but prior studies [10–12] have not
considered them yet.

To make matters more precise and comprehensive, it is
our job to develop a novel parameter set (NPS) taking IOP
bias and new biomechanical parameters into consideration.
As we will show later, adopting this new parameter set allows
clinicians to diagnose keratoconus better and easier.

2. Patients and Methods

2.1.Patients. A total of 335 corneal samples were included in
this study, which are divided into two groups: keratoconus
group (n� 178) and normal cornea group (n� 157). Among
them, 132 corneal samples (66 keratoconic corneas and 66
normal corneas) were pairwise matched for IOP, while the
remaining 203 eyes (112 keratoconic corneas and 91 normal
corneas) were not matched for IOP. +e maximum IOP
difference between the pairs was 0.6mmHg. 70 corneas with
IOP-matched scenario were randomly selected for the as-
sessment of parameter set. Moreover, 62 and 203 corneas
with IOP-matched and IOP-unmatched scenarios, respec-
tively, were used to assess the performance of the parameter
set. For patients diagnosed with keratoconus in only one eye,
the particular eye was selected for measurement. Meanwhile,
one eye was randomly selected from normal controls and
patients with keratoconus in both eyes.

All patients underwent a complete ophthalmic examina-
tion, including a detailed assessment of uncorrected distance
visual acuity, corrected distance visual acuity, slit-lamp mi-
croscopy and fundus examination, corneal topography (Alle-
gro Topolyzer; WaveLight Laser Technologie AG, Erlangen,
Germany), corneal tomography (Pentacam; Oculus
Optikgeräte GmbH), ocular biomechanics, and IOP mea-
surement (Corvis ST). All measurements were performed by
two experienced ophthalmologists in a single visit. A diagnosis
of keratoconus was carried out if the eye had (i) an irregular
cornea, determined by distorted keratometry mires or dis-
tortion of the retinoscopic or ophthalmoscopic red reflex, and
(ii) at least one of the following slit-lamp signs: Vogt’s striae,
Fleischer’s ring with an arc >2mm, or corneal scarring con-
sistent with keratoconus [13–15].

Potential subjects were excluded from this study if they
(i) had previously undergone corneal or ocular surgery, (ii)
had ocular pathology other than keratoconus, and/or (iii)
had systemic diseases that affect their eye. All participants
were asked to remove soft contact lenses for at least 2 weeks
and rigid contact lenses for at least 1 month prior to the
examination. Clinical data were collected in 2018 at the
Beijing Institute of Ophthalmology, Beijing Tongren Hos-
pital, Beijing, China. All participants signed a written in-
formed consent form, in accordance with the ethical
principles stated in the Declaration of Helsinki.

2.2. Collection of Parameters. A total of 21 biomechanical
parameters were extracted, including 11 parameters from
the Corvis STsoftware, 9 parameters proposed by our group
previously, and 1 parameter defined by other scholars.

Corvis STallows the noninvasive imaging of the cornea’s
dynamic deformation in response to an air puff. A high-
speed Scheimpflug camera records the movements of the
cornea and then displays them on the built-in control panel
in a slow motion. During the deformation response, a
precisely metered air pulse causes the cornea to move inward
or flatten (the phenomena of corneal applanation), which is
known as the first applanation (A1).+e cornea continues to
move inward until reaching a point with highest concavity.
After that, it rebounds from this concavity to another point
of applanation (A2) and then returns to its normal convex
curvature. After completing the deformation process, several
output measurements are generated from Corvis ST. All
these parameters and their details are listed in Table 1.

Our research team has proposed several new parameters to
measure the biomechanical behavior of corneas [9]. For in-
stance, maximum area of deformation (MA) is used to describe
the maximum corneal deformation area within the two knees.
Maximum area–time of deformation (MA-time) represents the
time from the beginning of deformation to the occurrence of
maximum deformation area. Corneal contour deformation
(CCD) describes a distance between the original contour and
the contour with the highest concavity. Maximum corneal
inward/outward velocity (Vinmax/Voutmax) represents the
maximum corneal inward/outward deformation velocity at
centerline. In 2016, we subsequently proposed energy absorbed
area (Aabsorbed) and Tangent stiffness coefficient (STSC) to in-
dicate the corneal viscosity and elasticity, respectively [5].
Additionally, the corneal viscoelasticity is defined by both
energy loading (Eload) and energy return (Ereturn) of cornea
during the air puff indentation.

Stiffness parameter (SP-A1) is a parameter associated
with corneal stiffness [16], which has been defined as re-
sultant pressure (Pr) divided by the amplitude of deforma-
tion at A1. Pr is defined as the adjusted pressure at A1 (adj-
AP1) minus a biomechanically corrected IOP (bIOP) [17].
+e computational formula is as follows: SP-A1� (adj-
AP1− bIOP)/deformation amplitude at A1.

2.3. Statistical Analysis. Statistical analyses were performed
using R (RStudio 3.4.0). +e Kolmogorov–Smirnov test was
used to assess the normality of data. Both Welch’s modified
Student’s two-sample t-test and Mann–Whitney U test were
applied to compare the difference of biomechanical pa-
rameters between keratoconus and normal groups. P values
less than 0.05 were considered statistically significant.

Forward logistic regression was performed to determine
NPS based on all the biomechanical parameters in IOP-
matched scenario. Area under the Curve of ROC (AUC), F1
score, sensitivity, specificity, and accuracy were calculated to
evaluate the discriminative ability of parameter sets. +e
values closer to 1 indicate a greater performance.
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3. Results

In the present study, bIOP was used to correct IOP based on
the finite element modeling [17]. As shown in Table 2, all
parameters were significantly different between keratoconus
and normal cornea groups (P< 0.05), except for bIOP and
age.

As a consequence, the three significantly differential
parameters, namely, DRM1, AT1, and Eload, were selected
for NPS. +e equations are presented as follows:

Beta � ((A1∗DRM1) +(A2∗AT1) +(A3∗Eload) + A4),

Possibility �
exp(Beta)

(1 + exp(Beta))
.

(1)

+e impact of each NPS parameter was evaluated, as
demonstrated in Figure 1. When Eload was included in the
logistic regression model, the AUC of NPS was found to be
96.8%, with a sensitivity of 91.4% and specificity of 88.6%.
Following the addition of AT1, the AUC and specificity of

NPS were improved to 97.7% and 91.4%, respectively. Lastly,
after the inclusion of DRM1, NPS exhibited the highest
AUC, accuracy, sensitivity, and specificity of 98.5%, 94.3%,
94.3%, and 94.3%, respectively, at the optimal cut-off point
of 0.5.

+e performance of NPS in both training set and validation
set was illustrated in Figure 2. Interestingly, NPS performed
better in the validation set (accuracy� 96.8% and 95.6% in IOP-
matched and -unmatched validation, respectively) than in the
training set (accuracy� 94.3%). More notably, in both training
set and validation set, NPS exhibited the same score of three
evaluation indicators at the best cut-off point of 0.5.

Likewise, in the combined validation, NPS showed a
comparable diagnosis capability compared to two reported
parameter sets, namely, adjusted Corvis Biomechanical
Index (aCBI) [11] and Dynamic Corneal Response Index
(DCR) [12]; see Figure 3. +e AUC of NPS (98.0%) was
slightly higher than the other two parameter sets (aCBI:
97.3%; DCR: 93.2%). At the optimal cut-off point of 0.5, the
accuracy of NPS reached 95.5%, while it reached 93.6% for
aCBI and 86.0% for DCR.

4. Discussion

With the confounding influence of IOP being discovered
gradually, how are we supposed to diagnose keratoconus using
biomechanical parameters from Corvis ST videos? Vinciguerra
et al. [10] have reported that the parameter set determined from
IOP-unmatched dataset and validated with IOP-matched sce-
nario [11] can result in decreased accuracy. From our point of
view, this decline is attributed not only to the matching of
central corneal thickness (CCT) as presumed by the authors
[11], but also to the fact that the parameter set is established
from the IOP-unmatched dataset. +erefore, in this study, a
dataset independent of IOP was deliberately used to determine
the parameter set with no biasing effect of IOP. Moreover, two
additional datasets of both IOP-influenced and IOP-

Table 1: Biomechanical parameters derived from the Corvis ST software and their corresponding definitions.

Parameters Abbreviation Definitions
+e time of the first applanation
(ms) AT1 +e length of time from the initiation of air puff to the first applanation

+e time of the second applanation
(ms) AT2 +e length of time from the initiation of air puff to the second applanation

+e length of the first applanation
(mm) AL1 +e lengths of flattened cornea at the first applanation

+e length of the second
applanation (mm) AL2 +e lengths of flattened cornea at the second applanation

+e velocity of the first applanation
(m/s) Vin Speed of corneal apex at the first applanation

+e velocity of the second
applanation (m/s) Vout Speed of corneal apex at the second applanation

+e time of highest concavity (ms) HC-time Time from the initiation of air puff until the highest concavity of the cornea

DA Ratio Max 1mm DRM1 Maximum ratios of corneal deformation at the apex divided by the average
deformation 1mm to either side of the apex

Peak distance (mm) PD Distance of the two knees at highest concavity
Deformation amplitude (mm) DA Maximum deformation amplitude at highest concavity
+e highest radius of concavity
(mm) HC-radius Corneal concave curvature at its highest concavity

Table 2: +e comparison of bIOP, CCT, and the three biome-
chanical parameters of NPS with IOP-matched scenario between
keratoconus group (n� 35) and normal cornea group (n� 35).

Parameters Keratoconus (n� 35) Normal (n� 35) P

bIOP [17] 13.89± 1.23 13.45± 1.02 0.142∗
Age 23.49± 7.05 23.66± 4.21 0.902#
CCT 489.20± 27.66 532.92± 26.64 0.000∗
AT1 6.30± 0.34 6.90± 0.32 0.000∗
DRM1 1.18± 0.02 1.17± 0.01 0.012∗
Eload 108.50± 9.13 90.71± 6.67 0.000#

[17] IOP from Corvis ST was corrected based on finite element modeling.
Pairwise matching was performed for bIOP. ∗Two-tailed Student’s t-test.
#Mann–Whitney U test.
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uninfluenced were used to validate the discriminative ability of
NPS. Interestingly, the results demonstrated a slightly improved
accuracy as well as the balanced indicators of NPS (Figure 2)
during the validation step, which in turn confirmed the strategy
of this study.

It has been noted that the biomechanical parameters
reported in prior studies [10–12] are limited to those

available from Corvis ST software. In the present study, we
incorporated more parameters from different sources [5, 9]
to enable a comprehensive analysis. As presented in Figure 1,
only 3 parameters (i.e., DRM1, Eload, AT1) were ultimately
selected in IOP-matched group, in which Eload is obtained
from an external data source [5]. +is result indicated that
new biomechanical parameters should be paid more
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Figure 1: (a) Receiver operator characteristic curve for each step of the forward logistic regression in IOP-matched scenario (35 keratoconus
and 35 normal eyes). (b) Gain in sensitivity and specificity with each step of the logistics regression to establish the novel NPS with IOP-
matched scenario (35 keratoconus and 35 normal eyes; best cut-off point� 0.5).
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Figure 2: Representative graphs for ROC curves (a) and three evaluation indicators (accuracy, sensitivity, and specificity) (b) for NPS in
both IOP-matched training set (35 keratoconus and 35 normal eyes), and IOP-matched (31 keratoconus and 31 normal eyes) and IOP-
unmatched (112 keratoconus and 91 normal eyes) validation.
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attention as they may provide valuable knowledge in terms
of keratoconus detection.

As the main goal of our study was to validate whether a
parameter set derived from IOP-matched scenario can exhibit
its clinical significance in keratoconus diagnosis, comparing it
with the established biomechanical indexes can help to
achieve this goal. +e results showed that NPS exhibited
similar or better performance in the validation set (Figure 3).
In our opinions, these may be primarily caused by the fol-
lowing four reasons. First, NPS incorporates a new biome-
chanical parameter, namely, Eload [5]. As a parameter
describing energy loading during corneal deformation, Eload
reflects the viscoelasticity, a significant biomechanical prop-
erty of corneal tissues, thereby playing a big role in the di-
agnosis. Second, DRM1 is a well-known biomechanical
parameter representing the ability of deformation. It makes an
impact on keratoconus screening, which is consistent with
prior studies [10–12].+ird, in general, the simpler themodel,
the greater the robustness. NPS contains only 3 parameters,
which is less than aCBI or DCR, making it practical to adjust
to each new dataset. Finally, the biomechanical parameters of
NPS are chosen on the basis of IOP-matched scenario and
hence are naturally stable and can be used to reveal the true
difference between keratoconus and normal corneas. Given
all these reasons, findings from this study could be interpreted
to some extent.

It is worth noting that we deliberately did not match CCT,
another confounding factor in corneal biomechanics [7], be-
cause we believed that, as an important part in the pathogenesis
of keratoconus, corneal thinning should be included to reveal
the resulting changes in biomechanical stability. Nevertheless,
the potential limitation of this study is the lack of gold standard
for measuring IOP as well as the appropriate statistical test for

evaluating indicators of these three biomechanical indexes
(Figure 3). While there are signs of improvement, the results
should be interpreted cautiously.

In conclusion, this study indicated that the parameter
set (NPS) derived from IOP-matched scenario can ef-
fectively differentiate keratoconus from normal corneas.
Using this parameter set prevents us from unnecessarily
considering the confounding influence from IOP. It will
lead to the ease of use in the clinical practice and the
follow-up diagnosis success at earlier stages of kerato-
conus. Further research is warranted to further elucidate
its potential use.

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

All authors declare no conflicts of interest regarding the
publication of this paper.

Authors’ Contributions

Dan Lin and Lei Tian contributed equally to this work and
should be considered as equal first authors.

Acknowledgments

+is research was supported by the National Key R&D
Program of China (2016YFC0104700); National Natural
Science Foundation of China (31600758, 81471735, and
61427806); Beijing Natural Science Foundation (7174287);

AUC (NPS): 98.00% (96.51%~99.57%)
AUC (aCBI): 97.32% (95.3%~99.35%)
AUC (DCR): 93.17% (90.28%~96.06%)

0

20

40

60

80

100
Se

ns
iti

vi
ty

 (%
)

80 60 40 20 0100

(a)

NPS
aCBI
DCR

95.50%

93.60%

86.04%

95.10%

92.30%

86.01%

95.90%
95.10%

86.07%

95.80%

94.00%

86.93%Pe
rc

en
ta

ge

98.00

96.00

94.00

92.00

90.00

88.00

86.00

84.00

82.00

80.00

(b)

Figure 3: Representative graphs for ROC curves (a) and four evaluation indicators (accuracy, sensitivity, specificity, and F1) (b) of NPS,
aCBI, and DCR in combined (145 keratoconus and 122 normal eyes) validation.
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Objectives. To evaluate the internal morphology of blebs using anterior-segment optical coherence tomography (AS-OCT) and the
surgical outcomes of Ahmed glaucoma valve (AGV) surgery with Tenon capsule resection compared to conventional AGV
surgery in patients with refractory glaucoma. Patients and Methods. .is randomised prospective study included 30 eyes from 30
patients (age range: 42–55 y) with refractory glaucoma from March 2018 to February 2020. .e study included two groups: AGV
with the Tenon capsule resection group (n� 15) and the conventional AGV surgery group (n� 15). Follow-up continued until 6
months after surgery. .e primary outcome was intraocular pressure (IOP) and its association with the number of postoperative
glaucoma medications, best corrected visual acuity, visual field, and postoperative complications. .e internal morphology of the
blebs in both groups was evaluated at 1-day, 1-week, 1-month, 3-month, and 6-month follow-up using AS-OCT in terms of the
consequent changes in bleb wall thickness, bleb wall reflectivity, and bleb cavity morphology throughout the 6-month follow-up
period. Results. A significant reduction in IOP was found in both groups, with a greater reduction in group I, where the mean IOP
decreased from 32.73± 2.12mmHg in the preoperative period to 13.33± 1.59mmHg after 6 months, whereas in group II, the
mean IOP decreased from 33.2± 2.21mmHg in the preoperative period to 14.27± 1.44mmHg after 6 months (p value <0.05)..e
difference between the 2 groups in terms of the decrease in IOP was insignificant except at 1 and 3 months, where there was a
significant difference (p value� 0.016 and 0.01 at 1 and 3 months, respectively). .e bleb analysis revealed a significant reduction
in the wall thickness in both groups at 1 and 3 months, which was mostly associated with the hypertensive phase. In group I, the
bleb wall thickness decreased from 754.67± 53.93 μm in the first postoperative day to 684± 81.66 μmand 671.6± 69.48 μmat 1 and
3 months, respectively, while in group II, the bleb wall thickness decreased from 707.13± 31.7 μm in the first postoperative day to
499.53± 99.1 μm and 506± 76.91 μm at 1 and 3 months, respectively. .ere was a significant reduction in AS-OCT, and bleb
reflectivity was insignificant throughout the follow-up period (p value >0.05). Regarding postoperative complications, the
hypertensive phase occurred more frequently in group II (6 eyes, 40%) than in group I (2 eyes, 13.3%). Other complications were
also reported more frequently in group II such as hypotony, shallow anterior chamber (AC), and tube exposure. Conclusion. AS-
OCTwas beneficial in the analysis of bleb morphology after AGV surgery where there were more diffuse functioning multicystic
blebs and less thinning in the bleb wall thickness during the hypertensive phase after resection of the Tenon capsule, which might
be related to the less incidence of fibrosis around the surgical site.

1. Introduction

Glaucoma drainage devices are important therapeutic tools
for the management of refractory glaucoma with high
success rates [1]. Ahmed glaucoma valve (AGV) is a glau-
coma drainage shunt that is performed in refractory

glaucoma, especially after the failure of previous conven-
tional surgeries. It allows the aqueous to flow directly
through the valve tube and lowers the complications related
to this technique [2–4]. Following AGV surgery, the bleb is
subjected to two stages. .e early hypotensive phase is
followed by a hypertensive phase that tends to often occur at
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1 month, and often stabilises at 6 months after the AGV
implantation. .e cause is still poorly understood [5]. .e
hypertensive phase occurred in 82% of the cases after Ahmed
valve implantation. Partial intraoperative Tenon capsule
resection using the Mitomycin C adjunctive may be effective
in developing thin avascular blebs if performed during the
Ahmed glaucoma valve surgery [6].

A novel technique of Tenon capsule resection combined
with an AGV implantation was developed to clarify the
effectiveness and the safety of the Tenon capsule resection,
when it is performed during an AGV surgery, bringing a
relatively low incidence of tube exposure and the hyper-
tensive phase [7].

AS-OCT is a noncontact diagnostic method that presents a
cross-sectional, three-dimensional, and high-resolution image
of the anterior segment of the eye, with an axial resolution that
ranges from 3 to 20μm..ere are two AS-OCTdevices that are
currently available: Visante-OCT (Carl Zeiss Meditec; USA)
and slit-lamp OCT (SL-OCT; Heidelberg Engineering GmbH,
Germany) [8, 9]. AS-OCTprovides qualitative and quantitative
assessments of the most important structures related to AGV
surgery and can be used to assess the position of the tube in the
anterior chamber (AC) and to determine the bleb character-
istics and function. Although bleb imaging is usually per-
formed by ultrasound biomicroscopy (UBM) [10, 11], AS-OCT
can be useful to assess the bleb morphology and function and
to differentiate between functioning and nonfunctioning blebs
[12]. AS-OCT also can measure the maximum bleb wall
thickness and the maximum bleb wall reflectivity after AGV
surgery, which are usually affected by subsequent fibrosis in the
bleb after surgery and are therefore used as indicators for the
success of the surgery [13].

.e present study was aimed to evaluate the internal bleb
morphology of blebs using AS-OCT and the surgical out-
comes of Ahmed glaucoma valve (AGV) surgery with Tenon
capsule resection as compared to conventional AGV surgery
in patients with refractory glaucoma.

2. Patients and Methods

.irty eyes with refractory glaucoma, in spite of the max-
imally tolerated medication after previous trabeculectomy
surgery, were included in a prospective, randomised, con-
trolled clinical study that used a computer-generated ran-
dom number table. .is study was conducted in Menofia
University Hospital betweenMarch 2018 and February 2020.
Institutional research board committee approval was ob-
tained. Two groups were studied: group I for the AGV
surgery with Tenon capsule resection (n� 15 eyes) and
group II for the conventional AGV surgery (n� 15 eyes).
Preoperatively, all the patients were subjected to IOP
measurement using the Goldman applanation tonometer,
visual acuity assessment (VA) using Snellen E chart, visual
field analysis (VF) by Humphrey visual field analyser, Angle
examination by goniolens, optic disc examination by
Volk+90 lens, slit lamp examination for the assessment of
the corneal clarity, and any corneal touch with the tube and
anterior chamber depth. All the patients had peribulbar
anaesthesia by the same surgeon.

3. Surgical Technique

3.1. Operative Technique in Group II (Conventional AGV
Surgery). .e AGV device should be primed before the
surgery. Priming is performed using a 26G cannula, injecting
1 cc of balanced salt solution (BSS). .e superior-temporal
conjunctiva was incised and appropriately cauterised. Mito-
mycin C (MMC) at a concentration of 0.2mg/ml was applied
using 3 sponges soaked with MMC that were placed over the
sclera and left for 2 minutes, followed by irrigation using a
balanced salt solution, and the valve body plate was placed
approximately 10mm posterior to the corneal limbus and
fixed to the underlying sclera with Nylon 10-0 sutures. A two-
third thickness longitudinal scleral flap (2mm× 6mm) was
created, and the tube was then inserted for 2-3mm into the
AC parallel to the iris plane. .e flap was closed tightly with
Nylon sutures to avoid leakage around the tube. .e tube was
ligated to the underlying sclera with an 8-0 Vicryl. Con-
junctiva and Tenon capsule were sutured with Nylon 10-0.

3.1.1. Operative Technique in Group I (AGV Surgery with
Tenon Capsule Resection). .e same steps were performed
for the conventional AGV surgery, the difference being that
the Tenon capsule was dissected from the limbus up to the
posterior border of the AGV body plate. Finally, the con-
junctiva was closed with nylon sutures.

3.1.2. Postoperative Management. Postoperative treatment
included combined antibiotic and steroid eye drops every four
hours in the first week with a gradual tapering after 2 weeks.

.e surgical outcomes were evaluated based on the
following:

(i) IOP and the number of glaucoma medications: a
complete success was defined as an IOP lower than
21mmHg without treatment, a qualified success was
defined as an IOP lower than 21mmHg with
medical treatment, failure was defined as an IOP
more than 21mmHg during any time throughout
the follow-up period with medical treatment. .e
hypertensive phase was defined as an elevated IOP
more than 21mmHg during the first 3 months after
surgery. If the hypertensive phase could not be
lowered with medications, it would be considered a
failure. Patients were divided into two categories:
the hypertensive and the nonhypertensive cate-
gories. Hypotony was defined as an IOP <6mmHg.
.e number of postoperative antiglaucomatous
medications was identified.

(ii) Visual acuity: visual acuity assessment (VA) using
the Snellen E chart was performed. .e final
postoperative BCVA changes were classified as
“worsened”, “stable”, or “improved” when com-
pared to the preoperative BCVA. A change of one
line of Snellen visual acuity or less was defined as
stable, whereas greater changes were defined as
worsened or improved accordingly.
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(iii) Visual field: visual field assessment was based on
Brusini Classification based on Mean Deviation
(MD) and Corrected Pattern Standard Deviation
(CPSD) Values:

Stage 0: both MD and CPSD within normal limits.
Stage 1: MD between −3 and −5 dB and CPSD
≤3 dB, or MD<−3 dB and CPSD between 3 and
5 dB, or both MD and CPSD between −3 and
−5 dB.
Stage 2: MD >−5 and <−8 dB and CPSD <−8 dB ,
or MD <−3 dB and CPSD >5 and <8 dB.
Stage 3: MD between −8 and −12 dB, or CPSD
≥8 dB.
Stage 4: MD≥−12 dB and <−20 dB.
Stage 5: MD≥−20 dB [14].

(iv) Postoperative complications: all intraoperative and
postoperative complications were recorded.

(v) Anterior segment OCT assessment: a Spectralis
OCT (Heidelberg Engineering, Heidelberg, Ger-
many) was performed to visualise the postoperative
blebs at 1 week, 1 month, 3 month, and 6 months.
AS-OCT was performed in a room with a constant
and minimal degree of room illumination. Patients
were initially asked to fixate their eyes at an
inferonasal position to facilitate the imaging of the
superotemporal bleb and the nearby angle and AC.
Automatic real-time of eight frames and 41 sections
with a 139 μm interval were used for imaging the
cross section of the bleb. .e maximal bleb wall
thickness was calculated by measuring in micro-
metres the maximal distance 3.5mm away from the
end point of the tube. Images with quality scores
greater than 25 were included. .e maximal bleb
wall thickness was calculated by measuring in
micrometres the maximal distance between the first
reflective signal from the conjunctiva to the top of
the sub-Tenon fluid space. .e maximal reflectivity
of the bleb wall was measured by exporting the
scanned images as jpg files and then importing them
into the ImageJ software program (Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA).
Reflectivity was measured in the ellipses that the
operator had marked on the bleb wall. .e internal
morphology of the blebs in both groups was eval-
uated using the anterior segment optical coherence
tomography (AS-OCT) for consequent changes in
bleb wall thickness, bleb wall reflectivity, and bleb
shape throughout the 6 months of follow-up period.

In addition, optic disc examination using Volk + 90 lens
and slit lamp examination, including bleb examination for
its shape and vascularity, were performed throughout the 6
months of follow-up period.

3.2. StatisticalAnalysis. Results were statistically analysed by
SPSS version 22 (SPSS Inc., Chicago, IL, USA). Nonpaired t-
test was used for parametric data. Mann–Whitney and

Friedman tests were used for nonparametric data. Chi-
squared (χ2) and Fisher’s exact tests were used for qualitative
variables. Spearman test was used for detecting the strength
and the direction of association between variables. A p value
<0.05 was considered significant.

4. Results

.e age of the patients ranged from 42 to 55 years, and there
were 17 males and 13 females. In spite of the maximally
tolerated medication after previous trabeculectomy surgery,
the patients had a high intraocular pressure (IOP), with an
IOP in the range of 30–36mmHg (group I) and
30–37mmHg (group II)..ese patients were diagnosed with
three main types of refractory glaucoma; aphakic glaucoma
(11 patients), pseudophakic glaucoma (15 patients), and
pseudoexfoliation glaucoma (4 patients) (Table 1). .is
study showed a significant reduction in IOP in both groups
throughout the follow-up period, with a greater reduction in
group I, where the mean IOP decreased from 32.7±
2.1mmHg in the preoperative period to 13.3± 1.6mmHg
after 6 months, whereas in group II, the mean IOP decreased
from 33.2± 2.2mmHg in the preoperative period to
14.3± 1.4mmHg after 6 months (p value <0.05). .e dif-
ference in IOP reduction between the 2 groups was insig-
nificant except at 1 and 3 months, where there was a
significant increase in the mean IOP in group II. .e mean
postoperative IOP in group II at 1 month and 3 months was
20.1± 6.4mmHg and 17.0± 1.8mmHg, respectively, while
in group I, the mean postoperative IOP at 1 and 3 months
was 14.9± 3.1mmHg and 15.8± 3.4mmHg, respectively
(p � 0.016 at 1 month and 0.01 at 3 months) (Table 2). .ere
were more patients with the hypertensive phase in group II
(6 cases, 40%) when compared with group I (2 cases, 13.3%))
(Table 3). .e bleb analysis revealed that there was a sig-
nificant reduction in the maximal bleb wall thickness in both
groups at 1 and 3months, which was mostly associated with
the hypertensive phase. In group I, the bleb wall thickness
was 754.67± 53.93 μm on the first postoperative day and
decreased to 684± 81.66 μm and 671.6± 69.48 μm at 1 and 3
months, respectively, while in group II, the bleb wall
thickness was 707.13± 31.7 μm on the first postoperative day
and decreased to 499.53± 99.1 μm and 506± 76.91 μm at 1
and 3 months, respectively (Table 4). AS-OCT was also
beneficial in describing the changes in maximal bleb wall
reflectivity, which increased at 1 and 3 months and de-
creased again at 6 months, although the difference between
both the groups with regard to the bleb reflectivity was
insignificant throughout the follow-up period (Table 5).
Maximal bleb wall thickness and maximal bleb wall
reflectivity were analysed in those patients..ere was a more
significant reduction in the maximal bleb wall thickness at 1
and 3 months in group II. Maximal bleb wall thickness at 1
month was 540± 14.14 μm in group I and was
387.83± 11.67 μm in group II (p value <0.05). At 3 months, a
mild increase occurred, where maximal bleb wall thickness
was 567.5± 31.82 μm in group I and 423.67± 9.31 μm in
group II (p value <0.05) (Table 6). .ere was a negative
correlation between IOP and maximal bleb wall thickness in
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the eyes that presented with significant elevated IOP
(Hypertensive phase) at 1 and 3 months in both groups.
.ey also presented with a significant decrease in the
maximal bleb wall thickness (Table 7). .ese measures
increased again at 6 months and can be represented as a
U-shaped pattern (Figure 1). .e maximal bleb wall
reflectivity increased at 1 and 3 months in both the groups.
.is increase was greater in group II, where the maximal
bleb wall reflectivity was 127.66± 32.11 and 121.62± 18.23
at 1 and 3 months, respectively, while it was 113.48± 38.22
and 106.31 ± 19.56 in group I at 1 and 3 months, respec-
tively. However, this difference between both the groups
was insignificant (Table 5). .is increase in the maximal
bleb wall reflectivity subsided again at 6 months and can be
represented as an inverted U-shaped pattern (Figure 2). A
significant correlation was reported between the decrease
in maximal bleb wall thickness and the increase in maximal
bleb wall reflectivity at 1 and 3 months (Hypertensive
phase) (Table 8). Postoperative slit lamp biomicroscopy for

the studied groups clarified that externally, the blebs in
group I were thinner and less vascular compared to those in
group II. However, bleb morphology by AS-OCTprovided
more details, since the internal morphology of the blebs
could be analysed (Figures 3(a) and 3(b)). All the blebs in
group I were characterised by diffuse, fluid-filled, large
multicystic cavities, numerous intraconjunctival cysts, and
hyporeflective diffuse areas of conjunctival hydration that
were seen in all the cases, except the 2 cases in the hy-
pertensive phase. .ey were characterised by less fluid-
filled multicystic cavities, intraconjunctival cysts, and
conjunctival hydration (Figure 4) with a greater reduction
in the maximal bleb wall thickness and an increase in the
maximal bleb wall reflectivity (Table 6). Bleb shape in group
II was different; here there was a uniform, fluid-filled cystic
cavity without encapsulation in 9 cases (60%) that pre-
sented without the hypertensive phase, while 6 cases (40%)
with the hypertensive phase were classified as a uniform
cystic, fluid-filled cavity with encapsulation occurring in 5

Table 1: Demographic data and baseline clinical data.

Group 1 Group 2
p valueNo� 15 No� 15

NO % NO %
Age (years) 46.33± 1.47 47.14± 3.33 0.399
Gender
Male 8 53.3 9 60.0 0.713Female 7 46.7 6 40.0

Preoperative baseline IOP (mean± SD) 32.73± 2.12 33.2± 2.21 0.560
Type of glaucoma
Aphakic glaucoma 5 33.4 6 40.0

0.924Pseudophakic glaucoma 8 53.3 7 46.7
Psedoexfoliation glaucoma 2 13.3 2 13.3

Preoperative medications
Topical(beta-blocker +CAI + prostaglandin analogue) 13 86.7 12 80.0 0.624Topical (beta-blocker +CAI + brimonidine) 2 13.3 3 20.0

IOP� intraocular pressure; SD� standard deviation; CAI� carbonic anhydrase inhibitor.

Table 2: IOP of the studied groups.

IOP (mmHg) Group 1 Group 2
p valueNo� 15 No� 15

Preoperative
Mean± SD 32.73± 2.12 33.2± 2.21 0.560

Postoperative 1 day
Mean± SD 11.4± 2.29 12.33± 3.68 0.202

Postoperative 1 week
Mean± SD 12.07± 1.53 13.27± 3.03 0.098

Postoperative 1 month
Mean± SD 14.87± 3.11 20.13± 6.39 0.016∗

Postoperative 3 months
Mean± SD 15.8± 3.41 17± 1.81 0.01∗

Postoperative 6 months
Mean± SD 13.33± 1.59 14.27± 1.44 0.103

Fried man test (p value) 77.69 (<0.001∗) 80.04 (<0.001∗)

Post hoc test
1,2,3.4.5.7,8,10,11 <0.05 1,2,3.4.5.7,8,10,11,14,15 <0.05
6,9,12,13,14,15 >0.05 6,9,12,13 >0.05

1Preoperative-1 day later; 2preoperative-1 week later; 3preoperative-1 month later; 4preoperative-3 months later; 5preoperative-6 months later; 61 day later-1
week later; 71 day later-1 month later; 81 day later-3 months later; 91 day later-6 months later; 101 week later-1 month later; 111 week-3 months later; 121 week-6
months later; 131 month later-3 months later; 141 month-6 months later; 153 months-6 months later. ∗Significant.
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cases (33.3) and a less diffuse multicystic bleb with dense
fibrosis inside the bleb cavity in 1 case (6.7%) (Figure 5).
Intraconjunctival cysts were very limited with less

conjunctival hydration, which might be due to the onset of
greater fibrous proliferation compared to group I. AS-OCT
was useful to determine the position of the AGV tube in the

Table 3: Postoperative complications of the studied groups.

Postoperative complications
Group I Group II

p valueNo� 15 No� 15
NO % NO %

Hypotony
No 14 93.3 12 80.0 0.598
Yes 1 6.7 3 20.0

Shallow AC
No 14 93.3 12 80.0 0.598
Yes 1 6.7 3 20.0

Increased IOP
Negative 13 86.7 9 60.0 0.215
Positive 2 13.3 6 40.0

Tube exposure
Negative 14 93.3 13 86.7 0.483
Positive 1 6.7 2 13.3

Choroidal detachment
Negative 15 100.0 14 93.3 0.734
Positive 0 0.0 1 6.7

Hyphema
Negative 14 93.3 13 86.7 0.974
Positive 1 6.7 2 13.3

Continuity of antiglaucoma medications
Two medications 1 6.7 3 20.0 0.513
.ree medications 0 0.0 1 6.7
No medications 14 93.3 11 73.3

∗Significant.

Table 4: Maximal bleb wall thickness of the studied groups.

Postoperative maximal bleb wall thickness (μm) Group 1 Group 2
p valueNo� 15 No� 15

1 day
Mean± SD 754.67± 53.93 707.13± 31.7

0.004∗Median 780 719
Min-max 650–800 640–740

1 week
Mean± SD 712.33± 66.99 599.93± 41.82

<0.001∗Median 750 590
Min-max 610–780 550–690

1 month
Mean± SD 684± 81.66 499.53± 99.1

<0.001∗Median 730 535
Min-max 530–760 370–625

3 months
Mean± SD 671.6± 69.48 506± 76.91

<0.001∗Median 710 515
Min-max 545–745 412–615

6 months
Mean± SD 718.2± 72.4 620.86± 82.29

0.002∗Median 760 630
Min-max 560–785 515–725

Fried man test (p value) 45.329 (<0.001∗) 54.247 (<0.001∗)

Post hoc test
2,3.6.9,10 <0.05 1,2,3.4.5.6,9,10 <0.05
1,4,5,7,8 >0.05 7.8 >0.05

11 day later-1 week later; 21 day later-1month later; 31 day later-3 months later; 41 day later-6months later; 51 week-1month later; 61 week later-3months later;
71 week-6 months later; 81 month later-3 months later; 91 month later-6 months later; 103 months later-6 months later. ∗Significant.
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AC in addition to the patency of the AC angle (Figure 6).
Regarding the postoperative complications, the hyper-
tensive phase occurred more frequently in group II, where
it occurred in 6 cases (40%) with a mean IOP of 25mmHg
(range, 21–29mmHg), whereas it occurred in 2 cases at 1
month, with one case having an encapsulated bleb visible
by AS-OCT; the 2 cases at 1 month were controlled 2
months later with two antiglaucomatous eye drops (Car-
bonic Anhydrase Inhibitor + Beta-blocker), while 4 cases
with encapsulation (26.7%) needed to continue the

antiglaucomatous eye drops till the 6-month follow-up.
.ree cases (20%) needed two antiglaucomatous eye drops
(Carbonic Anhydrase Inhibitor + Beta-blocker) and 1 case
(6.7%) received three antiglaucomatous eye drops (Car-
bonic Anhydrase Inhibitor + Beta-blocker + Prostaglandin
Analogue). Only 2 cases (13.3%) in group I showed this
hypertensive phase at 3months, of which only 1 case (6.7%)
with an IOP of 26mmHg needed to continue with two
antiglaucomatous eye drops (Carbonic Anhydrase Inhib-
itor + Beta-blocker). IOP was lowered to 15mmHg while

Table 5: Maximal bleb wall reflectivity of the studied groups.

Postoperative bleb wall reflectivity

Normotensive patients Hypertensive phase
Group I Group II

p value
Group I Group II

p valueNo� 13 No� 9 No� 2 No� 6
Mean± SD Mean± SD Mean± SD Mean± SD

1 day 79.46± 45.13 83.44± 42.11 0.834 81.18± 33.11 84.33± 22.65 0.921
Week 1 90.28± 17.38 94.28± 15.67 0.581 99.44± 15.33 105.45± 18.33 0.694
1 month 98.76± 13.11 111.55± 11.24 0.029∗ 113.48± 38.22 127.66± 32.11 0.719
3 months 100.43± 44.22 115.36± 22.16 0.311 106.31± 19.56 121.62± 18.23 0.508
6 months 97.23± 36.63 102.11± 20.11 0.693 99.83± 19.48 103.65± 13.22 0.839
∗Significant.

Table 6: Maximal bleb wall thickness in patients with hypertensive phase.

Postoperative maximal bleb wall thickness (μm)
Hypertensive phase

p valueGroup I Group II
No� 2 No� 6

Postoperative 1 day
Mean± SD 770± 28.28 718.67± 9.16

0.044∗Median 770 718.5
Min-max 750–790 710–735

Postoperative 1 week
Mean± SD 645± 49.49 584.17± 7.36

0.044∗Median 645 582.5
Min-max 610–680 575–595

Postoperative 1 month
Mean± SD 540± 14.14 387.83± 11.67

0.042∗Median 540 388.5
Min-max 530–550 370–400

Postoperative 3 months
Mean± SD 567.5± 31.82 423.67± 9.31

0.042∗Median 567.5 425
Min-max 545–590 412–435

Postoperative 6 months
Mean± SD 590± 42.43 529.83± 13.12

0.044∗Median 590 527
Min-max 560–620 515–550

∗Significant.

Table 7: Correlation between maximal bleb wall thickness and intraocular pressure in studied groups.

Postoperative
Group I Group II Total sample

r p r p r p

1 day −0.274 0.323 −0.016 0.954 −0.190 0.314
1 week −0.463 0.082 0.202 0.470 −0.295 0.113
1 month −0.227 0.416 −0.853 <0.001∗ −0.702 <0.001∗
3 months −0.275 0.322 −0.491 0.063 −0.611 <0.001∗
6 months −0.228 0.414 −0.689 0.004∗ −0.512 <0.001∗
∗Significant.
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the other case presented with an IOP at 25mmHg, which
was lowered with two antiglaucomatous eye drops (Car-
bonic Anhydrase Inhibitor + Beta-blocker) after 2 weeks.
.is treatment was stopped 2 weeks later when the IOP was

lowered to 8mmHg; the IOP later increased back to
15mmHg without any further treatment. More postop-
erative complications were reported in group II such as
hypotony, shallow anterior chamber (AC), choroidal
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Figure 1: U-shaped pattern of the mean maximal bleb wall thickness.
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Figure 2: Inverted U-shaped pattern of the mean maximal bleb wall reflectivity.

Table 8: Correlation between maximal bleb wall thickness and maximal bleb wall reflectivity in studied groups.

Postoperative follow-up period
Group I Group II Total sample

r p r p r p

1 day −0.197 0.323 −0.113 0.209 −0.168 0.239
1 week −0.385 0.082 −0.109 0.145 −0.295 0.096
1 month −0.486 0.032∗ −0.327 0.019∗ −0.409 0.022∗
3 months −0.609 0.002∗ −0.491 0.005∗ −0.589 0.003∗
6 months −0.535 0.008∗ −0.432 0.009∗ −0.495 0.007∗
∗Significant.
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(a) (b)

Figure 3: (a) A slit lamp biomicroscopy photo of a male patient in group I with IOP at 15mmHg revealed a thin bleb with minimal
vascularisation (3 months after surgery). (b). A slit lamp biomicroscopy photo of a female patient in group II with IOP 28mmHg revealed a
vascularised encysted bleb (1 month after surgery).

Figure 4: AS-OCT bleb imaging of a female patient in group I during the hypertensive phase at 3 months; IOP was 26mmHg. AS-OCT
revealed the presence of diffuse multicystic bleb cavity, diffuse hyporeflective conjunctiva with hydration, and intraconjunctival cysts.
Maximal bleb wall thickness was 580 μm, and bleb wall reflectivity was 103.

(a) (b)

Figure 5: (a) AS-OCT bleb imaging of a female patient in group II at 1 month (hypertensive phase); IOP was 29mmHg. AS-OCTrevealed
the presence of encapsulated bleb with dense hyperreflective bleb wall with monocystic fluid-filled bleb cavity; maximal bleb wall thickness
was 375 μm, and bleb wall reflectivity was 132. (b) AS-OCT bleb imaging of a male patient in group II at 3 months (hypertensive phase); IOP
was 27mmHg. AS-OCT revealed the presence of a few number of intraconjunctival cysts and minimal conjunctival hydration with dense
hyperreflective areas within the bleb cavity (mostly due to fibrosis); the maximal bleb wall thickness was 389 μm, and bleb wall reflectivity
was 127.
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detachment, hyphaemia, and tube exposure (Table 3). .e
preoperative BCVA ranged between 2/60 (two meters) to
0.6 (by Snellen E-chart) in both the groups. With regard to
the final postoperative BCVA in group I (n � 15), all cases
remained stable (100%). For group II (n � 15), 4 had
worsened (26.7%) and 11 remained stable (73.3%). In
group II, 3 cases were associated with the hypertensive
phase and showed a decline of 2 lines of the Snellen E-chart.
.e fourth case was complicated with choroidal detach-
ment and showed a decline of 3 lines of the Snellen E-chart.
In group I, the final postoperative visual field dropped from
stage 3 to stage 4 in one case, while in group II, it dropped
from stage 2 to stage 3 in 3 cases and from stage 3 to stage 4
in one case (Figure 7).

5. Discussion

Although bleb morphology can be evaluated using slit lamp
biomicroscopy, it depicts only the external aspect of the bleb
without assessing its internal structures [15–17] AS-OCT is
helpful to obtain cross-sectional images of the internal
structures of the bleb. In addition, AS-OCT has been shown
to be useful in diagnosing Ahmed tube tip position and
patency, even in patients with opaque corneas [18, 19].

.is study has shown that there were more diffuse
functioning multicystic blebs and less thinning of the bleb
wall thickness during the hypertensive phase after resection
of the Tenon capsule. .is might be related to a lesser in-
cidence of fibrosis and a reduced vascularity as well as a
better hydration of the tissue around the surgical site
(Figure 4). .ere was no encapsulation that might correlate
to the resection of the Tenon, which could have reduced the
fibrosis around the valve plate and might have explained the
increase in the maximal bleb wall thickness as well as the
reduction in the maximal bleb wall reflectivity observed in
group I as compared to group II at 1 and 3 months. .is
could also explain the low incidence of cases with the hy-
pertensive phase in this group.

Some studies reported that the maximum bleb wall
thickness was significantly thinner after a successful Ahmed
valve implantation. .ey speculated that a thinner bleb al-
lows better aqueous permeability, resulting in better IOP
control. However, these authors noted that the wall

thickness can change over time. Other studies showed that
unlike trabeculectomy, surgeons do not concern with bleb
wall properties during tube surgery due to manipulation
difficulty, relative homogeneity, and high reflectivity related
to fibrous changes in the bleb wall preventing AS-OCT bleb
analysis. However, bleb properties during tube surgery are
also important for postoperative IOP control [20, 21]. .ese
results were in agreement with another cross-sectional
observational study that investigated the role of AS-OCT in
the imaging of blebs after AGV surgery in 76 patients. .e
maximum bleb wall thickness was significantly correlated
with the postoperative IOP (r� 0.402, p< 0.001; r� 0.280,
p � 0.014). AS-OCT clarified that the maximum bleb wall
thickness was significantly thinner in successful surgeries
when compared to unsuccessful surgeries. No significant
differences regarding the bleb wall reflectivity were reported
[13].

Resection of the Tenon capsule in AGV surgery was a
point of interest in a recent study where 30 patients with
refractory glaucoma were randomly divided into 2 groups:
group I: AGV surgery with resection of the Tenon capsule
and grafting was performed in 15 eyes; group II: AGV
surgery with autologous scleral graft was performed in 15
eyes. Better surgical outcomes were observed in group I in
terms of the IOP-lowering effect and low number of post-
operative antiglaucomatous medications (6.7%), in addition
to a low incidence of complications such as one case of
hypotony (6.7%) and only one case (6.7%) presenting with
the hypertensive phase, which has been explained in this
study as a consequence of the low incidence of fibrosis that
might occur after resection of the Tenon capsule [7].

Other studies showed the significance of changes in bleb
wall morphology, as one study enrolled 52 patients who
underwent AGV implantation. Postoperative IOP was de-
creased at each time point during the postoperative follow-
up (p value <0.001, all), with a peak in the first month. Mean
bleb wall thickness was the thinnest 1 month after the
surgery. A hypertensive phase was reported in 44 patients
(84.6%). .is study was different regarding the bleb wall
reflectivity, where there was a significant difference between
the hypertensive group and the nonhypertensive group at 1
month postoperatively (130.67± 27.00 versus 106.57± 10.35;
p � 0.044) [22].

A study that compared the conventional AGV surgery
method and the Biodegradable Collagen Matrix–Aug-
mented Ahmed Glaucoma Valve method included 43 re-
fractory glaucoma eyes that were followed up for 6 months.
.e conventional method was performed in 21 eyes, and the
Biodegradable Collagen Matrix–Augmented Ahmed Glau-
coma Valve method was performed in 22 eyes. Maximal bleb
thickness was measured using AS-OCT images, and post-
operative blebs were imaged using a Spectralis OCT (Hei-
delberg Engineering GmbH, Heidelberg, Germany) on
postoperative days 1, 30, and 180. .e results revealed that
the Biodegradable Collagen Matrix–Augmented Ahmed
Glaucoma Valve method provided better surgical outcomes
and a more maximal bleb wall thickness at 1 and 3 months
and, therefore, a less hypertensive phase compared to the
conventional AGV surgery method. [23].

Figure 6: AS-OCT imaging 4 months after surgery of a male
patient in group I IOP was 14mmHg with representation of the
tube opening in the AC, angle patency, and depth.
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5.1. Strengths and Limitations. .e limitations of this study
were a relatively small number of patients and a short-term
follow-up. In addition, bleb imaging using AS-OCTrequired
expertise to analyse the measures, and sometimes it was
difficult to obtain good results, especially with uncooperative
patients. In the near future, we plan to work on a large
sample with a long-term follow-up to detect the degree of
effectiveness of this surgical technique and to evaluate the
long-term changes in the bleb. Strengths of this study were
the effectiveness of the AGV surgery with Tenon resection,
low cost, minimal time consumption, and an easy dissection
in the absence of cicatrising tissues from previous surgeries.
AS-OCT was added as a point of interest in this study and
may provide important diagnostic data to the previous study
that we published, wherein we had clarified the role of Tenon
resection in reducing postoperative fibrosis, and therefore
the hypertensive phase. AS-OCT was useful to evaluate the
changes in bleb morphology during the early postoperative
period, when the hypertensive phase may occur at 1–3
months. AS-OCT was also useful to perform a correlation
between the bleb morphological changes and the bleb
function and, therefore, helped to evaluate the success of the
surgery.

6. Conclusions

AS-OCT can be used as a good diagnostic tool for analysing
the bleb shape, wall thickness, and wall reflectivity, as well as
a prognostic tool that determines the incidence of the hy-
pertensive phase..ere was a significant increase in bleb wall
thickness in AGV surgery with resection of the Tenon
capsule at 1 and 3 months compared to the conventional
AGV surgery, which may be the cause for the lower

hypertensive phases that occurred in the AGV surgery with
resection of the Tenon capsule.

Data Availability

.e data used to support the findings of this study are in-
cluded within the article.

Ethical Approval

All the procedures performed in studies involving human
participants were in accordance with the ethical standards of
the institutional committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards.

Consent

Informed consent was obtained from all the individual
participants included in the study.

Conflicts of Interest

.e author has no conflicts of interest in any concept or
product described in this article.

References

[1] S. J. Gedde, J. C. Schiffman, W. J. Feuer, L. W. Herndon,
J. D. Brandt, and D. L. Budenz, “Treatment outcomes in the
tube versus trabeculectomy (TVT) study after five years of
follow-up,” American Journal of Ophthalmology, vol. 153,
no. 5, pp. 789–803, 2012.

[2] H. J. Jeong, H.-Y. L. Park, and C. K. Park, “Effects of early
postoperative intraocular pressure after Ahmed glaucoma

0%

20%

60%

66.70%

46.70%

53.40%

0

10

20

30

40

50

60

70

80

Group IIGroup I

%
33.30%

6.70%

33.30% 33.30%

13.30%

33.30%

Preoperative Postoperative Preoperative Postoperative

Grading stage 2

Grading stage 3

Grading stage 4

Figure 7: Comparison between the two groups with respect to the postoperative visual field.

10 Journal of Ophthalmology



valve implantation on long-term surgical outcomes,” Korean
Journal of Ophthalmology, vol. 32, no. 5, pp. 391–399, 2018.

[3] D. L. Budenz, K. Barton, W. J. Feuer et al., “Treatment
outcomes in the Ahmed Baerveldt comparison study after 1
year of follow-up,” Ophthalmology, vol. 118, pp. 443–452,
2011.

[4] I. Riva, G. Roberti, A. Katsanos, F. Oddone, and L. Quaranta,
“A review of the Ahmed glaucoma valve implant and com-
parison with other surgical operations,” Advances in 6erapy,
vol. 34, p. 834, 2017.

[5] C. H. Hong, A. Arosemena, D. Zurakowski, and R. S. Ayyala,
“Glaucoma drainage devices: a systematic literature review
and current controversies,” Survey of Ophthalmology, vol. 50,
no. 1, pp. 48–60, 2005.

[6] R. Susanna, “Partial Tenon’s capsule resection with adjunctive
mitomycin C in Ahmed glaucoma valve implant surgery,”
British Journal of Ophthalmology, vol. 87, no. 8, pp. 994–998,
2003.

[7] F. M. Wagdy, “Tenon capsule grafting versus autologous
scleral graft in Ahmed glaucoma valve surgery,” Journal of
Ophthalmology, vol. 2020, Article ID 1248023, 9 pages, 2020.

[8] C. K. S. Leung, H. Li, R. N. Weinreb et al., “Anterior chamber
angle measurement with anterior segment optical coherence
tomography: a comparison between slit lampOCTand visante
OCT,” Investigative Ophthalmology and Visual Science,
vol. 49, no. 8, pp. 3469–3474, 2008.

[9] L. M. Sakata, T. L. Wong, H. T. Wong et al., “Comparison of
Visante and slit-lamp anterior segment optical coherence
tomography in imaging the anterior chamber angle,” Eye,
vol. 24, no. 4, pp. 578–587, 2010.

[10] R. Mastropasqua, V. Fasanella, L. Agnifili, C. Curcio,
M. Ciancaglini, and L. Mastropasqua, “Anterior segment
optical coherence tomography imaging of conjunctival fil-
tering blebs after glaucoma surgery,” BioMed Research In-
ternational, vol. 2014, Article ID 610623, 11 pages, 2014.

[11] G. Savini, M. Zanini, and P. Barboni, “Filtering blebs imaging
by optical coherence tomography,” Clinical & Experimental
Ophthalmology, vol. 33, no. 5, pp. 483–489, 2005.

[12] R. Sharma, A. Sharma, T. Arora et al., “Application of anterior
segment optical coherence tomography in glaucoma,” Survey
of Ophthalmology, vol. 59, no. 3, pp. 311–327, 2014.

[13] K. I. Jung, S. A. Lim, H. L. Park, and C. K. Park, “Visualization
of blebs using anterior-segment optical coherence tomogra-
phy after glaucoma drainage implant surgery,” Ophthalmol-
ogy, vol. 120, no. 5, pp. 978–983, 2013.

[14] R. Susanna and R.M. Vessani, “Staging glaucoma patient: why
and how?” Open Ophthalmology Journal, vol. 3, pp. 59–64,
2009.

[15] M. Singh, J. L. See, M. C. Aquino, L. S. .ean, and P. T. Chew,
“High-definition imaging of trabeculectomy blebs using
spectral domain optical coherence tomography adapted for
the anterior segment,” Clinical & Experimental Ophthal-
mology, vol. 37, pp. 345–351, 2009.

[16] S. Dorairaj, J. Maslin, and Y. Barkana, “Anterior segment
imaging in glaucoma: an updated review,” Indian Journal of
Ophthalmology, vol. 63, no. 8, pp. 630–640, 2015.

[17] R. M. Feldman, S. M. El-Harazi, and G. Villaneuva, “Valve
membrane adhesion as a cause of Ahmed glaucoma valve
failure,” Journal of Glaucoma, vol. 6, pp. 10–12, 1997.

[18] W. Kiddee and G. E. Trope, “Glaucoma tube imaging using
anterior segment optical coherence tomography in patients
with opaque cornea,” Journal of Glaucoma, vol. 22, pp. 773–
775, 2013.

[19] H.-Y. Lopilly Park, K. I. Jung, and C. K. Park, “Serial intra-
cameral visualization of the Ahmed glaucoma valve tube by
anterior segment optical coherence tomography,” Eye, vol. 26,
pp. 1256–1262, 2012.

[20] M. Singh, P. T. K. Chew, D. S. Friedman et al., “Imaging of
trabeculectomy blebs using anterior segment optical coher-
ence tomography,” Ophthalmology, vol. 114, pp. 47–53, 2007.

[21] T. Hamanaka, T. Omata, S. Sekimoto, T. Sugiyama, and
Y. Fujikoshi, “Bleb analysis by using anterior segment optical
coherence tomography in two different methods of trabe-
culectomy,” Investigative Ophthalmology & Visual Science,
vol. 54, pp. 6536–6541, 2013.

[22] K. In Jung, H. Park, Y. Jung, and C. K. Park, “Serial changes in
the bleb wall after glaucoma drainage implant surgery:
characteristics during the hypertensive phase,” Acta Oph-
thalmologica, vol. 93, no. 4, pp. e248–53, 2015.

[23] S. Rho, Y. Sung, K. T. Ma, S. H. Rho, and C. Y. Kim, “Bleb
analysis and short-term results of biodegradable collagen
matrix–augmented ahmed glaucoma valve implantation: 6-
month follow-up,” Investigative Ophthalmology & Visual
Science, vol. 56, pp. 5896–5903, 2015.

Journal of Ophthalmology 11



Research Article
Assessment of Scleral and Conjunctival Thickness of the Eye after
Ultrasound Ciliary Plasty

Bartłomiej Bolek , Adam Wylęgała, and Edward Wylęgała
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Purpose. +is study aims to assess scleral and conjunctival thickness using optical coherence tomography after ultrasound ciliary
plasty (UCP) procedure with reference to scleral marks appearing in the area where the ultrasound energy was applied.Materials
and Methods. Seventy-eight patients with primary and secondary refractory glaucoma participated in this study. Complete
ophthalmic examinations including measurements of scleral and conjunctival thickness were performed preoperatively and at 1
week, and 1, 3, 6, 12, 18, and 24 months postoperatively. +e parameters were determined using the Swept Source OCT with
anterior attachment. +irty-eight patients (58 scleral marks—23 superior and 35 inferior) fulfilled the inclusion criteria and
completed the follow-up period of 24 months. Results. +e mean± SD scleral and conjunctival thickness in superior scleral mark
before the procedure and at 1 week, and 1, 3, 6, 12, 18, and 24 months after the procedure was 684.57± 83.58 μm,
771.78± 112.03 μm (p< 0.001), 771.74± 100.12 μm (p< 0.001), 731.38± 83.92 μm (p � 0.012), 719.52± 73.20 μm (p � 0.037),
702.91± 66.50 μm (p � 0.247), 694.13± 72.22 μm (p � 0.482), and 699.35± 70.68 μm (p � 0.200), respectively. +e mean± SD
scleral and conjunctival thickness in inferior scleral mark before the procedure and at 1 week, and 1, 3, 6, 12, 18, and 24 months
after the procedure was 816.86± 79.30 μm, 936.37± 107.33 μm (p< 0.001), 946.00± 130.40 μm (p< 0.001), 896.63± 123.40 μm
(p< 0.001), 877.69± 114.38 μm (p � 0.003), 843.03± 71.55 μm (p � 0.021), 811.86± 68.91 μm (p � 0.731), and 805.03± 69.52 μm
(p � 0.248), respectively. +e transient thickening of the sclera was observed after the procedure; however, after 12 months
postoperatively, the parameters returned to the initial value and no significant difference was noted. Conclusion. +e sclera
thickness increases after UCP. However, with time the thickness reduces to its initial value with no significant difference. Clinical
implication of the scleral changes lasts shorter than the measured significant difference in scleral thickness.

1. Introduction

Cyclodestruction methods are used to treat mild and severe
forms of glaucoma. +ese methods reduce intraocular
pressure (IOP) by decreasing the production of aqueous
humor by partially damaging the nonpigmented epithelium
of the ciliary body. Ultrasound ciliary plasty (UCP), com-
pared to commonly used diode laser cyclodestruction, allows
precise energy concentration through opaque structures,
without uncontrolled absorption, at a desired depth and area
[1]. As a result, it reduces the damage to adjacent tissues.
However, ultrasound energy may affect sclera, leading to an
alteration in morphology and morphometry. In the area
where the ultrasound energy was applied, a scleral mark

occurs, which macroscopically appears like scleral thinning.
Few studies have reported the occurrence of scleral marks
but without further examination [2–5]. A study conducted
by Mastropasqua et al. showed anatomical modifications of
sclera and conjunctiva in one month after UCP [6]. +e
authors assessed cyst occurrence in the area of ultrasound
energy application intending to prove alternative outflow of
aqueous humor through the uveoscleral pathway. +ere is
no study examining scleral mark in terms of scleral thinning
after UCP. +e present study aims to assess scleral and
conjunctival thickness using optical coherence tomography
(OCT) after UCP with reference to scleral marks appearing
in the area of ultrasound energy application in the long-term
period.
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2. Materials and Methods

+is retrospective clinical study was approved by the in-
stitutional review board of the Medical University of Silesia
(KNW/0022/KB1/78/18). Considering that the study in-
volved a retrospective review of existing data, specific
written informed consent was obtained from all patients.
However, informed consent regarding the UCP was ob-
tained from the patients who received the procedure.

Seventy-eight patients with primary and secondary re-
fractory glaucoma were enrolled to undergo UCP. +e in-
clusion criteria for the study were: adult patients (≥18 years),
uncontrolled glaucoma (IOP> 21mmHg, despite the max-
imum tolerated doses of antiglaucoma medications), and
intolerance to glaucoma medications despite well-controlled
IOP.+e exclusion criteria were as follows: patients aged <18
years, IOP >30mmHg, neovascular glaucoma, scleral mark
not visible after the procedure, poor-quality OCT scan, and
previous glaucoma surgeries involving perilimbal interfer-
ence in the sclera.+irty-eight patients (58 scleral marks—23
superior and 35 inferior) fulfilled the abovementioned cri-
teria and completed the 24-month follow-up period.

Complete ophthalmic examinations with measurements
of sclera and conjunctiva thickness (μm) were performed
preoperatively and at 1 week, and 1, 3, 6, 12, 18, and 24
months after the procedure. +e parameters were deter-
mined using Swept Source OCT with anterior attachment
(DRI OCT Triton, Topcon Inc., Tokyo, Japan). Scleral and
conjunctival thickness was measured manually, by two
operators (BB, AW), using the built-in measuring tool in the
OCTdevice. +e mean of both measurements was taken as a
result of the analysis.+e scleral OCTscans were obtained in
a projection perpendicular to the limbus of the cornea in the
superior and inferior quadrants of the eye.+e thickness was
measured in the center of the area where the scleral mark
occurred (Figures 1 and 2). Preoperative thickness was
measured equidistant from limbus to scleral mark, and the
accuracy of the measurement was determined from the
control scans obtained after the procedure where scleral
marks were visible (Figure 3). +e first high reflective tissue
signal was considered to be the outer limit of the scleral and
conjunctival thickness, and the interface between the sclera
(highly reflective) and choroid (less reflective) was consid-
ered the inner limit (Figures 1 and 3). Eyes without scleral
mark after the procedure were excluded from the study as
the exact area of ultrasound energy application could not be
determined.

Additionally, IOP (determined using Goldmann
applanation tonometer) and the number of antiglaucoma
medications were included in the analysis. An IOP reduction
of 20% or >5mmHg as compared to the baseline value was
considered as an indication of successful treatment. Com-
plete success was defined as the cessation of antiglaucoma
medications.

+e UCP procedure was performed using the EyeOP1
device (Eye Tech Care, Rillieux-la-Pape, France) under in-
travenous or peribulbar anesthesia. We used a second-
generation ring-shaped probe containing six piezoelectric
components (transducers) with a high frequency of 21MHz

(high-intensity focused ultrasound—HIFU technology). +e
probe size was determined based on the axial length and
white-to-white parameters measured before surgery using
IOL Master 700 (Carl Zeiss, Meditec AG, Jena, Germany).
+e procedure involved precise adjustment of positioning
cone at the center of the eye under a surgical microscope,
stabilized by a mild vacuum system. +e probe was then
inserted into the cone and transducers were sequentially
activated by footswitch. Each of the six transducers had an

Figure 1: OCTscan of a patient three months after UCP—distance
from limbus to scleral mark was measured (2136 μm) to determine
preoperative thickness.

Figure 2: Scheme of the scleral and conjunctival measurements
after UCP. OCT scans were taken in a projection perpendicular to
the limbus of the cornea in the superior and inferior quadrants of
the eye (purple continuous line). +ickness values were measured
equidistant from the limbus (black continuous line) where the
scleral mark occurred (orange rectangle).

Figure 3: OCTscan of a patient before UCP—distance from limbus
to the point where sclera and conjunctiva thickness measurements
should be taken (2136 μm) was derived from the scan obtained after
the procedure (Figure 1).
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operation time of 8 s with a 20 s interval between the sub-
sequent exposures which made it an approximately 3min
procedure in total (second-generation probe). +e preop-
erative antiglaucoma medications were either continued as
before or modified according to the postoperative IOP.
Postoperatively, patients were treated topically with oflox-
acin (five times a day for two weeks), dexamethasone (five
times a day for two weeks, followed by three times a day for
two weeks), and atropine (three times a day for two weeks).

Statistical analysis was performed using Statistica Ver-
sion 13 (TIBCO Software Inc., Palo Alto, CA). Groups of
data sets for a given parameter were compared using the
Wilcoxon signed-rank test or t-test depending on the data
distribution. Spearman’s correlation analysis was used to
investigate the relations between scleral and conjunctival
thickness and IOP. A p value of 0.05 or less was considered
to represent statistical significance.

3. Results

+e results are presented for 38 patients (58 scleral marks-23
superior and 35 inferior) during a 2-year follow-up. +e
patient characteristics are described in Table 1.

+e mean±SD scleral and conjunctival thickness in
superior scleral mark before the procedure and at 1 week, and 1,
3, 6, 12, 18, and 24 months after the procedure
was 684.57±83.58μm, 771.78±112.03μm (p< 0.001),
771.74±100.12μm (p< 0.001), 731.38±83.92μm (p � 0.012),
719.52±73.20μm (p � 0.037), 702.91±66.50μm (p � 0.247),
694.13±72.22μm (p � 0.482), and 699.35±70.68μm
(p � 0.200), respectively (Table 2).

+e mean±SD scleral and conjunctival thickness in
inferior scleral mark before the procedure and at 1 week, and 1,
3, 6, 12, 18, and 24 months after the procedure
was 816.86±79.30μm, 936.37±107.33μm (p< 0.001),
946.00±130.40μm (p< 0.001), 896.63±123.40μm
(p< 0.001), 877.69±114.38μm (p � 0.003), 843.03±71.55μm
(p � 0.021), 811.86±68.91μm (p � 0.731), and
805.03±69.52μm (p � 0.248), respectively (Table 2).

+e mean ± SD values of IOP measured preoperatively
and at 1 week, and 1, 3, 6, 12, 18 and 24 months post-
operatively was 22.2 ± 4.7mmHg, 15.8 ± 4.5 mmHg
(p< 0.001), 18.9 ± 5.0mmHg (p< 0.001), 17.0 ± 3.7 mmHg
(p< 0.001), 17.3 ± 2.9mmHg (p< 0.001), 16.2 ± 2.5 mmHg
(p< 0.001), 16.4 ± 2.8 mmHg (p< 0.001), and 16.0 ± 3.6
mmHg (p< 0.001), respectively (Table 3, Figure 4). +e
mean IOP at the last follow-up was reduced by 28.1%
(Table 3). +e success rate and the complete success rate
were 89.7% and 7.7%, respectively.

+e mean± SD number of antiglaucoma medications
preoperatively and at 1 week, and 1, 3, 6, 12, 18 and 24
months postoperatively was 4.0± 0.8, 0.7± 0.9 (p< 0.001),
0.9± 1.0 (p< 0.001), 1.6± 1.3 (p< 0.001), 2.1± 1.3
(p< 0.001), 2.5± 1.3 (p< 0.001), 2.6± 1.3 (p< 0.001), and
2.8± 1.3 (p< 0.001), respectively (Table 3, Figure 5).

Correlation analysis revealed no correlation between
scleral and conjunctival thickness in superior or inferior
scleral mark and IOP. +e results are presented in Table 4.

Choroid detachment was observed in one patient (2.6%),
and macular edema was also observed in one patient (2.6%).
No other major intraoperative or postoperative complica-
tions occurred.

+e results revealed a significant difference in the scleral
and conjunctival thickness after the UCP procedure.
However, after 12 months, the parameters returned to the
initial values with no significant difference (Figure 6). +e
decrease in IOP and the number of antiglaucoma medica-
tions used were statistically significant (Table 3). +ere is no
correlation between scleral and conjunctival thickness and
IOP.

4. Discussion

Currently, the only effective and proven method to treat
glaucoma is to reduce IOP [7, 8]. +is can be achieved by
limiting the production of aqueous humor and/or im-
proving its outflow with pharmacological and surgical
methods. Production of aqueous humor can be reduced by
partially damaging the nonpigmented epithelium of the
ciliary body using laser photocoagulation, cryotherapy, or
ultrasound energy. +e most common and effective method
used for this is transscleral cyclophotocoagulation (TSCP).
TSCP is mainly used in severe cases of refractory glaucoma,
when previous pharmacological or surgical (filtration or
seton) treatment was not successful [9]. Two main disad-
vantages of cyclodestruction are the limited selectivity of
target tissue often which causes damage to adjacent struc-
tures (e.g., laser energy is primarily absorbed by pigmented
tissues, damaging the iris or choroid) and difficult prediction
of the effect in relation to the dose used. TSCP also carries a
risk of complications. +e most common consequences are
pain during and after surgery, conjunctival burn, sclera
thinning, and uveitis [10–15]. Rare, but more serious,
complications are hypotension, choroidal detachment,
choroiditis, retinal detachment, or extremely rare-phthisis
bulbi [16]. Endoscopic cyclodestruction (ECP) is better in

Table 1: Demographic characteristics

Demographic characteristics

Age (years), mean (SD) [range] 67.56± 11.63
[26–81]

Gender (male/female) 24/14
Type of glaucoma

Primary open-angle glaucoma 32
Secondary open-angle glaucoma
Postpenetrating keratoplasty
glaucoma 4

Exfoliative 2
Previous glaucoma treatements

Endocyclophotocoagulation 1
SLT 4

Lens status
Phakic 20
Pseudophakic 17
Aphakic 1

SD: standard deviation.
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terms of safety and selectivity compared to TSCP [17, 18].
However, it is an invasive procedure and is recommended
only for mild or moderate glaucoma patients undergoing
cataract surgery [19, 20]. +is procedure also has side effects,
and the most common ones are IOP spikes, increased in-
flammation (compared to phacoemulsification without
ECP), and dislocation of the intraocular lens [21, 22].

Compared to the commonly used diode laser cyclo-
destruction, the main advantage of the HIFU technology,
used in UCP and through a specially designed probe is the
possibility of achieving precise energy concentration
through opaque structures, without uncontrolled absorp-
tion, at a desired depth and area of the ciliary body [1]. As a
result, it reduces the damage to adjacent tissues because the

Table 3: Intraocular pressure and number of hypotensive medications after UCP—24-month follow-up

Mean IOP± SD p value Number of hypotensive medications SD p value % IOP reduction
Preop 22.2± 4.7 4.0± 0.8 —
1 week 15.8± 4.5 p< 0.001 0.7± 0.9 p< 0.001 28.8
1 month 18.9± 5.0 p< 0.001 0.9± 1.0 p< 0.001 14.8
3 months 17.0± 3.7 p< 0.001 1.6± 1.3 p< 0.001 23.3
6 months 17.3± 2.9 p< 0.001 2.1± 1.3 p< 0.001 22.3
12 months 16.2± 2.5 p< 0.001 2.5± 1.3 p< 0.001 27.0
18 months 16.4± 2.8 p< 0.001 2.6± 1.3 p< 0.001 26.0
24 months 16.0± 3.6 p< 0.001 2.8± 1.3 p< 0.001 28.1
UCP: ultrasound ciliary plasty; IOP: intraocular pressure; SD: standard deviation.
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Figure 4: Intraocular pressure after UCP—24-month follow-up.
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Figure 5: +e number of antiglaucoma medications after UCP—24-month follow-up.

Table 4: Correlation between scleral and conjunctival thickness in superior/inferior scleral mark and IOP after UCP.

SCT versus
IOP

Preop 1 week 1 month 3 months 6 months 12 months 18 months 24 months

r p

value r p

value r p

value r p

value r p

value r p

value r p

value r p

value
Superior SCT
vs. IOP 0.186 0.395 0.343 0.109 0.153 0.487 0.032 0.883 −0.082 0.710 0.143 0.516 0.149 0.497 0.092 0.677

Inferior SCT
vs. IOP 0.061 0.727 0.044 0.804 −0.099 0.570 0.003 0.985 0.119 0.497 0.225 0.195 0.300 0.080 0.120 0.491

SCT: scleral and conjunctival thickness; IOP: intraocular pressure.
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amount of heat delivered to the tissue does not depend on its
properties, for example, pigmentation, which in the case of
the ciliary body may vary from person to person [23–25]. In
spite of these advantages, the exact influence of ultrasound
energy on the conjunctival and scleral tissues, and indirectly
on the cornea, is still unknown.

Although a few studies have reported the appearance of
scleral marks after UCP, their authors did not specify those
changes consistently. Denis et al. reported scleral thinning
without any sign of inflammation, induced corneal astig-
matism, or scleral protrusion [3]. Deb-Joardar et al. de-
scribed these findings as probable focal shrinkage of scleral
tissue [2]. On the contrary, a meta-analysis of the UCP
procedure reported no scleral thinning observed on OCT;
however, it is not supported by any research [4]. +e
abovementioned studies focused mainly on the efficiency of
the procedure without any further examination of the oc-
currence of scleral marks. +ese were later analyzed by two
studies. +e first one conducted by Mastropasqua et al. was
designed to assess the alternative outflow of aqueous humor
through the uveoscleral pathway using anterior segment
OCT (AS-OCT) and confocal microscopy [6]. +e authors
reported the occurrence of a sclera cyst in the area where the
ultrasound energy was applied and attributed it to heat-
induced scleral fiber delamination. +ey did not find any
scleral thinning in AS-OCT but could not rule out that
occurrence. +e second study was conducted on pigs’ eyes
and histologically reported scleral marks as rearrangement
of the tissue. It was observed that collagen presented dif-
ferent elasticity, resistance, permeability, and opacity
properties resulting in a more compact and denser structure.
Its refractive power differed from that of a healthy area
which may explain the translucid and grayish appearance
found macroscopically [26].

Not all patients present scleral marks after the UCP
procedure. Only two papers reported the exact appearance
of scleral marks in treated patients—Deb-Joardar et al. in six
out of 28 patients (21%) [2] and De Gregorio et al., in 10 out
of 40 of patients (25%). [27] In both reports, a second-
generation probe with 8 s exposure time was used. Twomore
papers reported scleral thinning in one out of 30 patients
[28] and two out of 28 patients [29], respectively, and

although the findings were not described as scleral marks, we
can assume it as the same phenomenon. However, here, the
first-generation probe with 6 s exposure time was used. All of
the above studies did not explain how the findings were
examined. A meta-analysis of the UCP procedure [4] re-
ported that scleral marks were more common in Indian eyes
than in Caucasian eyes, which can be attributed to the more
pigmented sclera. It also indicated that there was variation in
the pattern of scleral mark development: in some cases, the
marks faded over time, whereas in others, the reverse oc-
curred. In our study group (78 patients), the rate of oc-
currence of visible scleral marks was 77.4%. Undoubtedly,
the exposure time of ultrasound energy has an influence on
the frequent appearance of scleral marks. However, there is a
difference between our results and that of the first two
studies, which used the same generation probe, with a
predominance of scleral mark occurrence in our study. It is
hard to explain the difference since the amount of energy
delivered by the same generation probe is always constant.
Scleral marks differ in intensity. We examined our patients
very thoroughly, looking for scleral marks. Even slightly
visible scleral mark was reported. +e two cited studies
focused mainly on UCP efficacy. +e authors reported the
scleral mark as a complication and did not explain how the
occurrence was examined. Only well visible scleral marks
were possibly taken to analysis which could have caused the
discrepancies.

Macroscopically, in a slit-lamp examination, scleral
marks look like scleral thinning which was the reason for
conducting this study. However, after measuring the sclera
and conjunctiva, we did not observe thinning in any of our
patients. On the contrary, there was a transient thickening
(Figures 7 and 8). +e measured parameters returned to
initial values 18 months after the UCP procedure (with no
significant difference). +e OCT scans showed more in-
distinct hyporeflective scleral tissue in the area where the
ultrasound energy was applied. +e conjunctiva was intact
and changes were visible only in the sclera. However, we did
not observe delineated intrascleral hyporeflective spaces as
reported by Mastropasqua et al. [6] or scleral protrusion.

Postoperatively, the patients were treated topically with
dexamethasone for one month. +e application of this anti-
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Figure 6: Scleral and conjunctival thickness in superior and inferior scleral mark after UCP—24-month follow-up.
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inflammatory therapy after UCP can have an influence in
terms of conjunctival inflammation or scleral edema.
However, dexamethasone was given only during the first
month, yet the follow-up period of the study was 2 years. As
it is a standard postoperative treatment after any cyclo-
destruction procedure, skipping it would lead to negative
consequences.

IOP >30mmHg and neovascular glaucoma were exclusion
criteria of our study. Studies on UCP revealed that efficacy in
these cases might be unsatisfactory after one treatment [5, 27].
+e manufacturer of the UCP device also does not recommend
using this type of procedure and six-sector protocol for treating
neovascular glaucoma in patientswith IOP>30mmHg. Instead,
in such patients, the manufacturer recommends using eight-
sector protocol—two additional sectors of the ciliary body are
treated. At the beginning of the study, a UCP Flex probe (Eye
Tech Care, Rillieux-la-Pape, France) with eight-sector protocol
was not yet available.

Previous glaucoma surgeries, like trabeculectomy or
TSCP, directly or indirectly involving perilimbal interfer-
ence in the sclera, were another exclusion criterion of our
study. In the scanned area, the sclera needs to be intact to
reliably analyze and measure its thickness.

+e decrease in IOP and the number of antiglaucoma
medications was statistically significant at each follow-up
time point. +e mean IOP at the last follow-up was reduced
by 28.1%, which is similar to other studies [2, 3, 28, 30].
Correlation analysis revealed no correlation between scleral
and conjunctival thickness and IOP.

Choroid detachment was observed in one patient (2.6%)
in one week after the procedure. +is complication resolves
in one month after discontinuation of antiglaucoma med-
ications. Macular edema occurred in one patient (2.6%) one
month after the procedure, and this patient had coexistence
of the epiretinal membrane. Edema resolves in two months
after pharmacotherapy-with topical nonsteroidal anti-in-
flammatory drug and oral carbonic anhydrase inhibitor. No
other major intraoperative or postoperative complications,
such as cataract, retinal detachment, or phthisis bulbi, were
observed.

+e present study has some limitations. First, it is not
possible to use OCT to precisely distinguish the boundary of
sclera and conjunctiva. +is was the reason we measured the
thickness of both sclera and conjunctiva in the area of energy
application. +e OCT scans showed the conjunctiva to be
intact and changes in tissues after UCP were visible only in

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7: Superior-quadrant OCTscans of the sclera and conjunctiva of a patient before the procedure (a), at 1 week (b), and 1 (c), 3 (d), 6
(e), 12 (f ), 18 (g), and 24 (h) months after UCP—24-month follow-up period.
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the sclera. Second, OCTscans have limitations in the case of
scleral tissue penetration. Not in every scan we can see a clear
boundary between the sclera and the choroid. For analysis,
we selected those OCT scans in which we could precisely
distinguish the scleral boundaries.We did not investigate the
choroid because we could not image this site easily using
OCT. In our experience, AS-OCT (Casia 2 Swept Source
OCT, Tomey, Tokyo, Japan) has lower scleral penetration
than Swept Source OCT dedicated to the posterior segment
with an anterior segment adapter, despite the best possible
manual scan settings. +erefore, a second type of equipment
was used. Despite these imperfections, AS-OCT provides
more accurate delineation of the anterior segment structures
with higher scanning resolution than ultrasound bio-
microscopy [31, 32]. +ird, the measurement of OCT
thickness may present a level of subjectivity. All measure-
ments were performed manually by two operators using the
built-in measuring tool in the OCT device. Fourth, in our
study, we analyzed the most upper and lower scleral marks.
We did not analyze the other four scleral marks (in upper/
lower nasal/temporal quadrant). To obtain the OCT scan of

these areas, the patient should look in the opposite direction
to the scleral mark. We noticed that in this case, patient’s
cooperation is worse than looking straight up or down. +is
resulted in poor-quality OCT scans which were difficult to
measure. However, we found no apparent differences in the
sclera of those areas compared to the analyzed one.

Despite the assumptions in reducing the energy applied
to neighboring tissues in the UCP procedure, the literature
and our study show that this cyclodestructionmethod affects
the sclera. However, the effect was transient, and we did not
observe scleral thinning or protrusion. On the contrary,
there was a temporary thickening. Also, we did not observe
any correlation between changes in scleral thickness and
IOP. Clinically, changes in the sclera may lead to the ap-
pearance of astigmatism after the UCP procedure. In an-
other study conducted by our clinic, we proved that UCP
affects corneal topography immediately after the procedure
(mostly anterior astigmatism). However, during due the
course of time (after three months), the corneal parameters
return to initial values [33].+erefore, clinical implication of
changes lasts shorter than a significant difference in scleral

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 8: Inferior-quadrant OCTscans of the sclera and conjunctiva of a patient before the procedure (a), at 1 week (b), and 1 (c), 3 (d), 6 (e),
12 (f ), 18 (g), and 24 (h) months after UCP—24-month follow-up period.
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thickness. +is information shows that there are no con-
traindications in the profile of patients suitable for this type
of surgery in terms of scleral abnormalities. It will also allow
safe treatment of refractory glaucoma—the advanced stage
of the disease, where pharmacological treatments have al-
ready been taken, and this type of surgery is the only way to
stop the process of vision loss.

5. Conclusion

Scleral thickness changes after the UCP procedure. How-
ever, with time, the parameter returns to its initial value.
Clinical implication of sclera changes lasts shorter than the
significant measured difference in scleral thickness.
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HIFU: High-intensity focused ultrasound.
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Intraoperative optical coherence tomography (iOCT) is widely used in ophthalmic surgeries for cross-sectional imaging of ocular
tissues.&e greatest advantage of iOCTis its adjunct diagnostic efficacy, which facilitates to decision-making during surgery. Since
the development of microscopic-integrated iOCT (MIOCT), it has been widely used mainly for vitreoretinal and anterior segment
surgeries. In corneal transplantation, MIOCT allows surgeons to visualise structure underneath the turbid and distorted cornea,
which are impossible to visualise with a usual microscope. Real-time visualisation of hard-to-see area reduces the operation time
and leads to favorable surgical outcomes.&e use of MIOCT is advantageous for a variety of corneal surgical procedures. Here, we
have reviewed articles focusing on the utility of iOCT andMIOCTin penetrating keratoplasty, deep anterior lamellar keratoplasty,
Descemet stripping automated endothelial keratoplasty, and Descemet membrane endothelial keratoplasty. &e applications of
MIOCT to corneal surgery in terms of surgical education for trainees, emergency surgery, and novel surgery are also discussed,
with our cases performed using RESCAN® 700.

1. Introduction

Intraoperative optical coherence tomography (iOCT) is an
imaging modality capable of showing real-time OCT images
of the ocular tissue. &is system confers advantages for both
surgeon and the medical staff in the operating theatre during
surgery. Although iOCT is now widely adopted to many
ophthalmic surgeries for intraoperative cross-sectional im-
aging of the ocular tissues, there were some hurdles which
conventional OCT modality must overcome before it is
applied in the operating theatre [1]. &e first OCTmachines
were desktop, stationary, and expensive, since they were
initially designed for seated patients in outpatient clinic.
&us, relocating them to the operation theatre for intra-
operative use was not practical. &ereafter, lightweight
handheld OCTs were introduced, making it possible to bring
the OCTmachine into the operation theatre for patients in

supine position [2–4]. However, handheld OCTs have
limited use in the operation theatre since surgeons need to
discontinue surgical manoeuvres when they obtain OCT
images or require another medical staff for obtaining the
image using this device, which translates to the OCT images
not being truly “real time.” Although no article has reported
the occurrence of intraoperative infections caused by
handheld OCT, its use may increase the risk of intra-
operative infection since it entails bringing nonsterile ma-
chine from outside of the operation theatre. Involuntary
hand movement while using the handheld device also causes
artifacts, which leads to lower quality of the acquired images
[1]. Subsequently, Ray et al. [5] created their own mount for
attaching a handheld OCT to the microscope, which allowed
the surgeon or assistant to move the device above the pa-
tient’s eye using the microscope foot pedal to ensure
maintenance of sterility, improve image quality and
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reproducibility, and reduce image capture time. Similarly,
Ehlers et al. [6, 7] fastened a handheld probe to the surgical
microscope to provide increased stability of the probe and
successfully obtained high quality iOCT images during
vitreoretinal surgery.

Ehlers et al. were the first to demonstrate a microscope-
integrated iOCT research system, which utilised a spectral
domain OCT device attached in the space between the
surgeon’s eyepiece and microscope objective in a com-
mercial surgical microscope [7, 8]. In recent years, OCT
probes have been integrated into the microscope as com-
mercially available products to enable true “real time” im-
aging of ocular tissues during the surgery, which was termed
microscopic-integrated iOCT (MIOCT) [9]. &e greatest
advantage of iOCT is its adjunct diagnostic efficacy, which
facilitates decision-making during surgery [6, 9, 10]. Its
utility has been further enhanced with the advent ofMIOCT,
which allows the capture of cross-sectional images both on
the microscope barrel and head-up monitor [10] without the
need to discontinue surgical manoeuvre.

iOCT was initially developed for anterior segment sur-
gery [11]. &ereafter, it has been applied to vitreoretinal
surgeries, with numerous articles on such applications being
published. &ese include its use for macular hole [5, 12, 13],
epiretinal membrane [5, 14–16], retinal detachment
[6, 17–19], and vitreomacular traction [15, 20, 21], among
others [22–27]. Subsequently, its application has been ex-
panded to include glaucoma surgery [28–31] and corneal
transplantation [7, 9, 32–55]. To our knowledge, three
systems are currently commercially available in worldwide:
Rescan® 700 (Carl Zeiss Meditec, Germany), OPMedT
(OPMedT, Germany), and Bioptigen/Leica EnFocus (Leica,
Germany). In this review, we will focus on the utility of
iOCT or MIOCT for corneal surgeries, specifically pene-
trating keratoplasty (PK), deep anterior lamellar kerato-
plasty (DALK), Descemet stripping automated endothelial
keratoplasty (DSAEK), and Descemet membrane endothe-
lial keratoplasty (DMEK). New applications of MIOCT to
both corneal surgery and in surgical education by intro-
ducing treated cases using Rescan® 700 will be discussed. A
report on the application of MIOCT to the latest corneal
surgery will also be introduced.

2. Penetrating Keratoplasty (PK)

In PK, structures on the underside of the cornea, which are
distorted at the host-graft interface, are hard to identify. If the
structure in the anterior chamber underneath a severe pe-
ripheral corneal scar has changed during surgery, it is also
difficult to detect the alteration using a typical microscope.
During corneal suturing, after trephination of the host cornea,
iris incarceration and iridocorneal adhesion can occur at
anytime because eyeball is opened. MIOCT is useful in all the
aforementioned situations, since it enables the visualisation of
the endothelium layer, which runs beneath the host–graft
interface [39]. &e host-graft interface can be continually
assessed during surgery by iOCTor MIOCT, which can help
to prevent overriding/underriding of the graft and ensure
proper apposition at the host-graft interface [40].

For the same reason as mentioned above, there could be
value in the use of MIOCT in PK for educational purpose,
especially for the verification of needle depth during su-
turing. Ideally, when suturing the graft to the host cornea,
these structures’ representative Descemet membranes
(DMs) should be at the same height. If they were sutured at
the different height, the grafted cornea may dissociate when
the stitches are removed in the future. &erefore, the needle
should be passed through a relatively deep corneal stroma,
keeping the DMs of both host and graft cornea in mind.
However, if the cornea is cloudy, it is not possible to de-
termine the depth at where the needle is located using a
typical microscope. If the host and graft were lifted with
forceps so that these cross-sections could be visualised, the
depth of the needle penetration into the cornea can be
determined. However, such manoeuvre is impossible and
undesirable in many cases.&erefore, the depth of the passed
needle is usually estimated using the surgeon’s hand.

Two studies have reported visualisation of the pene-
tration depth of the syringe needle by iOCT in human [33]
and porcine cornea [41], but no reports of iOCT confir-
mation of suture needle depth in the human corneal suturing
in PK has yet been published. In the PK case presented in this
study, confirmation of the position of the needle passing
through the cornea was possible through the use of MIOCT.
If the needle depth was found to be shallow, determining
whether the thread should be rethreaded was made by the
use of MIOCT and determining if the needle has uninten-
tionally penetrated through the host or graft cornea
(Figure 1(a)).&e needle is then rethreaded accordingly, and
the host and the graft are adjusted to the appropriate DM
height (Figure 1(b)). Even for a skilled corneal surgeon,
passing the suture needle into the cornea at the appropriate
depth each time is not easy. &erefore, MIOCT would be
useful in training of novice doctors for corneal suturing,
especially in terms of verifying needle depth during the
procedure. &is verification may also be useful in emergency
corneal suturing in cases of corneal rupture and corneal
perforation.

3. DeepAnterior LamellarKeratoplasty (DALK)

In DALK, surgeons always need to assess the thickness of
residual corneal stroma carefully during stromal excision.
Even though it may appear that a significant amount of
cornea has been removed when viewed from above under a
typical microscope, MIOCT often reveals that more cornea
remains than expected when the cross section is examined
by MIOCT. Ehlers et al. reported in two articles that iOCT
facilitated changes in dissection depth in 38–56% of cases
[7, 9]. &e use of air or ophthalmic viscoelastic bubbles
during stromal excision [56] has led to the cornea becoming
cloudy and the area underneath becoming completely in-
visible by a typical microscope. &e surgeon therefore
recognises DM detachment by observing big bubble formed
in the corneal stroma which pushes the injected air in the
anterior chamber. Although easy for a skilled surgeon,
determining this using a typical microscope may be difficult
for a novice DALK surgeon. Even in such circumstances,
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MIOCT can provide clear cross-sectional images of the
stromal lamella, the bubbles in the stroma, and the move-
ment of the DM (Figure 2(a)). When the DM has completely
detached and the corneal stroma remaining over it is excised
with scissors, full awareness of the depth of the DM should
be kept in mind. If scissors were carelessly inserted into the
deep stroma, the DM would rupture. In such situation,
MIOCT can pinpoint a location between the DM and
scissors (Figure 2(b)). MIOCT has also been reported as
useful for assessing the location of the DM, for facilitating
manual stromal excision, for assisting with the visualisation
of the injected syringe needle into the stroma, and the
assessing bare DMs [34, 35]. Furthermore, the measurement
of the dissection depth of the corneal stroma by MIOCT has
been reported to be an important factor of DALK success
rate without conversion to PK [36]. &ese articles also
substantiate the view that MIOCT is useful for education for
novice DALK surgeons.

&e utility of MIOCT for the visualisation of the mis-
directed air into the posterior chamber at the end of the
DALK has been reported [39]. When microperforation of
DM occurred during stromal excision, air injection into the
anterior chamber should be performed. If the case had
narrow angle, the air can be misdirected into the posterior
chamber. In such case, MIOCTcan detect the iris protrusion
caused by air in the posterior chamber easily, which results
in the prevention from high intraocular pressure in the early
postoperative stage by injection fluid to let the air under the
iris float immediately. It is often evident upon viewing the
behaviour of the iris and air using a typical microscope, but
the observation with MIOCT is more reliable for distorted
cornea. MIOCT is useful for corneal surgeons in all profi-
ciency levels in every surgical step of DALK.

4. Descemet Striping-Automated Endothelial
Keratoplasty (DSAEK)

&e advantage of MIOCT in DSAEK is its ability to visualise
the relationship between the graft and the host cornea by
viewing their cross-sections intraoperatively. &is is true for
both cases where the host cornea is relatively transparent
and also in cases in which it is not. A study that used a

handheld OCT noted that donor adherence can occur de-
spite the residual interface space between the host cornea
and the DSAEK graft at the end of the surgery, with the need
for further research reported [42]. At this time, the space
between the host cornea and the DSAEK graft might remain
at the end of the surgery in many cases even if the surgeon
had assumed that the graft had successfully adhered to the
host cornea by air injection into the anterior chamber. &e
iCOT has been suggested to be beneficial in elucidating the
pathogenesis of phenomenon affecting surgical outcomes in
DSAEK. Subsequently, another study which used a portable
spectral domain OCT system with a customised microscope
mount pointed out the association between the transient
interface fluid, which can be observed intraoperatively on
MICOT, and the texture interface opacity, which appears
postoperatively, suggesting that intraoperative MIOCT
findings are associated with postoperative outcomes [43].

After insertion of the DSAEK graft, the residual interface
space between the graft and the host cornea is massaged on
the host cornea to facilitate complete adhesion of the host
and graft. However, the space widens after the massage in
some cases, with the speculated cause being the inability of
the curvature of the graft to match perfectly to that of the
host cornea (Figures 3(a) and 3(b)). &is is due to the cornea
being not completely spherical and the DSAEK graft not
always being punched in the centre of the grafted cornea
each time. If the residual space between the host and the
graft is widened after the massage, it would have been
possible to attach the graft in all case by rotating the graft and
performing an air injection only once, without the need for a
repeat air or gas injection. Although further prospective
studies are needed to warrant this procedure, this method
was conceived only from the observations made by MIOCT.

Shazly et al. [49] and Pasricha et al. [50] reported that
MIOCT is a valuable tool in performing DSAEK for severe
opaque cornea cases in terms of viewing graft adherence to
the host cornea. Similarly, the utility of MIOCT for deter-
mining the relationship between the DSAEK graft and the
iris or vitreous in complicated case after multiple surgeries is
also proposed. Patients who have undergone multiple in-
ternal ocular surgeries often have abnormal anatomical
structures in their anterior chamber and corneal opacities.

(a) (b)

Figure 1: MIOCT images of the graft suture. (a) Needle penetration. When the 10-0 nylon needle was threaded through the graft, needle
penetration was suspected based on the surgeon’s judgment using his/her hand. MIOCTclearly showed that the needle penetrated and was
located under the corneal endothelium (arrow). (b) MIOCT image after the corneal resuture. Once the needle is removed and the graft is
restitched, the needle is threaded deep into the cornea appropriately.
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Severe opacities in the peripheral cornea interfere with the
determination of the relationship between the edge of the
DSAEK graft and the iris. In our patient with DSAKE who
had advanced bullous keratopathy after multiple surgeries
for cataract, retinal detachment, and glaucoma, MIOCT
visualised the peripheral anterior synechia (PAS). Indeed,
the finding can be observed upon preoperative examination
in an outpatient clinic by usual OCT. However, after certain
surgical manoeuvres, the structures in the anterior chamber
would change. In this case, in the middle of the surgery, the
PAS was found to be wider than expected, and a vitreous
strand incarcerating into the surgical wound was observed to
be disturbing the DSAEK graft attach in the centre of the

host cornea (Figure 3(c)). After goniosynechialysis and
anterior vitrectomy, the graft was attached satisfactorily.
&is case substantiates the view that MIOCT can facilitate
central placement of the DSAEK graft and decrease the risk
of postoperative rejection and secondary glaucoma follow-
ing DSAEK by allowing detection of abnormal structures in
the anterior chamber during surgery.

5. Descemet Membrane Endothelial
Keratoplasty (DMEK)

MICOTplays a major role in the success of DMEK. In every
step in DMEK, MIOCT imaging facilitates decision-making,

(a) (b)

(c)

Figure 3: Residual interface space between the DSAEK graft and the host cornea. (a) Before corneal massage, a slight interface space
between the DSAEK graft and the host cornea was observed. (b) Immediately after the corneal massage, the residual interface space widened.
(c) DSAEK for advanced bullous keratopathy after multiple surgeries. Severe opacities in the cornea disturbed visualisation in the anterior
chamber. MIOCT displayed a wide peripheral anterior synechia and a vitreous strand (arrow) touching the DSAEK graft.

(a) (b)

Figure 2: MIOCT images of DALK case. (a) Descemet membrane detachment. MIOCTshows cross-sectional images of both the Descemet
membrane (arrow) detachment and the lamella dissected by air (arrow head). (b) Removal of the residual corneal stroma with scissors. &e
location between the Descemet membrane (arrow) and the scissors (arrow head) is roughly displayed by MIOCT, which contributes to the
prevention of Descemet membrane rupture by preventing unintentional contact of the tip of scissors with the membrane.
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resulting in a high surgical success rate. Its most valuable
utility is visualisation of DMEK graft orientation after its
insertion into the anterior chamber. If stromal oedema was
mild, the orientation of the DMEK graft could be ascer-
tained with a microscope-integrated slit-scan system
(Figure 4(a)). However, images captured by MICOT
(Figure 4(b)) are superior. If the patient had a severe
stromal oedema, MIOCT would be essential. If the initial
surgery is unsuccessful and the DMEK graft is floating in
the anterior chamber, the entire cornea would be marked
oedema since the host endothelial cells have already been
removed along with the DM. In the second surgery for graft
correction in such cases, the orientation of the graft moving
freely within the anterior chamber intraoperatively cannot
be ascertained without MIOCT. Even if the DMEK graft
was opened as its front and reversed successfully with air,
its peripheral part may be folded down. If a scalpel is used
to puncture the host corneal epithelium to correct the
folded area, it is necessary to determine whether the en-
dothelial cell side of the graft was folded in contact with the
host cornea or to the anterior chamber. Making this de-
cision would not be possible without MIOCT (Figures 4(c)
and 4(d)).

Another application of MIOCT to DMEK would be its
ability to aid in the decision to discontinue DMEK in the
case where strong anterior chamber inflammation oc-
curred during surgery. &is study reports a case wherein a
DMEK graft curled up, became fixed, and could not be
opened with any subsequent manoeuvre. Preoperatively,
the patient denied having any underlying disease, which
may have cause intraocular inflammation. However,
during surgery, the anterior chamber began to become
rapidly cloudy after the iris was touched. Although there
was no obvious fibrin aggregation, MICOT showed
cloudiness inside the curled DMEK graft (Figure 4(e)).
&e rapid increase in anterior chamber inflammatory was
concluded to have been due to blood-aqueous barrier
break-down, causing the aqueous humor to become vis-
cous and the curled DMEK graft to become impossible to
open, as if it had been glued on. Eventually, DMEK was
abandoned, but DSAEK was performed for correction
later on. MIOCT greatly aids DMEK in all its stages after
the graft insertion.

6. Emergency Surgery for Corneal Trauma

In this study, two cases of patients who underwent emer-
gency surgeries for corneal trauma using MIOCT are re-
ported. &e first case made use of MIOCT for determining
the depth of the foreign body in the cornea. A sharp and
pointed plant thorn deeply pierced in the cornea and was
removed in emergency surgery at the operation theatre.
Preoperative examination by OCT showed the DM near the
plant thorn protruded (Figure 5(a)). Removal at the out-
patient clinic was deemed risky because the manoeuvre itself
could penetrate the cornea. Otherwise, the cornea would
have already perforated by plant thorn, and the anterior
chamber would have collapsed after removal. A small
amount of aqueous humor leaked after the removal as

expected. MIOCT found no opacity in the wound
(Figure 5(b)), which indicated that no foreign body was left
in the corneal wound and the DM protrusion to have dis-
appeared. Without MIOCT, corneal scraping would con-
sider because the deep side of the wound cannot be found
using a typical microscope. Performing scraping may cause
both enlargement of the wound and more aqueous humor
leakage, which results in the corneal scar.

&e second case was a partial alkali burn of the cornea. In
the case of a corneal alkali burn, the depth of the corneal opacity
may have changed between the time of OCT imaging at the
outpatient clinic and during the actual operation at the oper-
ation theatre, since alkali canmelt protein.MIOCTcan estimate
the depth of corneal opacities in emergency surgery
(Figure 5(c)).&ese two cases substantiate the view thatMIOCT
aids in decision-making during emergency surgery for corneal
trauma.

7. Other Applications

Siebelmann et al. [57] reported the use of MIOCT for
drainage of acute corneal hydrops in keratoconus. &ey
performed the surgery using a combination of suturing
and gas-aided reattachment of the DM, which may be
facilitated by MIOCT. Tong et al. [58] reported the use of
MIOCT in Bowman layer transplantation, which is a new
type of corneal transplantation. MIOCT facilitates visu-
alisation of the air-endothelial reflex dissection plane even
under blood, oedema, or scarring. Schmidt et al. [59]
reported the use of MIOCT in a corneal biopsy of a stromal
opacity caused by immune deposits. &ey concluded that
MIOCT assisted in identifying the corneal pathology for
biopsy, which is in agreement with the findings in the
aforementioned corneal trauma cases. Mazzotta and
Caragiuli [60] reported the use of iOCT during corneal
cross-linking and recommended intraoperative optical
pachymetry evaluation before starting UV-A irradiation.
Ghaffari et al. [61] and Pahuja et al. [62] also reported the
use of iOCT or MIOCT during corneal cross-linking to
evaluate the corneal pachymetry during the surgery.
Kobayashi et al. [63] used MIOCT not for surgery but for
evaluation of donor cornea tissues through the viewing
chamber. &ey concluded that intact PK donors and
prestripped DMEK donors are distinguishable by MIOCT,
which may be beneficial for their institute where many
corneal surgeons perform multiple corneal transplanta-
tions on the same day.

8. Current Limitations and Future Prospects

In cases of low-intensity corneal opacity, the structures in
the anterior chamber can be ascertained. However, in cases
of high-intensity corneal opacity, observation of the anterior
chamber in detail is difficult (Figure 6(a)). &e structures to
be observed during anterior segment surgery are much
thicker than the retina. &erefore, when observing the deep
side of the anterior chamber, such as the iris or the angle, the
cornea appears as an inverted ghost image superimposed on
the structure to be observed (Figure 6(b)) [64]. &is is a
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(a) (b)

(c) (d)

(e)

Figure 4: MIOCT images of DMEK cases. (a) Images of DMEK graft after insertion into the anterior chamber using a microscope-
integrated slit-scan system. In the case of mild stromal oedema, the orientation of the DMEK graft can be ascertained (white arrow). (b)
MIOCTimages of the DMEK graft insertion into the anterior chamber.&e graft orientation is clearly displayed as reverse even in the case of
severe stromal oedema caused by Axenfeld–Rieger syndrome. In terms of images for decision-making, MIOCTimages are much better than
those of slit-scan systems. (c) Images after air injection for sticking the DMEK graft to the host cornea. &e most peripheral part of the
inserted DMEK graft in the anterior chamber is folded down. &e MIOCT can display whether the graft folded toward the host or the
anterior chamber. (d) Images of addressing the folded area by a scalpel. MIOCTimage facilitates the manoeuvre of using the scalpel from the
epithelial side. (e) MIOCT images of a DMEK graft, which never opened using any manoeuvre. &e graft was curled strongly. MIOCT
showed cloudiness inside the curled DMEK grafts, suggestive of viscous liquid which “glued” the graft on.

(a) (b)

Figure 5: Continued.
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limitation of OCT that has not overcome since spectral-
domain OCT for outpatient clinic use was made available. A
small iOCT probe that is inserted into the eye has been
developed, and its usefulness has been confirmed in animal
experiments [65, 66]. It is hoped that in the future, this
device will be able to be used like an intraocular endoscopes,
helping to overcome the aforementioned limitations. In
recent years, heads-up surgery has begun to gain popularity.
A large MIOCT image displayed on a monitor while op-
erating during heads-up surgery would amplify the benefits
of MIOCT [67].

9. Conclusions

In conclusion, despite the aforementioned limitations,
MIOCT aids the corneal surgeon in accurate and rapid
intraoperative decision-making for all kinds of keratoplasty,
thereby reducing operation times and improving postop-
erative outcomes for each procedure. MIOCT also has ed-
ucational utility by allowing novice surgeons to be taught
corneal suturing techniques and allows them to complete
lamellar surgeries successfully. Novel applications of
MIOCT have been reported, with more surgeons likely to
use it in the future.
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[57] S. Siebelmann, A. Händel, M. Matthaei, B. Bachmann, and
C. Cursiefen, “Microscope-integrated optical coherence to-
mography-guided drainage of acute corneal hydrops in
keratoconus combined with suturing and gas-aided reat-
tachment of descemet membrane,” Cornea, vol. 38, no. 8,
pp. 1058–1061, 2019.

[58] C. M. Tong, J. S. Parker, P. W. Dockery, R. S. Birbal, and
G. R. J. Melles, “Use of intraoperative anterior segment optical
coherence tomography for Bowman layer transplantation,”
Acta Ophthalmology, vol. 97, no. 7, pp. e1031–e1032, 2019.

[59] E. M. Schmidt, H. C. Stiefel, D. C. Houghton, and
W. D. Chamberlain, “Intraoperative optical coherence to-
mography to guide corneal biopsy,” Cornea, vol. 38, no. 5,
pp. 639–641, 2019.

[60] C. Mazzotta and S. Caragiuli, “Intraoperative corneal thick-
ness measurement by optical coherence tomography in
keratoconic patients undergoing corneal collagen cross-
linking,” American Journal of Ophthalmology, vol. 157, no. 6,
pp. 1156–1162, 2014.

Journal of Ophthalmology 9



[61] R. Ghaffari, M. Mortazavi, P Anvari et al., “Intraoperative
optical coherence tomography to evaluate the effect of the
eyelid speculum on corneal pachymetry during accelerated
corneal cross-linking (9mW/cm2),” Eye (London), vol. 32,
no. 2, pp. 579–585, 2018.

[62] N. Pahuja, R. Shetty, C. Jayadev, R. Nuijts, B. Hedge, and
V. Arora, “Intraoperative optical coherence tomography us-
ing the RESCAN 700: preliminary results in collagen cross-
linking,”Biomed Research International, vol. 2015, Article ID
572698, 2015.

[63] A. Kobayashi, H. Yokogawa, N. Mori, and K. Sugiyama,
“Visualization of precut DSAEK and pre- stripped DMEK
donor corneas by intraoperative optical coherence tomog-
raphy using the RESCAN 700,” BMC Ophthalmology, vol. 16,
p. 135, 2016.

[64] M. M. Farouk, T. Naito, K Shinomiya et al., “Optical co-
herence tomography reveals new insight into the accom-
modation mechanism,”Journal of Ophthalmology, vol. 2015,
Article ID 510459, 2015.

[65] K. M. Joos and J.-H. Shen, “Miniature real-time intraoperative
forward-imaging optical coherence tomography probe,”
Biomedical Optics Express, vol. 4, no. 8, pp. 1342–1350, 2013.

[66] S. Yang, M. Balicki, T. S Wells et al., “Improvement of optical
coherence tomography using active handheld micromanip-
ulator in vitreoretinal surgery,” Conference Proceedings: An-
nual International Conference of the IEEE Engineering in
Medicine and Biology Society. IEEE Engineering in Medicine
and Biology Society. Annual Conference, vol. 2013, pp. 5674–
5677, 2013.

[67] Y. K. Tao, S. K. Srivastava, and J. P. Ehlers, “Microscope-
integrated intraoperative OCT with electrically tunable focus
and heads-up display for imaging of ophthalmic surgical
maneuvers,” Biomedical Optics Express, vol. 5, no. 6,
pp. 1877–1885, 2014.

10 Journal of Ophthalmology



Research Article
Intraoperative Optical Coherence Tomography Analysis of Clear
Corneal Incision: Effect of the Lateral Stromal Hydration

Jiri Cendelin,1,2 Stepan Rusnak ,1,3 and Lenka Hecova1,3

1Center of Eye Microsurgery Ofta, Pilsen, Czech Republic
2Department of Ophthalmology, 2nd Faculty of Medicine, Charles University in Prague and Motol University Hospital,
Prague, Czech Republic
3Department of Ophthalmology, Faculty of Medicine in Pilsen, Charles University in Prague and University Hospital in Pilsen,
Prague, Czech Republic

Correspondence should be addressed to Stepan Rusnak; rusnak@fnplzen.cz

Received 1 June 2020; Revised 25 July 2020; Accepted 26 August 2020; Published 8 September 2020

Academic Editor: Karim Mohamed Noriega

Copyright © 2020 Jiri Cendelin et al. *is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aim of the Study.*e aim of this prospective study was to analyse the effect of lateral stromal hydration on the morphology of clear
corneal incision architecture using the microscope integrated anterior segment OCT. Methods. *e cohort included 65 clear
corneal incisions of 49 patients who underwent cataract surgery. Corneal incisions were recorded using a Leica Proveo 8
microscope with an intraoperative OCT EnFocus™ device continuously during the surgery. Corneal incision morphology before
and after lateral stromal hydration was analysed. Results. Good adaptation of the corneal incision before hydration was present in
39 cases (60%), in 16 cases (24.6%), the prominence of posterior lip was present, and, in 10 cases (15.4%), the posterior lip tongue
was inverted/retracted into the incision. In 38 cases (58.5%), hydration had no effect on the incision architecture; most often, it was
primarily a well-adapted corneal incision (46.2%), less often an incision with posterior lip prominence (10.8%), or tongue
inversion into the incision (1.6%) prior to hydration. Hydration worsened the incision architecture in 14 cases (21.5%); most often,
it induced/worsened posterior lip prominence (15.4%), less often posterior lip retraction (1.6%), tongue inversion into the incision
(1.6%), gap development in the peripheral part of the corneal incision (1.6%), or incomplete opening of the corneal incision (1.6%).
In 13 cases (20%), hydration improved the incision architecture, especially in cases with inverted or retracted posterior lip tongue
(12.3%), less often in cases with posterior lip prominence (7.7%). Conclusion. Lateral stromal hydration seldom affects the
condition of the corneal incision. Still, it can cause both deterioration and improvement of the corneal incision architecture.
Intraoperative OCT provides real-time monitoring of corneal incision morphology during hydration procedure.

1. Introduction

Cataract surgery is the most common surgical procedure
worldwide, with about 10 million patients undergoing
surgery annually [1]. Clear corneal incision (CCI) is cur-
rently the most common technique for the construction of
an incision in cataract surgery. Stromal hydration of the
corneal incision significantly increases incision tightness and
reduces postoperative suction of fluid from the eye surface
into the anterior chamber [2]. Various techniques of corneal
incision closure by hydration have been described [3–6].
Lateral hydration has been performed since the early 1990s
[7] and is the most commonly used technique of corneal

incision hydration. *e technique of lateral stromal hy-
dration consists of gentle irrigation of the balanced salt
solution (BSS) into the lateral walls of the incision with
visible whitening of the corneal stroma.

For checking the corneal incision tightness after its
hydration, the surgeons normally rely on visual examination
using an operatingmicroscope and palpation. However, they
have no control over whether the stromal hydration has
caused distortion of the corneal incision.*e visualization of
the central orifice of the incision may also be insufficient [8].

Corneal incisions can be easily visualized using anterior
segment optical coherence tomography (AS-OCT), used
mainly in postoperative period to observe hydration
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decrease, incision tightness, and presence of complications
(e.g., Descemet’s membrane detachment, central orifice
gaping, and tufted tongue of posterior lip). An intraoperative
AS-OCT monitoring of corneal incision during cataract
surgery is used rarely; some authors appreciate the possi-
bility of evaluating the morphological features of the corneal
incision, such as the length, width, and angle of the incision,
respectively, the presence of epithelial disruption, wound
gaping, endothelial condition, and Descemet’s membrane
condition [9–12].

*e aim of this prospective study was to assess the effect
of lateral stromal hydration on the incision architecture with
the help of microscope integrated intraoperative AS-OCT.

2. Methods

*e group included 65 clear corneal incisions of consecutive
cataract surgeries of 49 patients (Table 1). *e group con-
sisted of 34 women (69.4%) and 15 men (30.6%); the mean
age of the patients was 71.2 years (median 73.0 years). No
other ocular diseases were diagnosed in the cohort.

At the beginning of the procedure, under the topical
local anesthesia, 2.6mm or 2.5mm perilimbal clear corneal
incisions were performed just in front of the capillary line.
Corneal incisions were performed with a disposable bevel-
up knife (BVI Beaver Xstar Safety Slit Bevel-Up Knife,
2.6mm or 2.5mm) with a depth indicator with the reference
line 2mm from the tip. After immersion of the 2mm knife-
tip into the cornea, the knife pointed into the anterior
chamber (Figure 1). For the purpose of this study short, long
or irregular incisions were excluded.

Patients from the cohort underwent uncomplicated
standard cataract surgery (PROVEO Leica Microsystems
microscope, Stellaris® ELITE™ Bausch& Lombmicrosurgical
system); all operations were performed by one surgeon.
Preoperatively, all patients signed standard informed consent
for cataract surgery. *e study was performed in accordance
with the Declaration of Helsinki for Human Research.

Corneal incisions were closed by the method of lateral
stromal hydration with a curved cannula with BSS. When
checking the wound tightness, the wound area was dried and
the intraocular pressure was temporarily increased (by ir-
rigating of BSS into the anterior chamber); in cases of
ambiguity, a Seidel test was performed with a sterile fluo-
rescein strip. Corneal incisions were recorded using a Leica
Proveo 8 microscope with an intraoperative OCT EnFocus™
device (Bioptigen Inc., Leica Microsystems Company, NC)
continuously during the surgery. For the purpose of this
study, an Ultra-Deep OCTunit was used with a display of up
to 11mm in depth and a resolution degree of ≤9 micro-
metres. Corneal incisions were continuously monitored with
AS-OCTduring the surgery. Images covering the entire area
of the incision just before and after hydration were selected
from the records and evaluated. Longitudinal scans were
evaluated before and after hydration at the site of the worst
adaptation of the incision.

As well-adapted incision, the cases with the attached
ceiling and floor in the entire extent of the incision were
considered (Figure 2(a)). *e cases with eversion or

detachment of the central part of the lower lobe towards the
anterior chamber were described as an incision with
prominence of the posterior lip (Figure 3(a)). Incisions with
tongue inversion (Figure 3(c)) were cases with inversion of
the central part of the posterior lip towards the wound.
Finally, tongue retraction (Figure 4) was described in cases
where there was an apparent shortening of the lower lobe
with exposure of the central part of the incision ceiling
towards the anterior chamber.

*e study dealt only with the possibility of the actual
influence of lateral stromal hydration on corneal incision
morphology. In cases of the incision deformation or leakage
after hydration, the incision shape was adjusted or additional
hydration was performed.

3. Results

*e results are summarized in Table 2.

3.1. Condition of Corneal Incision before Hydration. Good
adaptation of the corneal incision (i.e., well-adapted pos-
terior lip without signs of retraction or prominence, good
tightness of the incision) was observed in 39 cases (60%), in
16 cases (24.6%), different prominence of the posterior lip
was observed, and, in 10 cases (15.4%), tongue inversion into
the incision or tongue retraction was observed.

3.2. Influence of Lateral Hydration on Architecture of Corneal
Incision. In 38 cases (58.5%), lateral stromal hydration had
no effect on the corneal incision architecture; 30 of them

Table 1: Patients group characteristics.

Group of patients 49 patients 65 corneal incisions
Gender Women Men

34 (69.4%) 15 (30.6%)
Age Mean Median

71.2 years 73.0 years

Figure 1: Bevel-up knife with a depth indicator with the reference
line 2mm from the tip.
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(a) (b)

Figure 2: Well-adapted corneal incision before hydration (a); lateral stromal hydration had no effect on corneal incision architecture (b).

(a) (b)

(c) (d)

Figure 3: Prominence of posterior lip of the corneal incision before (a) and after (b) hydration, tongue inversion into the incision before (c)
and after (d) hydration. In both cases, lateral stromal hydration had no significant effect on corneal incision architecture. *e arrow shows
the exposed central part of the incision ceiling; this may explain the gap of the incision orifice visible with a operating microscope (see
Figure 3(b) corresponds with 5(a), respectively, and 3(c) with 5(b)).

Journal of Ophthalmology 3



(46.2%) were primarily well-adapted corneal incisions
(Figure 2); in 7 cases (10.8%), prominence of posterior
(internal) lip and, in one case, (1.6%) tongue inversion into
the incision prior to hydration had been presented (Figures 3
and 5).

In 14 cases (21.5%), lateral stromal hydration worsened
the condition of the corneal incision. In 10 cases (15.4%), it
was the development of posterior lip prominence (of which 4
were slightly present before the incision hydration but lateral
hydration worsened the condition of the posterior lip)

(a) (b)

(c) (d)

Figure 4: Worsening of corneal incision morphology after its hydration. Well-adapted corneal incision before hydration (a), anterior lip
prominence centrally from the inner orifice developed after lateral stromal hydration (b). Tongue inversion into the incision before (c) and
after (d) lateral stromal hydration.

Table 2: Condition of corneal incision before and after hydration.

Before
hydration

After hydration

Well-adapted Posterior lip
prominence

Tongue
inversion/retraction

Anterior lip
prominence

Gap
development

Incision
opening

Well-adapted 39 (60%) > 30 (46.2%) 6 cases (9.6%) 1 (1.6%) 0 1 (1.6%) 1 (1.6%)
Posterior lip
prominence

16
(24.6%) > 5 (8%) 10 (16%) 0 1 (1.6%) 0 0

Tongue inversion/
retraction

10
(15.4%) > 8 (12.8%) 0 2 (3, 2%) 0 0 0
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(Figure 6), in one case (1.6%), hydration led to anterior lip
prominence centrally from the inner orifice, in one case
(1.6%), hydration worsened the tongue inversion in the
incision (Figure 4), in one case (1.6%), a gap developed in the
periphery of the corneal incision, and, in one case (1.6%),
more than two-thirds of the incision opened longitudinally
(Figure 7).

In 13 cases (20%), lateral stromal hydration improved
the corneal incision architecture. In 8 cases (12.3%), after
hydration, the inverted or retracted tongue of the corneal
incision was strengthened and adapted or was slightly
protruding; in 5 cases (7.7%), the prominence of the pos-
terior lip decreased after hydration (Figure 8).

Wound leakage after hydration occurred in two cases; in
one case of tongue inversion (Figure 4(d)), the leakage
stopped after the posterior lip was adjusted manually; in the
second case (Figure 7(d)), the leakage was eliminated by
increasing of the intraocular pressure for 30 seconds).

4. Discussion

Sutureless clear corneal incision (CCI) is the most common
method for incision wound constructing in cataract surgery
[1]. However, this type of incision is associated with an
increased risk of postoperative endophthalmitis develop-
ment [13–15]. According to Taban et al. [14], the risk of
postoperative endophthalmitis in corneal incision is 0.189%,
compared to 0.074% in scleral incision, respectively, 0.062%
in limbal incision. Microorganisms have two main ways of
how to get into the eye and cause infection, either during the
surgery itself or in the early postoperative period before
epithelialization of the sutureless corneal incision. Stromal
hydration of the corneal incision reduces the risk of post-
operative endophthalmitis development, increases incision
tightness, and reduces intraocular fluid leakage through the
incision to the eye surface, while reducing postoperative
suction of fluid from the eye surface into the anterior
chamber. Vasavada et al. [2] applied 0.0125% trypan blue to
the eye surface with and without hydration of the corneal
incision and detected a statistically significantly lower

(p< 0.001) concentration of trypan blue in the anterior
chamber of the hydrated incision group.

*ere are two main techniques for corneal incision
closure by hydration. Conventional lateral stromal hydra-
tion consists of gentle irrigation of the balanced salt solution
(BSS) into the lateral walls of the incision, followed with a
visible whitening of the corneal stroma [7]. Other possibility
is the hydration into the supraincisional pocket (the so-
called Wong incision), i.e., an additional incision performed
in the anterior lip in front of the original corneal incision
with a corneal knife to a depth of approximately 160 μm [5].
According to Mifflin et al. [3], hydration in the suprainci-
sional pocket is significantly better than conventional lateral
stromal hydration in preventing wound leakage due to direct
pressure on the posterior lip of the corneal incision.
However, this method may carry an additional risk of ep-
ithelial damage development and increased astigmatism [3].

*e tightness of a corneal incision after its hydration is
normally assessed visually (visible fluid leakage from the
wound, corneal stroma whitening after hydration, presence
of flaccid posterior lip, etc.) and with palpation eventually
with a modified Seidel test [4]. *e visualization of the
central orifice of the incision can be also insufficient [8].
Calladine and Packard [16] and Behrens et al. [17], re-
spectively, draw attention to the risk of corneal incision
leakage after hydration has ceased. *e persistence of hy-
dration of the corneal incision is a subject of further dis-
cussion [9–11].

Corneal incisions can be easily visualized by AS-OCT; it
is especially used in the postoperative period to monitor the
loss of hydration [9, 11], tightness of the incision, and the
presence of complications. Calladine and Tanner [10] in-
vestigated the effect of stromal hydration on corneal incision
architecture using an AS–CT; if measured 1 hour after
stromal hydration, it significantly increases the length of the
corneal incision and it is associated with an increased in-
cidence of local Descemet’s membrane detachment com-
pared to incision without hydration. Bang et al. [11]
performed corneal incision analysis using OCT 2 hours, 1
day, 1 week, 1 month, and 3 months after surgery and

(a) (b)

Figure 5: Photos of corneal incisions: the gap of the incision orifice (exposed central part of the incision ceiling) seen in photo from standard
intraoperative video with different OCT findings (see Figure 3).
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compared the effect of lateral stromal hydration on the
incision architecture. In addition to corneal thickness, in-
cision length (2.2mm and 2.8mm, resp.), and angle, he
observed the presence of epithelial or endothelial wound
gaping and local Descemet’s membrane detachment.
According to the results of this study, smaller corneal in-
cisions (2.2mm) are more vulnerable to external influences
(e.g., stromal hydration) and less stable than larger incisions.

Several authors are interested in the use of intraoperative
anterior segmental OCT in anterior segment surgery. In

2018, Ehlers et al. [18] published the 3-year results of the
DISCOVER study, which focuses on the feasibility and
benefits of microscope integrated OCT during various
ophthalmological surgeries. Intraoperative OCT appears to
be a useful aid for anterior segment surgery, especially in
positioning of DSAK, DMEK, and intracorneal inlays. In
43.4% of anterior segment operations, the surgeons con-
cluded that the current information that they had contin-
ually acquired during surgery had an impact on their
surgical decisions and altered the surgical procedure. Titial

(a) (b)

(c) (d)

Figure 7: Worsening of corneal incision morphology after its hydration. Well-adapted corneal incision before hydration (a); gap de-
velopment in the corneal incision periphery after lateral stromal hydration (b). Well-adapted corneal incision before hydration (c); corneal
incision almost opened longitudinally after lateral stromal hydration (d).

(a) (b)

Figure 6: Worsening of corneal incision morphology after its hydration. Posterior lip prominence presented before hydration (a) worsened
after lateral stromal hydration (b).
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et al. [19] studied morphology of the inner orifice of the
corneal incision using an intraoperative AS-OCT and
conducted an irregular incision to be a predisposition for
local Descemet’s membrane detachment. *e highest inci-
dence of local Descemet’s membrane detachment was ob-
served during final stromal hydration of the incision.
Almutlak et al. [20] presented the use of microscope inte-
grated AS-OCT; the authors were able to follow the corneal
wound architecture, its development during the procedure,
and the condition of the Descemet’s membrane. Das et al.
[21] used intraoperative AS-OCT in both microincision and
femtosecond laser assisted cataract surgery. Using AS-OCT,
the surgeon could actually evaluate the morphological
features of the corneal incision, such as the length, width,
and angle of the incision, respectively, the presence of ep-
ithelial disruption, wound gaping, endothelial condition,
and Descemet’s membrane condition. *e authors also
marginally mention the possibility of the intraoperative
monitoring (using AS-OCT) of stromal hydration efficacy
and adequacy. However, they do not deal with the effect of
hydration on the corneal wound morphology in detail.

In our cohort, corneal incisions were continuously
monitored using intraoperative AS-OCT. *e aim of our
work was to evaluate the morphology of the incision
before and after hydration. According to the results of our
study, lateral hydration least affects primarily well-
adapted corneal incisions. Even in the cases of primarily
well-adapted incisions, the effect of the lateral hydration
may not be ideal and hydration may lead to posterior lip
prominence, less often to anterior lip prominence cen-
trally from the inner orifice, tongue inversion into the
incision, gap development in the corneal incision pe-
riphery, or even to its incomplete opening. In cases of
tongue inversion into the corneal wound, lateral stromal
hydration may cause worsening of the inversion. In cases
of prominence of the posterior lip, lateral hydration does
not alter, worsen, or normalize the wound morphology
approximately equally.

*e primary condition of the incision before the hy-
dration seems to be the most important factor. Distortion of
the incision can be caused by different straining, defor-
mations, and self-hydration during the surgery. With an

(a) (b)

(c) (d)

Figure 8: Improvement of corneal incision morphology after its hydration. Inverted tongue of the corneal incision before hydration (a) and
after lateral stromal hydration inverted tongue strengthened up and slight prominence of posterior lip appeared (b). Prominence of the
posterior lip (c); decrease after lateral stromal hydration (d).
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unarmed microscope without AS-OCT, the surgeon may
have limited the possibility of assessing the actual condition
of the incision.

Lateral hydration may improve or worsen the corneal
incision morphology at the end of the surgery, which may be
the cause of clinically apparent failure, i.e., persistence or
new leakage of the corneal incision after its hydration.

Our study demonstrates the value of microscope inte-
grated intraoperative OCT in perioperative evaluation of
corneal incisions. *e possibility of detecting tongue in-
version into the incision, which may not be noticeable due to
the clouding after corneal incision hydration andmay lead to
incision incompetence, seems to be the most useful [8].
Intraoperative OCT provides an excellent opportunity to
monitor the corneal incision morphology in real time and
allows the surgical procedure in the hydration phase to be
modified dynamically and purposefully to achieve the best
tightness and architecture of the corneal wound.
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Purpose. To investigate the function andmorphology of meibomian glands (MG) in night shift medical staff (MS).Methods. Sixty-
two eyes of 31 patients in theMS group and 59 eyes of 31 patients in the control group were consecutively enrolled. All participants
completed Ocular Surface Disease Index (OSDI) and Standard Patient Dry Eye Evaluation (SPEED) questionnaires for dry eye
severity, as well as Schirmer I and tear break-up time (TBUT) tests. LipiView® II Ocular Surface Interferometer was used for lipid
layer thickness (LLT), MG dropout, and partial blink (PB) rate tests. MG expression was measured with an MG evaluator. Results.
+e OSDI score in the MS group was 22.39± 13.42, which was significantly higher than that in the control group (9.87± 6.64
Z� −3.997, P � 0.001).+e SPEED score in theMS group was 7.94± 3.81, which was significantly higher than in the control group
(3.65± 2.11, Z� −4.766, P � 0.001).+ere was no significant difference in Schirmer I test between theMS group and control group
(Z� −1.346, P � 0.178). TBUT in MS group was significantly shorter than that in the control group (Z� −5.201, P � 0.001). +e
mean LLTof the MS group was 55.02± 21.17 nm significantly thinner than that of the control group 72.76± 21.62 nm (Z� −4.482,
P � 0.001). MG loss occurred in 45.16% of affected eyes in the MS group and 16.13% of affected eyes in the control group, and the
difference was statistically significant (χ2 �14.352, P � 0.001). MG yielding liquid secretion and MG yielding secretion score were
significantly lower in the MS group than in the control group (Z� −3.641, P � 0.001; Z� −3.146, P � 0.001, resp.). +ere was a
negative correlation between mean LLT and SPEED score (Spearman r� −0.363, P � 0.045). Conclusions. Night shift MS had a
higher incidence of MGD compared to day workers.

1. Introduction

Dry eye disease (DED) is one of the most common ocular
surface diseases [1]. Previous studies have found the prev-
alence of dry eye to be 6.8% in American adults, 17.9% in
Korean elderly, 31.40% in China, and 32% in northern India
[2–5]. DED is a multifactorial disease, of which meibomian
gland dysfunction (MGD) is one of the main causes [6].
+ere are several overlapping risk factors between DED and
MGD, including female gender, topical medications, contact
lens wear, refractive surgery, and demodicosis [7]. Envi-
ronmental and occupational factors are strongly associated
with DED [8]. Occupational conditions of exposure to
adverse environments (including driving, smoking, air

conditioning/heating, dust, and cooking fumes) account for
more than half of dry eye patients in the hospital’s under-
lying population [8].

Shift work is very common in modern society. About
20% of the working population in industrialized countries
needs to rotate night work [9]. In particular, rotating night
shifts is a requirement for the majority of medical staff (MS).
Previous studies have shown that shift work leads to cir-
cadian rhythm disturbances and several cardiovascular risk
diseases, such as hypertension, high triglyceride levels, and
metabolic syndrome [10].

A major problem faced by shift workers is sleep dis-
turbance, including lack of sleep, difficulty falling asleep, and
not feeling refreshed after sleeping [11]. Sleep deprivation

Hindawi
Journal of Ophthalmology
Volume 2020, Article ID 3275143, 6 pages
https://doi.org/10.1155/2020/3275143

mailto:xhualiu@sohu.com
https://orcid.org/0000-0002-7625-2680
https://orcid.org/0000-0001-5071-2792
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3275143


(SD) is considered as one of the risk factors for DED [5].
Sleep duration of ≥9 h/d has been found to be a protective
factor for dry eye symptoms [12]. Patients with obstructive
sleep apnea syndrome (OSAS) have a tendency to develop
dry eye [13]. In addition, the prevalence of sleep and mood
disorders was higher in patients with DED than in patients
with other ocular surface diseases, and the severity of sleep
quality was correlated with the grade of DED [14, 15].
Improvement in sleep quality has been shown to be bene-
ficial in DED patients [16]. +e purpose of this study was to
investigate the ocular surface health of MS who regularly
work night shifts and evaluate their dry eye tendency.

2. Subjects and Methods

2.1. Study Design and Patients. Participants were recruited
through public advertisements in Sichuan Academy of
Medical Sciences and Sichuan Provincial People’s Hospital
between January 2018 and July 2018. +e inclusion criteria
for MS group were as follows: the occupation being phy-
sicians or nurses, age from 18 to 40 years, with more than
half year of night shift work experience (working at nights
12 h for at least three times per month). Inclusion criteria for
the control group were as follows: age from 18 to 40 years,
daytime workers with regular routines, without night shift
rotation, and without sleep disorders. Participants in both
groups were excluded for the following reasons: history of
ocular trauma; history of ocular surgery; history of regular
contact lens wear; active eye diseases (e.g., blepharitis and
conjunctivitis); systemic diseases that may affect the ocular
surface (e.g., autoimmune diseases, diabetes and thyroid
disease, and hyperlipidemia); use of ocular medications
within a week, including creams, ointments, or artificial
tears; and pregnant or lactating women. All the study
procedures were performed in accordance with the prin-
ciples of the World Medical Association Declaration of
Helsinki. Ethical approval was obtained from the Ethics
Committee of Sichuan Academy of Medical Sciences and
Sichuan Provincial People’s Hospital (ethical approval
number: 2018210).

2.2. Ocular Surface Parameters Assessments. +e Ocular
Surface Disease Index (OSDI) and the Standard Patient Dry
Eye Evaluation (SPEED) questionnaire were used to evaluate
eye discomfort symptoms [17–20]. +e OSDI assesses the
frequency of ocular discomfort symptoms, changes in vi-
sion-related quality of life, and environmental triggers
during the week prior to the assessment [18]. OSDI scores
are graded from 0 to 12 (no symptoms), 13 to 32 (mild and
moderate symptoms), and 33 to 100 (severe symptoms) [18].
+e SPEED questionnaire was designed to explore the
frequency and severity of ocular symptoms and the timing of
their appearance [19]. SPEED scores are graded from 0 to 5
(no symptoms), 6 to 14 (mild and moderate symptoms), and
15 to 28 (severe symptoms) [19, 20].

Tear break-up time (TBUT) was measured using fluo-
rescein sodium test strips (Tianjin Jingming New Tech-
nology Development Co., Ltd., China). Subjects were asked

to look upwards and a drop of a saline-moistened fluorescent
strip was placed on the lower palpebral conjunctiva and
measured after several blinks. +e time interval between the
last blink and the first black spot (tear film defect) that
appeared after the fluorescein was evenly distributed over
the cornea was recorded as TBUT (seconds). Record the
average of the 3 measured TBUT. BUT less than 10 seconds
indicates tear film instability. Schirmer I test was used to
measure the secretory function of the main lacrimal gland.
In the absence of topical anesthesia, a standard
5mm× 35mm Schirmer strip was placed in the medial and
lateral third of the lower fornix with the eye blinking nat-
urally for 5min. Wet zone length less than 5mm was
considered as inadequate tear secretion.

Lipid layer thickness (LLT), partial blink (PB), and MG
morphology were assessed using a LipiView® II Ocular
Surface Interferometer (TearScience, Inc. Morrisville, NC,
USA). After adjustment to the appropriate sitting position,
patients were instructed to fixate on a flashing light source
with natural blinking and to acquire the LLT and PB within
20 seconds. Following eversion of the eyelids, lower lid gland
imaging was acquired using a LipiView ® II. ImageJ software
was used to measure total MG area and MG dropout area.
+e MG loss rate�MG dropout area/total MG area. MG
dropout degree was graded according to the following scale
(Figure 1): grade 0 (without loss of MG), grade 1 (loss of
<33% of the total MG area), grade 2 (loss of MG area be-
tween 33% and 67%), and grade 3 (loss of >67% of the entire
MG area).

An MG evaluator (TearScience, Inc.) was applied to
observe MG liquid secretions. +is was performed with a
stable pressure of 3 psi for 10 to 15 seconds at 1-2mm below
the lower eyelid margin. A total of 15 glands were observed
in three locations (nasal, middle, and temporal) of the lower
eyelid, with five glands in each location [21]. +e MG se-
cretion quality of each gland was scored from 0 to 3 (3: clear
liquid secretion, 2: colored liquid secretion, 1: concentrated,
similar to toothpaste). MG yielding liquid secretion
(MGYLS), MG yielding clear liquid secretion (MGYCS), and
MG yielding secretion score (MGYSS) were recorded from
all 15 glands of the lower eyelid. MGYLS ≦6 or MGYSS ≦18
represents a clear oil secretion dysfunction in MG.

Subjects completed the tests in the following order: first,
each participant signed informed consent, completed the
OSDI and SPEED questionnaires, and provided general
information. Second, a LipiView® II Ocular Surface Inter-
ferometer measurement was performed to obtain both PB
rate and LLT. +ird, TBUT and Schirmer I test were per-
formed, and then MG secretion was measured by MG
evaluators. Finally, MG morphology images of the lower
eyelid were obtained using a LipiView® II Ocular Surface
Interferometer. At least 10min should elapse between each
examination. Patients should rest with eyes closed during the
examination interval.

2.3. Statistical Analyses. Data analysis was performed using
IBM SPSS statistics version 19 statistical software (SPSS Inc.,
Chicago, IL, USA). BMI was compared between the two
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groups using the independent-sample t-test. +e compari-
son of age, TBUT, Schirmer I, LLT, PB rate, MGYLS,
MGYCS, MGYSS, OSDI score, and SPEED score between
the two groups was performed using the Wilcoxon signed-
rank test. Comparison of gender and MG dropout between
the two groups were performed using the Chi-square test.
+e correlation among the cumulative days of night work,
SPEED score, OSDI score, TBUT, Schirmer I value, mean
LLT, and MG loss in MS group was analyzed using the
Spearman test. All tests were two-tailed, and P values less
than 0.05 were considered statistically significant.

3. Results

3.1. Subject Characteristics Comparison. Sixty-two eyes of 31
participants (including 25 physicians and 6 nurses) in the
MS group and 59 eyes of 31 participants in the control group
were included in this study. +e comparison of subject
characteristics and various ocular parameters between MS
group and the control group is shown in Table 1. Body mass
index (BMI) was calculated as weight (kg) divided by height
squared (m). +ere were no significant differences in BMI
between MS group and the control group (t� −0.517,
P � 0.205). However, the gender difference between the two
groups was statistically significant (Chi-square test,
χ2 � 6.458, P � 0.011). +e mean age of the MS group was
26.55± 3.15 years (range 20 to 36 years), which was slightly
higher than 21.91± 4.33 years (range 18 to 33 years) of the
control group (Z� −4.106, P � 0.001).

3.2. Dry Eye Parameters comparison. +e OSDI question-
naire scores for asymptomatic, mild-to-moderate, and se-
vere symptoms in the MS group and the control group were
16.1% versus 54.8%; 54.8% versus 45.2%; and 25.8% versus
0%, respectively. +e OSDI score in the MS group was
22.39± 13.42, which was significantly higher than 9.87± 6.64
in the control group (Z� −3.997, P � 0.001). +e SPEED
questionnaire scores for asymptomatic (35.5% vs. 83.9%),
mild-to-moderate (58.1% vs. 16.1%), and severe (6.5% vs.
0%) symptoms were compared in the MS group and the

control group. +e SPEED score in the MS group was
7.94± 3.81, which was significantly higher than 3.65± 2.11 in
the control group (Z� −4.766, P � 0.001). TBUT in the MS
group was significantly shorter than that in the control
group (Z� −5.201, P � 0.001). However, there was no sig-
nificant difference in Schirmer I test between the two groups
(Z� −1.346, P � 0.178).

3.3.MGDParameters comparison. LLTwas quantified using
mean interference color units (ICU) (1 ICU� 1 nm). Max
ICU, mean ICU, and min ICU were significantly thinner in
the MS group than in the control group (Z� −4.356,
P � 0.001; Z� −4.482, P � 0.001; Z� −4.414, P � 0.001,

(a) (b)

(c) (d)

Figure 1: LipiView® II images of penetrating infrared light source for different MG dropout degrees. (a) Grade 0 (without loss of MG). (b)
Grade 1 (loss of <33% of the total MG area). (c) Grade 2 (loss of MG area between 33% and 67%). (d) Grade 3 (loss of >67% of the entire MG
area).

Table 1: Comparison between medical staff (MS) group and
control group.

MS group Control group P value
N/eyes 31/62 31/59
M : F 10:21 20:11 0.011&

Age (y) 26.55± 3.15 21.91± 4.33 0.001∗
BMI 20.92± 2.00 21.19± 2.72 0.607#

DE parameters
TBUT(s) 4.63± 3.58 7.83± 3.33 0.001∗
Schirmer I (mm) 19.97± 10.17 17.77± 6.58 0.178∗
SPEED (score) 7.94± 3.81 3.65± 2.11 0.000∗
OSDI (score) 22.39± 13.42 9.87± 6.64 0.001∗
MGD parameters
Max ICU (nm) 76.03± 18.73 90.06± 13.91 0.001∗
Mean ICU (nm) 55.02± 21.17 72.76± 21.62 0.001∗
Min ICU (nm) 44.58± 18.42 58.23± 19.28 0.001∗
PB rate (%) 63.72± 35.81 68.18± 35.29 0.534∗
MGYLS (score) 5.43± 3.98 8.33± 4.50 0.001∗
MGYCS (score) 4.68± 4.09 6.00± 4.74 0.112∗
MGYSS (score) 15.48± 11.78 22.50± 13.01 0.002∗

MS: medical staff; N: number; M: male; F: female; BMI: body mass index;
TBUT: tear film break-up time; SPEED: standard patient evaluation of eye
dryness; OSDI: Ocular Surface Disease Index; ICU: interferometry color
units; PB: partial blink; MGD: meibomian gland dysfunction; MGYLS:
meibomian gland yielding liquid secretion; MGYCS: meibomian gland
yielding clear liquid secretion; and MGYSS: meibomian gland yielding
secretion score. &Chi-square test; ∗Wilcoxon signed-rank test; #Indepen-
dent-sample t-test.
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resp.). Mean LLT ≤60 nm accounted for 69.35% of the eyes
in the MS group and 33.87% of the eyes in the control group.
MG dropout had occurred in 45.16% of the affected eyes in
the MS group and in 16.13% of the affected eyes in the
control group. +e MG dropout grading for both groups is
presented in Figure 2(a). +ere was significant difference
between the two groups for MG dropout (Chi-square test,
χ2 �14.352, P � 0.001). +ere was no statistically significant
difference in PB rate between MS group and control group
(Z� −0.622, P � 0.534). Both MGYLS and MGYSS were
significantly lower in theMS group than in the control group
(Z� −3.641, P � 0.001; Z� −3.146, P � 0.002, resp.). How-
ever, there was no significant difference in MGYCS between
the two groups (Z� −1.587, P � 0.112). MGYLS ≦6 and
MGYSS ≦18 for both groups are shown in Figure 2(b).

3.4. Correlation of Ocular Surface Parameters. +e right eyes
of the MS were selected to study the correlations of the
ocular surface parameters.+e cumulative days of night shift
work in the MS group were 142.26± 112.07 (36,480) days,
which were not correlated with SPEED score, OSDI score,
TBUT, Schirmer I value, mean LLT, andMG loss (Spearman
r� 0.141, 0.274, 0.195, −0.241, 0.042, 0.192, all P> 0.05). +e
mean LLT was negatively correlated with SPEED score
(Spearman r� −0.363, P> 0.045) but not significantly cor-
related with Schirmer I, TBUT, or OSDI score and MG loss
(Spearman r� 0.142, −0.044, −0.346, 0.042, P � 0.447, 0.815,
0.057, 0.823, all P> 0.05).

4. Discussion

MGD is the main cause of evaporative DED [22]. Aging is
one of the risk factors for MGD [23]. +e prevalence of
MGD in the Asian population was approximately 33% in
patients aged <30 years and 72% in patients aged ≥60 years
[4]. In our study, although MS working night shifts were
slightly older than day workers, the participants were all
young adults aged 18–36 years. We further investigated the
association of age with ocular surface parameters and
showed no association of age with mean LLT and MG loss.
+erefore, we believe that risk factors associated with shift
work may exacerbate MGD.

As expected, in this study we found that MS who reg-
ularly worked night shifts had more severe and frequent dry
eye symptoms than those daytime workers. Although tear
secretion function was normal, 90.32% of the affected eyes
had shortened TBUTs, 69.35% of the affected eyes had LLT
≤60 nm, and 45% of the affected eyes had MG dropout. LLT
measurement was used as a diagnostic tool for MGD [24]. A
previous study found LLT ≤60 nm in 74% of patients with
severe dry eye symptoms [25]. MS with frequent night shifts
causes tear film instability but does not affect tear secretion.
+erefore, dry eye in MS is not water deficit but excessive
evaporation. Shift work primarily results in sleep distur-
bances, with acute symptoms including difficulty falling
asleep, reduced sleep duration, and somnolence in the
following days [11]. Previous studies have reported that sleep
disorders and DED interact with each other [13–16]. Poor

sleep quality has been reported in 45% of young andmiddle-
aged DED office workers [26]. Fifty patients diagnosed
with OSAS were reported to have significantly higher
OSDI scores, shorter TBUT, and lower Schirmer values
compared to control subjects [13]. SD throughout the day
in healthy men caused tear hyperosmolarity, shortened
TBUT, and decreased tear secretion, while all SD-induced
changes in ocular surface parameters returned to normal
levels after one day [12]. Decreased tear secretion and
lacrimal gland hypertrophy induced by SD 10-days mice
can also be restored to relatively normal levels at 2 weeks
[27]. +e researches indicate that short-term effects of SD
can be compensated. Another study found that dry eye
symptoms, tear film instability, and conjunctival hy-
peremia were aggravated after night shifts in 50 hospital
staffs, but the basal Schirmer test increased [28]. +ey
concluded that increased Schirmer test values may be a
compensation for stress caused by SD [28]. In our study,
the examination of the MS group was not performed on
the day of the end of the night shift work, but on other
normal working days to avoid temporary effects of SD.
Since the tear secretion function of the MS group was not
affected in our study, we believe that the secretion
function of their lacrimal glands may be compensated or
even unaffected.

Previous studies have found an increased incidence of
metabolic syndrome such as elevated blood pressure, ele-
vated triglyceride and glucose levels, low HDL cholesterol,
and abdominal overweight in shift workers compared to day
workers [29, 30]. Shift work was also associated with breast
cancer, cardiovascular disease, and pregnancy complications
[31–33]. Night shift work disturbs the circadian system,
alters sleep activity patterns, and inhibits melatonin pro-
duction, and these changes can promote inflammation and
tumorigenesis and have immunosuppressive effects [31–33].
Inadequate sleep has been shown to be associated with
feeling tired and stressed and pessimism [27]. Shift work MS
has a high incidence of psychosocial problems such as de-
pression, stress, anxiety, and sleep disorders [34]. Psycho-
social problems have been reported to be involved in the
neuropathic mechanisms of DED [34].

In our study, the cumulative days of night shift work
were not associated with DED parameters and MGD pa-
rameters. +e SPEED score of night shift MS was negatively
correlated with mean LLT, and the more severe and frequent
the dry eye condition, the thinner the lipid layer, which was
consistent with the previous studies [25]. Different intensity
and frequency of night shift work and mental stress of MS in
different departments may affect the changes of ocular
surface parameters. Dry eye is an inflammatory condition
[35]. Cortisol is an important anti-inflammatory hormone in
human physiology [36]. Shift work disrupts cortisol pro-
duction, a marker of HPA axis activation under stress
conditions, and may be an important cause of dry eye [37].
Poor sleep quality has been reported to be associated with
lower testosterone levels, affecting the development of dry
eye [38]. Whether MS with night shift affects different
hormone expressions that influence the formation of dry eye
still needs further study.
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+is study has several limitations. First, only single-
center MS members were included in this study, which may
have selection bias. Second, night shift working hours and
assessment of sleep quality were not accurately recorded.
+ird, most front-line middle-aged MS need to work night
shifts, so MS who do not work night shifts were not used as
controls in this study. Fourth, the effect of different night
shift working modes on the ocular surface needs further
analysis.

In conclusion, we should pay much attention to the
ocular surface health of rotating shift medical workers. Early
treatment of the asymptomatic phase of MGD may delay
progression to the symptomatic phase and reverse its
pathological progression.
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[11] T. Åkerstedt, “Shift work and disturbed sleep/wakefulness,”
Sleep Medicine Reviews, vol. 2, no. 2, pp. 117–128, 1998.

[12] Y. B. Lee, J. W. Koh, J. Y. Hyon, W. R. Wee, J. J. Kim, and
Y. J. Shin, “Sleep deprivation reduces tear secretion and
impairs the tear film,” Investigative Opthalmology & Visual
Science, vol. 55, no. 6, pp. 3525–3531, 2014.

0

10

20

30

40

50

60

70

80

90

100

Grading of meibomian gland dropout 

%
 o

f e
ye

s

Grade 0 Grade 1 Grade 2 Grade 3

MS group
Control group

(a)

MGYLS (≤6) MGYSS (≤18)
0

10

20

30

40

50

60

70

80

90

100

Meibomian gland secretion score

%
 o

f e
ye

s

MS group
Control group

(b)

Figure 2: Comparison of meibomian gland dropout grading (a) and meibomian gland secretion score (b) between medical staff (MS) group
and control group.

Journal of Ophthalmology 5



[13] E. E. Karaca, H. T. Akçam, F. Uzun, Ş. Özdek, and
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Purpose. .e present study highlighted the value of anterior segment optical coherence tomography (AS-OCT) for different types
of corneal foreign bodies in humans. Methods. .is study was a prospective observational study. .e patients included were
divided into two groups. If the patients were directly diagnosed based on eye injury history and slit-lamp examination, then they
were assigned to Group A. Otherwise, the patients were assigned to Group B. We compared and described the characteristics of
the corneal foreign body in both groups using AS-OCT. Results. From October 2017 to January 2020, 36 eyes of 36 patients (9
females and 27 males) with a mean age of 37.8± 11.7 years were included in the study. Patients in Group A were the majority and
accounted for 72.2% (26/36). High signals on AS-OCT images were the main constituent and accounted for 92.3% (24/26) in
Group A and 70.0% (7/10) in Group B. Most of the patients in Group A, 96.2% (25/26), had clear boundaries. A blurred boundary
was observed in 70.0% (7/10) of the patients in Group B. .e foreign bodies on AS-OCT images had key characteristics of a high
signal followed by a central zone shadowing effect and a low signal followed by amarginal zone shadowing effect. Further, all of the
lesions could be directly located in Group B, and 92.3% (24/26) of the patients in Group A did not have directly located lesions. Six
representative cases are described in detail. Conclusions. AS-OCT is a valuable tool in the diagnosis and management of corneal
foreign bodies, especially for unusual corneal foreign body.

1. Introduction

Corneal foreign bodies (FBs) are one of most common
ophthalmological emergency cases. Patients with corneal
foreign body (FB) have multiple ocular symptoms, including
red eye, foreign body sensation, irritation, tearing, pain, and
blurred vision. .e timely and appropriate removal of a
corneal FB is necessary [1–3]. Although the diagnosis and
management of corneal FB is generally easily made based on
the history and slit-lamp examination, there are some un-
usual cases of FB that create difficulties in the diagnosis and
choosing most appropriate removal method due to the
variety of FB [4–6].

Recently, optical coherence tomography (OCT), as a
noninvasive examination technology, greatly improved the
ophthalmologists’ understanding and perception of diseases.
.e introduction of spectral-domain (SD) OCT technology
and Fourier-domain (FD) OCT system led to a significant
increase in acquisition speed and imaging resolution of the
anterior segment [7, 8]. Anterior segment OCT (AS-OCT)
generates detailed images and digital information on the
anterior segment, and it was widely used to assess the
phenotypes of the anterior segment of the eye such as
corneal thickness and anterior chamber [9–11]. .ere were
several case reports of corneal FBs using AS-OCT [12, 13]
and observations of different corneal FB in vitro using AS-
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OCT [14]. However, no article indicates the diagnosis basis
of cornea FB using AS-OCT.

.e aim of the present study is to highlight the value of
AS-OCT for the diagnosis of corneal FB and provide ref-
erences for its management. In this study, we described the
clinical findings and AS-OCT characteristics of different
types of corneal FBs, compared the difference of two types of
corneal foreign bodies, and pointed out a preliminary
method for diagnosis of corneal foreign body using AS-
OCT.

2. Materials and Methods

.e present perspective observational study screened pa-
tients from October 2017 to January 2020 in our clinic with a
diagnosed or suspected diagnosed corneal FB. All patients
who were included this study met the following conditions:

(1) Participated voluntarily in this study
(2) Diagnosed or had a suspected diagnosis of cornea FB
(3) Were able to complete the anterior segment exam-

inations with clear anterior segment color photog-
raphy and AS-OCT scanning

(4) Had lesions with a depth that did not exceed 2/3 of
the corneal thickness

(5) Had no apparent corneal infection signs

Patients who did not meet any of the above criteria were
not included in the study..is study adhered to tenets of the
Declaration of Helsinki and was approved by the institu-
tional review board and ethics committee from the .ird
Affiliated Hospital of Sun Yat-San University.

When the patient presented to our clinic, emergency
treatment, such as topical anesthesia and flushing the
conjunctival sac, was administered if necessary. Each patient
underwent a careful, comprehensive eye examination. After
slit-lamp examination, anterior segment color photography
was taken, and the AS-OCT (3D OCT-2000, Topcon, Tokyo,
Japan) scanner focused on lesions using the radial anterior
segment protocol. .e scan diameter was 6.0mm, and a
radial 12 hour scan was performed. One section of the clear
images was used for used for evaluation and measurement.

In general, the patients with corneal FBs have clinical
characteristics, such as a clear history of ocular trauma and
ocular symptoms of red eye, foreign body sensation, irri-
tation, tearing, pain, and blurred vision [3]. According to the
clinical findings, we divided the patients into two groups
(Group A and Group B). .ree authors participated in the
evaluation. Patients who could be diagnosed as corneal FB
based on the medical history and anterior segment color
photography were classified into Group A. If any of the three
evaluators had doubts about the patient’s diagnosis based on
the medical history and the anterior segment color pho-
tography, the patient was classified into Group B.

We used the signal of the normal corneal tissue sur-
rounding the lesions as a reference. If the signal of the lesions
was stronger than the surrounding tissue signal, it was a
hyperreflective signal (high signal). When the signal of the
lesions was weaker than the surrounding tissue, it was a

hyporeflective signal (low signal). .e signal deep in the FB
was weaker or even disappeared, which was regarded as
signal attenuation and was called a shadowing effect
[5, 7, 14].

Statistical data are described as frequencies and per-
centages for categorical data and means± SD for numerical
data using SPSS version 24 (SPSS Inc., Chicago, IL, USA).

3. Results

.irty-six eyes of 36 patients (9 females and 27 males) with a
mean age of 37.8± 11.7 years were included in the study.

Group A included 72.2% (26/36) patients, and Group B
included 27.8% (10/36) patients. Metallic corneal FB was the
most common observation and was observed in 65.7% (23/
35) of all patients. In Group A, metallic corneal FB was
observed in 88.5% (23/26) of patients, and only nonmetallic
corneal FB were observed in Group B, 90.0% (9/10). One
patient in Group B had a clear history of eye trauma and was
eventually excluded from the diagnosis of corneal FB be-
cause of poor corneal epithelial healing.

Corneal FBs have some characteristics in AS-OCT im-
ages. A shadowing effect in the central zone behind the high
signal and the marginal zone following the low signal was
observed in both groups. FBs with high reflection signals
were the most common in Group A (92.3%, 24/26) and
Group B (70.0%, 7/10). Notably, the high and low signals of
the FB corresponded to the central zone shadowing effect
and marginal zone shadowing effect, respectively.

.e location of corneal FBs is an important reference for
selecting the removal ways of FBs. Increasing the depth and
area of treatment will influence the time required to heal and
may cause more visible corneal scars [3]. .e selection of
appropriate FB removal method, such as wiping, picking
out, or scraping, is helpful to reduce corneal tissue damage
and scar formation. .e depth of the FB was generally in-
directly located (92.3%, 24/26). However, whether there was
a high or low signal in Group B, the location could be di-
rectly accomplished.

All descriptive characteristics of the study participants
are summarized in Table 1.

To further demonstrate the value of AS-OCT in the
diagnosis and management of different corneal FBs, six
representative cases, including two cases in Group A and
four cases in Group B, are reported in detail. .e clinical
details of each patient are presented in Table 2.

3.1. Case 1. A 31-year-old man presented to our clinic with
redness in his left eye, photophobia, and foreign body
sensation. He used an electric saw to cut iron two days prior.
Slit-lamp examination revealed an iron FB surrounded by a
slight haze (Figure 1(a), arrowhead). Corneal FB was easily
diagnosed. .e FB was removed via picking and scraping.

AS-OCTscanning showed a single high signal with clear
boundary (Figure 1(b), arrowhead) following by central zone
shadowing effect (Figure 1(b), star). .e depth of the FB
could not be directly located.
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Table 2: Clinical details and AS-OCT characteristics of cases.

Case no. 1 2 3 4 5 6
Group A A B B B B
Sex/age M/31 M/69 F/30 M/39 M/62 M/28
Numbers of FB Single Multiple Single Multiple Single None
Nature of FB Metallic Mixed Nonmetallic Nonmetallic Nonmetallic ∗

Reflective signal High High Low High High High
Border of lesions Clear Unclear Clear Unclear Unclear Unclear
Shadowing effect Central Central Marginal Central Central Negative
Location depth Indirect Direct Direct Direct Direct Direct
∗.e case eventually proved to be free of FBs.

Table 1: Clinical characteristics of all patients.

Group A Group B
Gender (F/M) 6/20 3/7
Age (years) 38.4± 11.5 36.1± 12.0
Metallic FB 23 0
Nonmetallic FB 2 9
Mixed FB 1 0
H signal 24 7
L signal 2 3
Clear boundary 25 3
Blurred boundary 1 7
Central shadowing 24 6
Marginal shadowing 2 3
Direct location 2 10
Indirect location 24 0

Figure 1: Anterior segment and AS-OCT image for Case 1. (a) Anterior segment photograph showed a corneal FB and inflammatory
infiltration around the FB at an approximately 3:00 o’clock location approaching the limbus (arrowhead). (b) AS-OCT image showed that
the FB showed a single high signal with clear boundary (arrow) following a central zone shadowing effect (star). .e depth of the FB was
estimated indirectly by subtracting the thickness of the underside of the high-reflected signal surrounding a FB (359m) from the thickness of
the cornea (662m), which was less than 303 μm.
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3.2. Case 2. A 69-year-old man presented with itching eyes
for several weeks. Slit-lamp examination revealed multiple
granular corneal opacities (Figure 2(a), arrowheads) in his
left cornea. Corneal fluorescein staining was negative. .e
patient remembered that his left eye was injured by a tire
explosion one decade ago. An old multiple corneal FB di-
agnosis was concluded. Because of the long harmless history,
these FBs were not further treated.

AS-OCT scanning showed some high signals with
blurred boundary (Figure 2(b), arrows) followed by a central
zone shadowing effect (Figure 2(b), stars) in the deep part of
the epithelium and the superficial portion of the stroma..e
depth of the FB was directly located (Figure 2(b)).

3.3. Case 3. A 30-year-old woman presented with redness in
her right eye that lasted for two weeks. She experienced no
other discomfort. Examination revealed a light brown mass
on the temporal limbus of her right cornea (Figure 3(a),
arrowhead), and vascularization was observed in the center
of the lesion. Corneal fluorescein staining was negative on
the mass surface. On further questioning, her history
revealed that a FB may have been blown into her eye one
month ago, but she reported no discomfort, and no treat-
ment was administered. Her diagnosis was a suspected
corneal FB, and corneal neoplasm could not be excluded.

AS-OCT scanning showed a single low signal with clear
boundary (Figure 3(b), arrow) followed by a marginal zone

shadowing effect (Figure 3(b), stars)..e depth of the FB was
directly located. .e FB was picked out using a needle and
was confirmed as a translucent shell-like FB.

3.4. Case 4. A 39-year-old man presented to the emergency
room because glass glue was splashed into his right eye 30
minutes prior. After emergency treatment, he was further
examined. Slit-lamp examination revealed cream-like par-
ticulates (Figure 4(a), arrowhead) and microfolds on the
cornea (Figure 4(a), star). His diagnosis was not clear be-
cause his corneal degeneration may be due to chemical
injuries, FB of residual glue, or both.

AS-OCT examinations revealed multiple high signals
with blurred boundary (Figure 4(b), arrows) followed by a
central zone shadowing effect (Figure 4(b), stars). .e le-
sions were located on the corneal surface. .e corneal
thickness was in the normal range of 546 μm, and the corneal
stromal signal was intact. .e diagnosis was corneal
chemical injury (corneal epithelial degeneration) and cor-
neal FB (glass glue). Because the lesions were located in a
shallow and wide range on the cornea, wiping the FB with
wet swabs was used for treatment. No other damage to the
cornea was found during the follow-up days.

3.5. Case 5. A 62-year-old man with blurred vision in his
right eye for six months was diagnosed with viral keratitis at
his local hospital and continuously received antiviral

Figure 2: Anterior segment and AS-OCT image for Case 2. (a) Anterior segment photograph showing multiple small granular corneal
lesions in the shallow cornea (arrowheads). (b) AS-OCTshowed that there were three high signals with blurred boundary (arrows). Two of
the signals had a central zone shadowing effect (stars). .ey were directly located and were 72, 86, and 114 μm beneath the corneal surface.
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therapy. He denied a history of eye injuries. Slit-lamp
showed a white lump on the cornea in the pupil region
(Figure 5(a), arrowhead). His diagnosis was drug-induced
keratitis with a suspected corneal FB.

AS-OCT revealed a high signal with blurred boundary
(Figure 5(b), arrowhead) in the epithelial layer, under which
was a partially continuous epithelium. It was followed by a
central zone shadowing effect (Figure 5(b), star). .e lesions
were scraped with a needle. On the following day, his cornea
was restored to nearly transparent, and his visual acuity went
from 20/100 back to 20/25.

3.6. Case 6. A 28-year-old man complained of a constant
foreign body sensation in his right eye. His right eye was cut
by his broken glasses approximately 2 weeks prior. Careful
inspection with the slit-lamp revealed a slight bulge in the
peripheral cornea (Figure 6(a), white arrowhead). Corneal
fluorescein staining was negative (Figure 6(a), green ar-
rowhead). His diagnosis was a suspected corneal FB.

AS-OCT scanning showed a high signal with blurred
boundary (Figure 6(b), arrow), but there was no shadowing

effect beneath the lesion. It was directly located and was
136 μm in the cornea. Because of the poor epithelial healing
in the lesion area that caused the foreign body sensation,
scraping the epithelium of the lesion area was chosen. .ere
was no FB to be further confirmed.

4. Discussion

From this study, we can obtain amethod of using AS-OCTto
diagnose corneal foreign body. In addition, through the
localization of corneal foreign body, a more appropriate
means of removing corneal foreign body is selected. To the
best of our knowledge, this study is the first article that
indicates the diagnosis basis of cornea FB using AS-OCT.

AS-OCT clearly showed the fine structure of the cornea
[15–17]..e presence of a FB damages the consistency of the
corneal structure, which provides the basis for the diagnosis
of a FB. FBs show high or low signals on AS-OCT images.
High signals followed by a shadowing effect were reported in
previous literature [5, 14, 18]. However, these studies ig-
nored the phenomenon that the low signals could also be
followed by a shadowing effect, which we named a marginal
zone shadowing effect. We hypothesized that this effect may

Figure 4: Anterior segment and AS-OCT image for Case 4. (a)
Anterior segment photograph showing multiple cream-like corneal
opacities (arrowheads) surrounding a wrinkled transparent cornea.
(b) AS-OCT image showed multiple spines (high signals) with
blurred boundary (arrows) on the superficial epithelium followed
by a central zone shadowing effect (stars). .e corneal thickness
was 546 μm, within the normal range.

Figure 3: Anterior segment and AS-OCT image for Case 3. (a)
Anterior segment photograph: at 9:00 o’clock inside the limbus
(arrowhead), a light brown mass was observed without surface
fluorescence staining, and fluorescein gathered around the edges.
Neovascularization was also seen. (b) AS-OCT image showing that
a crescent-shaped low reflective signal (arrowhead) with bilateral
marginal zone shadowing (stars) was found 21 μm below the ep-
ithelium surface.
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be a total reflection phenomenon resulting from the rupture
of the corneal tissue around the FB.

Comparing the AS-OCT characteristics of two groups,
we could develop the diagnostic criteria for corneal FB using
AS-OCT as follows:

(1) Eye injury history
(2) .e consistency of the corneal layers being broken
(3) High or low signals with clear boundaries
(4) High or low signals with blurred boundaries
(5) Lesions associated with central or marginal zone

shadowing effect

If conditions (1) + (2) + (3) + (5) were met, then a corneal
FB was diagnosed.

If conditions (1) + (2) + (4) + (5) were met, then a corneal
FB was highly suspected.

When conditions (1) and (2) are met, and there is a high
signal with blurred boundary but a lack of condition (5), the
diagnosis of corneal FB using AS-OCT should be fairly
cautious. .e local inflammation, corneal scarring, or cor-
neal neoplasm should be investigated [19–24].

AS-OCTscanning may also help optimize the removal of
FB. .e choice of a suitable corneal FB removal method
helps reduce the corneal damage and the formation of
corneal scars. According to the location of the corneal FB on
the AS-OCT, especially in Group B, we selected different
methods to minimize the damage to the cornea and reduce
the risk of visual impairment. For example, if the FB was
located in the epithelial layer and mobile, and Bowman’s
layer was untouched, wiping methods were preferred to
avoid the forming of a corneal scar. With the application of
AS-OCT technology, the frequency of patients’ visits may be
reduced.

.e present study has some limitations. First, the
number of subjects we studied was relatively small compared
to the various types of corneal FB. Second, there were not
enough negative controls, such as corneal infection or de-
generation, to further validate the criteria. .erefore, the
diagnostic method we summarized need more cases to
continue improvements. .ird, we used 3D OCT-2000 for
AS-OCT scanning in this study, which is a spectral-domain
optical coherence tomography developed for the ocular
fundus. Although AS-OCTwith the cornea anterior module
was functional, the AS-OCT observation of corneal FB was
hampered by a number of limitations.

Figure 5: Anterior segment and AS-OCT image for Case 5. (a)
Anterior segment photograph showing a patchy cloud-like haze
over the cornea and a cloudy milky lump in front of the pupil
(arrowhead). (b) AS-OCT scanning showed there was a lesion of
high signal with blurred boundary (arrow) followed by a central
zone shadowing effect (star). .e lesion had a diameter of 1372 μm.
.e corneal thickness was 604 μm, and the epithelial thickness was
102 μm. A layer of continuous epithelium tissue was seen on the
bottom of the lesion.

Figure 6: Anterior segment and AS-OCT image for Case 6. (a)
Anterior segment photograph showed a slight bulge at 10:00
o’clock in the peripheral cornea (white arrowhead). Corneal
fluorescein staining was negative (arrowhead). (b) AS-OCT
scanning showed there was a lesion of high signal with blurred
boundary (arrow) without a shadowing effect. .e lesion was di-
rectly located and was 136 μm beneath the corneal surface.
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In summary, the results of the present study suggest that
AS-OCT is a very valuable tool for the diagnosis of corneal
FB, especially for some unusual cases. AS-OCT scanning
could provide a reference for the selection of FB manage-
ment through direct or indirect FB localization. .e value of
AS-OCT application in the corneal FB should be further
strengthened.
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Micó, and R. Brautaset, “Precision of high-resolution OCTfor
anterior chamber measurement: agreement with Scheimpflug
imaging,” Journal of Refractive Surgery, vol. 32, no. 11,
pp. 766–772, 2016.

[11] G. Czajkowski, B. J. Kaluzny, A. Laudencka, G. Malukiewicz,
and J. J. Kaluzny, “Tear meniscus measurement by spectral
optical coherence tomography,” Optometry and Vision Sci-
ence, vol. 89, no. 3, pp. 336–342, 2012.

[12] A. R. Celebi, A. E. Kilavuzoglu, U. E. Altiparmak, C. B. Cosar,
and A. Ozkiris, “.e role of anterior segment optical co-
herence tomography in the management of an intra-corneal
foreign body,” Springerplus, vol. 5, no. 1, p. 1559, 2016.

[13] J.-L. Bacquet, A. Fel, R. Belazzougui, and B. Bodaghi, “Deep
intracorneal foreign body: anterior segment OCT,” Journal
Français d’Ophtalmologie, vol. 38, no. 10, pp. 1012-1013, 2015.

[14] S. Armarnik, M. Mimouni, D. Goldenberg et al., “Charac-
terization of deeply embedded corneal foreign bodies with
anterior segment optical coherence tomography,” Graefe’s
Archive for Clinical and Experimental Ophthalmology,
vol. 257, no. 6, pp. 1247–1252, 2019.

[15] J. P. Ehlers, “Intraoperative optical coherence tomography:
past, present, and future,” Eye, vol. 30, no. 2, pp. 193–201,
2016.

[16] W. W. Binotti, B. Bayraktutar, M. C. Ozmen, S. M. Cox, and
P. Hamrah, “A review of imaging biomarkers of the ocular
surface,” Eye & Contact Lens: Science & Clinical Practice,
vol. 46, no. 2, pp. S84–S105, 2020.

[17] R. M. Werkmeister, S. Sapeta, D. Schmidl et al., “Ultrahigh-
resolution OCT imaging of the human cornea,” Biomedical
Optics Express, vol. 8, no. 2, pp. 1221–1239, 2017.

[18] H. Jiao, L. J. Hill, L. E. Downie, and H. R. Chinnery, “Anterior
segment optical coherence tomography: its application in
clinical practice and experimental models of disease,” Clinical
and Experimental Optometry, vol. 102, no. 3, pp. 208–217,
2019.

[19] C. Shipton, J. Hind, J. Biagi, and D. Lyall, “Anterior segment
optical coherence tomographic characterisation of keratic
precipitates,” Contact Lens and Anterior Eye, vol. 20,
pp. 30003–30005, 2020.

[20] W. Soliman, M. A. Nassr, K. Abdelazeem, and A. K. Al-
Hussaini, “Appearance of herpes simplex keratitis on anterior
segment optical coherence tomography,” International
Ophthalmology, vol. 39, no. 12, pp. 2923–2928, 2019.

[21] M. A. Oliveira, A. Rosa, M. Soares et al., “Anterior segment
optical coherence tomography in the early management of
microbial keratitis: a cross-sectional study,” Acta Médica
Portuguesa, vol. 33, no. 5, pp. 318–325, 2019.

[22] M. Das, S. A. Menda, A. K. Panigrahi et al., “Repeatability and
reproducibility of slit lamp, optical coherence tomography,
and scheimpflug measurements of corneal scars,” Ophthalmic
Epidemiology, vol. 26, no. 4, pp. 251–256, 2019.

[23] N. Morishige, K. Magome, A. Ueno, T.-A. Matsui, and
T. Nishida, “Relations among corneal curvature, thickness,
and volume in keratoconus as evaluated by anterior segment-
optical coherence tomography,” Investigative Opthalmology &
Visual Science, vol. 60, no. 12, pp. 3794–3802, 2019.

[24] Y. S. Shen, J. L. Hu, and C. C. Hu, “Anterior high-resolution
OCT in the diagnosis and management of corneal squamous
hyperplasia mimicking a malignancy: a case report,” BMC
Ophthalmology, vol. 19, no. 1, p. 235, 2019.

Journal of Ophthalmology 7



Review Article
Objective Imaging Diagnostics for Dry Eye Disease

Sang Beom Han ,1 Yu-Chi Liu ,2,3,4 Karim Mohamed-Noriega ,5 Louis Tong ,2,3,4

and Jodhbir S. Mehta 2,3,4

1Department of Ophthalmology, Kangwon National University School of Medicine, Kangwon National University Hospital,
Chuncheon, Republic of Korea
2Singapore National Eye Centre, Singapore
3Singapore Eye Research Institute, Singapore
4Department of Ophthalmology, Yong Loo Lin School of Medicine, National University of Singapore, Singapore
5Department of Ophthalmology, University Hospital, Faculty of Medicine, Autonomous University of Nuevo Leon,
Monterrey, Mexico

Correspondence should be addressed to Jodhbir S. Mehta; jodmehta@gmail.com

Received 16 April 2020; Accepted 3 July 2020; Published 22 July 2020

Academic Editor: Antonio Queiros

Copyright © 2020 Sang Beom Han et al. )is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Traditional diagnostic tests for dry eye disease (DED), such as fluorescein tear film break-up time and the Schirmer test, are often
associated with poor reproducibility and reliability, which make the diagnosis, follow-up, and management of the disease
challenging. Advances in ocular imaging technology enables objective and reproducible measurement of changes in the ocular
surface, tear film, and optical quality associated with DED. In this review, the authors will discuss the application of various
imaging techniques, such as, noninvasive tear break-up time, anterior segment optical coherence tomography, in vivo confocal
microscopy, meibography, interferometry, aberrometry, thermometry, and tear film imager in DED. Many studies have shown
these devices to correlate with clinical symptoms and signs of DED, suggesting the potential of these imaging modalities as
alternative tests for diagnosis and monitoring of the condition.

1. Introduction

Dry eye disease (DED) is a multifactorial disease characterized
by a loss of homeostasis of the tear film [1]. It a highly prevalent
disease that can affect up to one-third of the people worldwide
[2, 3]. )e disease is associated with symptoms such as ocular
discomfort, dryness, pain, foreign body sensation, and visual
disturbance [4, 5], which significantly interfere with daily ac-
tivities including reading, driving, watching TV, and using
mobile devices or computer [2, 3]. In clinical practice, the
diagnosis and management of DED is often difficult because of
its multifactorial nature, as well as discrepancy between dry eye
signs and symptoms [2, 6–8]. Moreover, conventional diag-
nostic tests for DED, such as the fluorescein tear film break-up
time (TBUT) and the Schirmer test, often show unsatisfactory
reliability and reproducibility, which also renders the diagnosis
and monitoring of the condition challenging [9].

Advances in technology led to the development of
various imaging devices that have enabled visualization and
evaluation of the tear film and ocular surface, such as
noninvasive tear break-up time measurements, anterior
segment optical coherence tomography, confocal micros-
copy, meibography, interferometry, aberrometry, ther-
mography, and tear film imager [10].

In this review, we aim to provide an overview of
imaging devices for DED and discuss the application
of the modalities for clinical practice and research for
DED.

2. Noninvasive Tear Break-Up Time (NITBUT)

)e TBUT reflects the stability and quality of the tear film,
which is crucial for maintenance of ocular surface integrity
and clear vision [1, 11]. Measurement of the TBUT has
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generally been performed after fluorescein dye instillation
[10]. However, the variability of the concentration and
amount of the dye leads to reduced reliability and repro-
ducibility [12]. Reflex tearing induced by fluorescein in-
stillation can also lead to decreased accuracy [12]. Moreover,
the fluorescein TBUT is unable to simultaneously evaluate
the tear break-up across the entire corneal surface [10].

)e noninvasive TBUT (NIBUT) was developed to
overcome these limitations [10, 11]. Instead of using fluo-
rescein dye instillation, the NIBUT measurement involves
application of topographic systems to evaluate changes in a
regularly patterned image projected onto the tear film that
reflects compromised tear film integrity [11, 13]. Changes in
reflected videokeratographic mires or grids from an illu-
minated placido disc are observed to detect tear film dis-
ruption (Figure 1) [13].

)e NIBUTwas shown to have a correlation with the dry
eye symptom score and a good diagnostic value for DED
[14, 15]. Dry Eye Workshop II (DEWS II) suggested the
NIBUTwith a cutoff value of ≤10 seconds as an indicator for
diagnosis of DED with 82% to 84% sensitivity and 76% to
94% specificity [16]. )e NIBUT was also revealed to be
useful for monitoring of treatment response in DED [15].

Bandlitz et al. [17] recently reported that objective
measurement of the NIBUT using the Keratograph 5M
(Oculus Optikgeräte GmbH, Wetzlar, Germany) showed
good repeatability and reasonable agreement with subjective
NIBUT measurement using the Tearscope Plus (Keeler,
Windsor, UK), Polaris (bon Optic, Lübeck, Germany), and
EasyTear Viewplus (Easytear, Rovereto, Italy), which also
support viability of the NIBUT in the diagnosis and treat-
ment of DED [15].

However, measurement of the NIBUT using two dif-
ferent topography platforms, the Keratograph 5M and RT-
7000 Auto Refractor-Keratometer (Tomey, Nagoya, Japan),
showed poor agreement [18], suggesting that measured

values using different topographers with different algorithms
should not be assessed interchangeably [10].

Although the NIBUT has a correlation with the fluo-
rescein TBUT, its results should be carefully interpreted as it
actually evaluates the thinning of the tear film, not the break-
up of the full-thickness of the tear film [19].

3. Anterior Segment Optical
Coherence Tomography

Anterior segment optical coherence tomography (AS-OCT)
produces cross-sectional images of anterior segment
structures by low-coherence interferometry [10, 20]. )e
technique enables measurement of tear meniscus parameters
important for the diagnosis and monitoring of DED
[16, 21–26], such as the tear meniscus height (TMH) and tear
meniscus area (TMA) [10, 20, 27], without reflex tearing due
to its noncontact nature and rapid image acquisition [11, 27].

Ibrahim et al. [22] showed that the TMH measured by
time-domain (TD) OCT was correlated with strip menisc-
ometry, corneal staining scores, and the Schirmer score.
Spectral-domain (SD) OCT enabled higher resolution and
faster image acquisition compared to TD-OCT, resulting in
improved image quality with minimal artifact, as well as
enhanced repeatability [27–29]. SD-OCT allowed improved
sensitivity and specificity for the TMH and TMA as diag-
nostic biomarkers for DED compared to TD-OCT [11, 22].
SD-OCT findings also showed a close correlation with dry
eye symptoms and the Schirmer score [24]. Qiu et al. [30]
reported that diagnostic accuracy of SD-OCT was the
highest for Sjögren’s syndrome, moderately acceptable for
non-Sjögren’s aqueous-deficient DED, and the lowest for
evaporative DED, suggesting the SD-OCT can be a viable
option in the diagnosis of aqueous-deficient DED [30]. AS-
OCT was also shown to be able to accurately measure the
thickness of the overall tear film [31, 32]. Sher et al. [33]

(a) (b) (c)

Figure 1: Noninvasive tear film break-up time (NIBUT) using the Oculus Keratograph 5M (Oculus Optikgeräte GmbH, Wetzlar,
Germany) presented as a tear film break-up color-code map. (a) No tear film break-up by 22–23 sec. (b) Immediately after tear film
break-up. (c) At 7 sec after blinking.
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demonstrated that AS-OCT may also be helpful for the
quantitative evaluation of corneal epithelial erosion.

AS-OCT is also useful for monitoring of treatment
responses in DED [34–36]. Measurement of the TMH
using TD-OCT might be effective in monitoring tear
meniscus changes after punctal occlusion [35]. SD-OCT
was useful for quantifying the sequential changes of tear
meniscus parameters after artificial tear instillation [37].
Nagahara et al. [38] showed that the TMH decreased with
CL wear and increased after the instillation of diquafosol
sodium. Although the TMH and TMA measured using
AS-OCT may be valuable biomarkers for DED [11], fac-
tors including the time-from-blink, palpebral aperture,
presence of conjunctivochalasis, and lid length should be
considered in the interpretation of these tear meniscus
measurements [39].

Swept source OCT (SS-OCT) enables acquisition of
three-dimensional images, as well as an enhanced scanning
speed and greater imaging depth compared to TD and SD-
OCT [40], which allows the measurement of the tear me-
niscus volume (TMV) in addition to the TMH and TMA
[41]. )e TMH, TMV, and TMA measured using SS-OCT
showed a correlation with the corneal staining score, BUT,
and Schirmer score [25]. All three parameters showed the
strongest correlation with the Schirmer score, suggesting
that the tear meniscus parameters mostly reflect the quantity
of tear fluid [25]. SS-OCT was also useful for evaluation of
increased tear meniscus parameters after installation of eye
drops, such as sodium hyaluronate, diquafosol, and reba-
mipide [34].

En-face OCTmay be useful for observation of changes in
the ocular surface, particularly due to its noncontact nature
and large scan width [42]. Ghouali et al. [43] evaluated the
palisade of Vogt using this device to determine the changes
in the limbal anatomy in DED patients and showed that the
visibility score of the palisades was lower in DED patients
with a decreased score in accordance with the severity of
DED [43].

AS-OCT is expected to be useful for the diagnosis of
meibomian gland dysfunction (MGD), one of the most
common causes of DED [44]. Hwang et al. [45] introduced a
method of developing 3D images of meibomian glands
(MGs) by reconstructing a series of tomograms of MGs
captured by high-speed SD-OCT. SS-OCT can provide 3D
high-resolution images of MG acini and ducts that cannot be
observed by infrared meibography [46]. OCTmeibography
showed a decreased MG length and width in obstructive
MGD, which correlated with ocular surface symptoms and
signs [47]. However, so far, there are only preliminary data;
thus, further studies are needed for clinical application of
MG imaging using OCT [48].

4. In Vivo Confocal Microscopy

In vivo confocal microscopy (IVCM) a noninvasive method
that provides real-time imaging of the ocular surface at the
histologic level, which enables the evaluation of changes in
cells reflecting ocular surface damage and inflammation,
such as corneal epithelial cells, keratocytes, and dendritic

cells [1, 10, 49, 50]. IVCM also allows for observation of
changes in the corneal nerve associated with DED [49].

In 2003, Tuominen et al. [51] reported that IVCM
demonstrated reduced central corneal thickness, patchy
alterations or irregularities in corneal epithelial cells, acti-
vated keratocytes reflected by abnormal hyper-reflectivity,
and abnormal morphology of sub-basal nerve fiber bundles
resembling nerve sprouting, suggesting active neural re-
generation in Sjögren’s syndrome [51]. Villani et al. [52]
showed that IVCM revealed reduced density of the super-
ficial epithelial cells, as well as decreased central corneal
thickness in Sjögren’s syndrome [52]. Other studies also
showed decreased cell densities in the superficial corneal
epithelial layer in both Sjögren’s syndrome and non-
Sjögren’s DED [53–55].

Several studies showed decreased sub-basal nerve den-
sity, as well as increased number of beadings and nerve
tortuosity in both Sjögren’s syndrome and non-Sjögren’s
DED [50, 52, 54–57]. )ese changes in corneal nerves had
correlation with corneal sensitivity, dry eye symptoms, and
the Schirmer score [55–57]. By contrast, Zhang et al. [58]
reported that IVCM showed increased corneal nerve density
in Sjögren’s syndrome. However, they also reported in-
creased tortuosity in corneal nerves in Sjögren’s syndrome
[58]. Morphologic changes including beading and tortuosity
may reflect an attempted regeneration of the corneal nerve
[51, 52, 55] and suggested to be indices of metabolic activity
of the sub-basal nerve plexus [57].

Dendritic cells are antigen-presenting cells that play an
important role in ocular surface immunology [59]. In DED,
dessication stress causes proinflammatory stimulation on
the ocular surface, which conceivably promotes migration
and maturation of dendritic cells (Figure 2) [59]. Lin et al.
[60] demonstrated increased dendritic cells in the central
cornea in both Sjögren’s syndrome and non-Sjögren’s DED
[60]. )ey also revealed an increased number of “activated”
dendritic cells characterized by the increased dendrites [60].
Kheirkhah et al. [61] demonstrated marked increase in
dendritic cell density at the sub-basal epithelial region in
aqueous-deficient immunologic DED, such as Sjögren’s
syndrome and graft versus host disease (GVHD), compared
with the aqueous-deficient nonimmunologic DED, evapo-
rative DED, and controls [61].

IVCM was shown to be useful for the monitoring of
treatment responses in DED [59]. Using an in vivo laser-
scanning confocal microscope (Heidelberg Retina Tomo-
graph, Rostock Corneal Module (HRT-RCM); Heidelberg
Engineering GmgH, Heidelberg, Germany), Villani et al.
[62] demonstrated that the density of sub-basal dendritic
cells and activated keratocytes significantly decreased after 4
weeks of treatment with topical steroid. Iaccheri et al. [63]
reported increased cell density of the corneal intermediate
epithelium, decreased activated keratocytes, and reduced
tortuosity of corneal nerve fibers after 6 months of treatment
with 0.05% topical cyclosporine in DED [63]. Levy et al. [64]
also reported an increase in corneal sub-basal nerves and a
decrease in dendritic cell density after 6 months of treatment
with topical 0.05% cyclosporine in Sjögren’s syndrome.
IVCM also demonstrated decreased corneal basal epithelial
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cell density and reduced numbers of nerve beadings after
treatment with autologous serum eye drops [65, 66].

IVCM can also provide high-resolution imaging of the
MGs; thus, it can be useful for the evaluation of the MG
morphology at a cellular level, which is important for the
diagnosis of MGD (Figure 3) [10, 67]. IVCM enabled de-
termination of novel MG parameters, e.g., meibomian gland
acinar unit density (MGAUD), shortest diameter (MGASD)
and longest diameter (MGALD), and inflammatory cell
density [67, 68]. )ese parameters have a significant cor-
relation with tear film parameters, ocular surface signs, and
MG expressibility [67, 68].

IVCM with HRT-RCM demonstrated morphologic al-
terations in MGD, such as enlargement of glandular acinar
units, extensive periglandular inflammatory cell infiltration,
and hyperkeratinization of the ductal epithelium [67–69]. In
severe MGD, atrophy in MGs with extensive periglandular
fibrosis was observed [70].

Ibrahim et al. [68] revealed that MGD was associated
with lower MGAUD, larger MGASD and MGALD, and

higher inflammatory cell density. Matsumoto et al. [70]
also reported similar findings and showed the acinar unit
density and diameters had association with the severity
of MG dropout and expressibility. )ey also showed a
significant reduction in the inflammatory cell density of
MGs after treatment with lid hygiene, topical 0.5%
levofloxacin and 0.1% fluorometholone, and oral 100 mg
minocycline [70]. Ban et al. [71] demonstrated that
patients with DED/GVHD had significantly lower
MGAUD, shorter MGASD and MGALD, and a higher
fibrosis grade compared to those with non-DED/non-
GVHD. Villani et al. [72] revealed that patients with
Sjögren’s syndrome had greater acinar density, shorter
diameters, higher density of periglandular inflammatory
cells, and lower secretion reflectivity compared with
those with MGD.

However, IVCM has a limitation that it is not capable of
cellular and tissue phenotyping, and analysis is only based on
morphology and reflectivity [48]. )e small field of view
(<0.25mm [2]) is also a major limitation of the device [48].

(a) (b)

Figure 2: In vivo confocal microscopy. (a) Normal sub-basal nerve plexus. (b) Increased dendritic cells in dry eye disease.

(a) (b) (c)

Figure 3: (a) In vivo confocal microscopy showing the meibomian gland duct of one of the meibomian glands of the upper eyelid. Large
arrows show the wall of the terminal duct and small arrows show the meibum within. (b))emultiple irregular globular structures (arrows)
indicate the acini of meibomian glands. (c) )e orifice of a single meibomian gland is shown by the asterix.

4 Journal of Ophthalmology



5. Infrared Meibography

Noncontact infrared meibography based on combined
transillumination with infrared photography provides two-
dimensional silhouette of MGs [10, 73]. )e technique has
been widely used for the evaluation of MG dropout since its
introduction in 2008, as it can provide improved image
quality with a short acquisition time and minimal patient
discomfort (Figure 4) [74]. Inmeibography, healthymeibum
is visualized as a light area due to its autofluorescence
[11, 73]. Dark areas in the MG conceivably indicate loss of
acinar tissue or an altered meibum condition, which is
determined as MG dropout [73, 75].

Among various grading scales proposed for MG dropout
[76], the Gestalt grading scale and meiboscale were rec-
ommended by the MGD Workshop [74, 75]. In the Gestalt
grading scale, grading of each lid is performed on a scale
from 1 to 4, based on the ratio of partial glands as follows
[11]: grade 1� no partial glands; grade 2� less than 25%
partial glands; grade 3� 25% to 75% partial glands; and
grade 4� greater than 75% partial glands [11]. In the mei-
boscale, each lid is graded based on the ratio of MG dropout:
grade 0� no loss of MGs; grade 1� area loss≤ 25%; grade
2� area loss≤ 50%; grade 3� area loss≤ 75%; and grade 4:
area loss≤ 100% [77].

Recently, continuous grading scales using semi-
automated software that automatically calculates the ratio of
the area of MG loss to the total area of the eyelid have been
developed [11, 78]. As the ratio of MG dropout is expressed
as numeric values ranging from 0 to 100, the continuous
scales may be advantageous for evaluating subtle changes
that may not be detected using categorical grading scales and
can facilitate the determination of efficacy of treatment, such
as intraductal probing and eyelid warming [11, 79, 80].

)e area of MG dropout showed a positive correlation
with the meibum grade [81, 82]. Both the severity of MGD
and the percentage ofMG dropout had a correlation with the
TBUT, dry eye symptom score, and corneal stain score [83].
)e ductal length and acini area measured by meibography
were correlated with the tear film, corneal stain score, and
meibum level [84]. Arita et al. [85] demonstrated the cor-
relation betweenMG dropout and Schirmer’s score inMGD,
suggesting that tear fluid production may increase to

compensate for tear film instability due to MGD. MG
dropout measured using infrared meibography has proven
to be useful for differential diagnosis of MGD and aqueous
deficiency DED [86].

However, infrared meibography has a limitation that it
cannot provide three-dimensional images of the deeper
structures [10]. Hence, the MG dropout evaluated by in-
frared meibography should be carefully interpreted [10].
Additional information using AS-OCT or IVCM might be
helpful for the diagnosis and monitoring of MGD.

6. Interferometry

Tear interferometry is a noninvasive method for the in-
vestigation of the tear lipid layer by visualization of the
reflection of light at the lipid-aqueous interface of the tear
film [10, 87, 88]. Interferometry allows objective evaluation
of tear film properties, such as lipid layer thickness, break-up
characteristics and changes in thickness of the tear film, its
distribution, and wetting patterns with sequential blinking
[81, 89, 90].

Yokoi et al. [91] showed that grading of the lipid layer
interference pattern had a significant correlation with the
corneal staining score and TBUT. Goto et al. [92] de-
veloped a tear interference color chart for the DR-1 α
interferometer (Kowa, Nagoya, Japan), which can be
useful for converting tear interference color information
to the lipid layer thickness (LLT) [92]. Subsequently, Arita
et al. [93] showed that the DR-1α interferometer could
measure the TMH as reliably as SS-OCT and showed that
the interferometric TMH had correlation with Schirmer’s
score. Arita et al. [88] also described a difference in in-
terferometric patterns among aqueous-deficient DED,
MGD, and normal control on the DR-1α interferometry,
suggesting that the device can be helpful for differential
diagnosis of subtypes of DED.

)e DR-1α interferometer is also capable of kinetic
analysis of spread and stability of the lipid layer [94]. MGD
was associated with significantly increased lipid spread time
[94].)e kinetic analysis can also be helpful for evaluation of
the improvement of the lipid layer after treatment, e.g., low-
dose lipid application on the lid margin or punctal occlusion
[95, 96].

(a) (b)

Figure 4: (a) Infrared meibography showing relatively normal meibomian glands in the upper eyelid. Brighter areas indicate glandular
areas, whereas darker areas indicate intergland tissue. (b) Meibography showing slight atrophy of the meibomian glands in the proximal
margin of the tarsal plate. )e abnormal area is greyish without typical whitish tracks that represent the glands.
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)e LipiView II (LVII) ocular surface interferometer
(TearScience, Johnson and Johnson Vision, Jacksonville, FL,
USA) is capable of providing quantitative information of the
LLT, as well as images of MGs using a patented Lid Everter
and infrared diodes for eversion and illumination of the
eyelid [10, 97]. Ji et al. [81] showed that LLTmeasured using
the LVII had a significant correlation with the TBUT, MGD
grade, and MG dropout, suggesting that it can be an al-
ternative to traditional dry eye tests. Eom et al. [98] also
revealed that LLT measured with LVII was negatively cor-
related toMG loss and obstructive MGDwas associated with
lower LLT [98]. LLT may reflect the changes in meibum
secretion and be helpful for differential diagnosis of MGD
[10]; LLT would be increased in hypersecrectory MGD and
decreased in obstructive MGD [99]. However, the LLT
should be carefully interpreted as it can be affected by
factors, such as age, sex, and ocular surgical history [100].

7. Wavefront and Double-Pass Aberrometry

DED is often associated with complaints including blurred
vision, glare, and fluctuating vision with blinking, which is
difficult to measure by conventional visual acuity testing
[19, 101]. As the air-tear film interface forms the first re-
fractive component of the eye, irregularity of the tear film in
DED may cause decreased optical quality [10].

Tear film instability increases higher-order aberrations
(HOAs) and ocular forward light scattering, resulting in
“fluctuating vision with blinking” and “glare,” respectively
[101]. Damage in the central cornea, i.e., the overlying
optical zone, is associated with increased HOAs and corneal
backward light scattering, leading to “blurred vision” [101].

Quantification of HOA using wavefront sensors, such as
the Shack–Hartmann aberrometer, allows evaluation of
optical aberrations associated with DED [102–104]. Wave-
front sensing has shown that break-up of the tear film was
associated with increased HOAs both in photopic and
scotopic conditions [102]. Sequential measurement of HOAs
demonstrated that superficial punctate keratopathy may
aggravate both baseline HOAs and sequential postblink
changes in HOAs in patients with DED [105]. Sequential
wavefront measurements in eyes with a short TBUT have
shown that a prolonged blink interval leads to increased
HOAs with a marked upward curve after blinking, sug-
gesting that suppressed blinking, such as while working with
a video display terminal, can result in reduced optical quality
[106]. Denoyer et al. [107] also reported a progressive in-
crease in postblink HOAs in patients with DED and the
correlation of the changes in HOAs with the OSDI score and
TBUT [107].

Evaluation of the objective scatter index (OSI) obtained
using the double-pass image of a point source projected on
the retina enables the quantification of the ocular light
scattering that cannot be measured using conventional
wavefront sensors [104, 108, 109]. Using the double-pass
aberrometer, Tan et al. [110] showed an increase in the OSI
in patients with DED and the correlation between the OSI
change and severity of DED. )e rate of change in the OSI
was correlated to the corneal staining score [111]. Koh et al.

[112] revealed that DED was associated with greater ocular
forward light scattering and corneal backward light scat-
tering. Superficial punctate keratopathy overlying the optical
zone was related to increased corneal backward light scat-
tering [112].

An improvement in HOA and light scattering was re-
ported after instilling artificial tear drops in patients with
DED [113]. Serial examinations showed increased HOAs
and forward light scattering immediately after the instilla-
tion of a highly viscous 0.3% sodium hyaluronate solution
and the instillation of 2% rebamipide suspension, respec-
tively, accounting for a temporal reduction in optical quality
after instillation of eye drops with high viscosity or sus-
pensibility [114].

8. Thermography

Infrared thermography is used to measure the amount of
infrared radiation emitted from the ocular surface using an
infrared thermal camera; thus, it allows a noninvasive
evaluation of the changes in the ocular surface temperature
(OST) caused by tear fluid evaporation [10, 115]. Decrease in
the OST had a correlation with the TBUT and NIBUT
[116, 117], conceivably, because tear film instability facili-
tates tear fluid evaporation and heat loss [116]. Su et al. [115]
demonstrated that the OST difference 3 seconds after
blinking was correlated with the TMH and Schirmer score.

Using a thermographic device (Ocular Surface )er-
mographer; OST, Tomey, Nagoya, Japan), Kamao et al. [117]
reported that DED was associated with a greater decrease in
the OST at 10 seconds after eye opening and suggested that
changes in the OSTcould be an indicator for DED. Tan et al.
[118] also showed that the temperature of the extreme nasal
conjunctiva at 5 and 10 seconds after eye opening was a good
detector for DED. Arita et al. [119] revealed that obstructive
MGD was associated with lower surface temperature of the
tarsal conjunctiva, which might increase the viscosity of the
meibum and result in obstruction of the glands [119].

9. Tear Film Imager

)e tear film imager (TFI) is a new technology that provides
real-time images of the mucoaqueous and lipid tear layers
[120]. Using spectral interference technology, this instru-
ment enables noninvasive measurement of parameters in-
cluding the thickness of mucoaqueous and lipid layers,
thickness change rate, and the break-up time with a large
field of view and nanometer axial resolution [120, 121].

Segev et al. [121] recently revealed that the device can
reproducibly measure the mucoaqueous thickness which
correlates with the Schirmer score. Lipid break-up time
measurement with the TFI had a correlation with the TBUT
[121]. DED was associated with lower mucoaqueous
thickness and shorter lipid break-up time [121]. Cohen et al.
[122] demonstrated that the TFI was capable of creating
detailed maps of the lipid layer thickness and quantifying the
lipid map uniformity due to its nanometer thickness reso-
lution, which could be helpful for the diagnosis and treat-
ment of DED.
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10. Conclusions

Advances in ocular imaging technology have enabled ob-
jective and reproducible evaluation of ocular surface change,
tear film parameters, and optical quality associated with
DED; thus, they can be useful for diagnosis andmanagement
of the disease, as well as elucidation of its pathogenesis [123].

Studies have indicated the efficacy of various imaging
modalities, i.e., the NIBUT for evaluation of the TBUT, AS-
OCT for quantification of tear meniscus parameters, IVCM
for high-resolution visualization of the ocular surface, in-
frared meibography for evaluation of MG dropout, inter-
ferometry for the measurement of the tear lipid layer,
wavefront aberrometry and the OSI for the quantification of
optical quality, thermography for the detection of changes in
the OST, and the TFI for the evaluation of mucoaqueous and
lipid layers [10].

With technological developments, these imaging devices
are expected to provide more precise and accurate infor-
mation on structural and functional changes associated with
DED. Further studies are, therefore, warranted for clinical
application of these devices and establishment of guidelines
for the use of the modalities for diagnosis and management
of DED.
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Purpose. Observation of ocular structures using microscope-integrated intraoperative optical coherence tomography (iOCT) has
been adopted. Using the novel digital ophthalmic microscope, ARTEVO 800 with iOCT, we tested the feasibility of trabecular
meshwork (TM) imaging during microhook ab interno trabeculotomy, a minimally invasive glaucoma surgery. Methods. +e
nasal and temporal sides of the TM/inner wall of Schlemm’s canal were incised more than 3 clock hours in 14 glaucomatous eyes
of 10 patients. To observe the trabeculotomy site, iOCTwas performed with the real-time five-line scan mode under observation
using a Swan-Jacob gonioprism lens.+e success of the imaging and visibility of the trabeculotomy cleft and its incisional patterns
(i.e., anterior, middle, or posterior pattern) were determined by reviewing the iOCTvideo files. Results. OCT images of the region
of interest were acquired successfully in 100% of the 28 nasal or temporal sides in 14 eyes, although the trabeculotomy cleft was not
visualized in four (14%) sides due to blockage of the OCT signal by a blood clot. Based on the predominant locations of the TM
flaps in 24 of the acquired images, the trabeculotomy clefts were classified as anterior incisional patterns in 13 (54%), middle
incisional patterns in nine (38%), and posterior incisional patterns in two (8%). Conclusion. Intraoperative imaging of the gonio
structures including the trabeculotomy cleft was feasible using the ARTEVO 800 with iOCT in combination with a gonioprism.

1. Introduction

Trabeculotomy is a glaucoma surgery that reduces intra-
ocular pressure (IOP) by eliminating aqueous flow resistance
by cleavage of the trabecular meshwork (TM) and inner
walls of Schlemm’s canal at the point of outflow resistance of
the aqueous humor. A new technique, i.e., the ab interno
approach, for performing trabeculotomies has been reported
recently in which the TM is incised or excised using spe-
cialized devices under direct observation of the anterior-
chamber angle structure [1, 2]. We initially reported a case of
both eyes of one patient with steroid-induced glaucoma who
underwent a novel ab interno trabeculotomy, which we
referred to as microhook ab interno trabeculotomy (μLOT)
[3]. Because of the substantial IOP decrease in that case, we
began to perform the procedure in other cases and reported

the early postoperative results and safety profile of μLOT
[4–7]. +e features of μLOT, which include conjunctival and
scleral sparing with the ab interno technique, short surgical
time, moderate IOP reduction, and no bleb-related com-
plications, fulfill the conditions of minimally invasive
glaucoma surgery (MIGS) [8].

Optical coherence tomography (OCT) is an indispens-
able diagnostic tool for managing numerous ophthalmic
diseases. Observation of the ocular microarchitectural
structures using microscope-integrated intraoperative OCT
(iOCT) was initially conducted using an external portable
OCT system mounted on a microscope [9] and, more re-
cently, using an OCT system integrated into surgical mi-
croscopes [10]. iOCT was adopted initially in vitreoretinal
surgery to assess macular holes and epiretinal membranes
[10], in corneal surgery to visualize the donor cornea during
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endothelial keratoplasty [11], and in cataract surgery to
evaluate the intraocular lens position [12]. Several studies
have used the iOCT device during glaucoma surgeries to
image the scleral lake during canaloplasty [13], refine bleb
needling [14], assess gonio structures during Trabectome
(NeoMedix, Tustin, CA, USA) procedures [15], adjust the
tube position during tube-shunt surgery [16], and assess
changes in the angle recess in plateau iris syndrome [17].

We previously reported the feasibility results of gonio
structure observation during MIGS using a microscope-
iOCT device (RESCAN 700, Carl Zeiss Meditec AG, Jena,
Germany) [18]. In the current study, we report our initial
feasibility assessment using the novel digital ophthalmic
microscope (ARTEVO 800 with iOCT, Carl Zeiss Meditec
AG) to visualize the incised TM observation during μLOT.

2. Methods

+is retrospective observational study included 14 consecu-
tive glaucomatous eyes of 10 subjects (5 men, 5 women;
mean± standard deviation age, 66.9± 9.5 years, range 47–78
years) who underwent μLOT with iOCT to reduce IOP in
February 2020. +e study adhered to the tenets of the Dec-
laration of Helsinki; the institutional review board (IRB) of
Shimane University Hospital reviewed and approved the
research (No. 20200227-2). Preoperatively, all subjects pro-
vided written informed consent for surgery; however, the IRB
approval did not require that each patient provide written
informed consent for publication; instead, the study protocol
was posted at the study institutions to notify participants
about the study. +e subjects’ demographic data included the
glaucoma types, i.e., six (43%) eyes with primary open-angle
glaucoma, five (36%) with pseudoexfoliation glaucoma, two
(14%) with mixed-mechanism glaucoma, and one (7%) with
steroid-induced glaucoma. Eleven (79%) eyes were phakic
and three (21%) were pseudophakic. No eye had a history of
having undergone a previous glaucoma surgery. +e proce-
dure included μLOT alone in six (43%) eyes and μLOT
combined with cataract surgery in eight (57%) eyes.

+e μLOT procedure was performed through two cor-
neal side ports as reported previously [1]. Briefly, a spatula-
shaped microhook (M-2215, Inami, Tokyo, Japan) was used,
which was designed specifically for use during μLOT. Vis-
coelastic material (1% sodium hyaluronate, Healon, AMO
Japan, Tokyo, Japan) was injected into the anterior chamber
through the clear corneal ports created using a 20-gauge
micro-vitreoretinal knife (Mani, Utsunomiya, Japan) at the
2–3 and 9–10 o’clock positions. A microhook was inserted
into the anterior chamber through the corneal port using a
Swan-Jacob gonioprism lens (Ocular Instruments, Bellevue,
WA, USA) to observe the angle opposite to the corneal port.
+e tip of the microhook then was inserted into Schlemm’s
canal and moved circumferentially to incise the inner wall of
Schlemm’s canal and TM over 3 clock hours (Figure 1(a)).
Using the same procedure, LOT was performed in the
opposite angle using a microhook inserted through the other
corneal port. In cases of combined surgery, before μLOT,
phacoemulsification cataract surgery was performed
through a 2.2mm wide clear corneal incision created at the

9–10 o’clock position (i.e., temporal incision for the right eye
and nasal incision for the left eye); a one-piece soft acrylic
intraocular lens (Vivinex iSert XY1, Hoya, Tokyo, Japan) was
inserted through the same clear corneal incision. +en,
μLOT was performed through the 2.2mm clear corneal
incision and a clear corneal port created at the 2–3o’clock
position in both eyes.

iOCT then was performed to assess the gonio structures
in the temporal and nasal sides of each eye, i.e., a total of 28
images from the 14 eyes, using the ARTEVO 800 with iOCT
that was equipped with spectral domain OCT. Because of
poor penetration of the light source, the angle structure was
not visualized through the limbal tissue. Alternatively, the
gonio structure was visualized under observation with a
Swan-Jacob gonioprism lens using the real-time five-line
scan mode (scan width, 6.0mm; scan interval, 0.75mm; scan
depth 2.9mm) (Figure 1(b), Video 1). +e iOCT image was
recorded in mp4 format. After iOCT imaging, the visco-
elastic material was aspirated through the handpieces and
the corneal ports were closed by corneal stromal hydration.
Typically, surgical time of combined and solo surgeries were
10 and 4 minutes, respectively; and additional 2 minutes
were required to obtain iOCT images in 2 locations (i.e., 1
minute each for nasal or temporal angle).

One author (MT) reviewed the iOCTvideos and assessed
the success of imaging, visibility of the trabeculotomy cleft,
and incisional patterns (i.e., anterior, middle, or posterior
pattern) (Figure 2) according to a previous report on the
RESCAN 700 [18].

3. Results

At the final follow-up visit at 1.6± 0.6months postopera-
tively, the baseline IOP of 20.4± 3.3mmHg decreased to
15.0± 3.9mmHg (25% reduction, P< 0.0001, Wilcoxon
signed-rank test). +e baseline number of glaucoma med-
ications of 3.1± 1.3 remained unchanged at 2.7± 0.6
(P � 0.1386). +e baseline best-corrected visual acuity of
0.2± 0.4 in logarithm of the minimum angle of resolution
(logMAR) notation was unchanged at 0.1± 0.3 (P � 0.6108),
and the visual acuity did not decrease in any eye more than
0.2 logMAR. Other than perioperative hyphema in all eyes
and a transient IOP elevation of more than 30mmHg in two
(14%) eyes, no surgery-related complications were recorded.

A review of the surgical videos showed that the OCT
images successfully captured the areas of interest in all
(100%) of the 28 nasal and temporal angles in 14 eyes in
which iOCT was performed. Of them, the trabeculotomy
cleft was seen in 24 (86%) nasal and temporal sectors of 14
eyes (Figures 3(a)–3(c)) but was not visualized due to
blockage of the OCT signal in four (14%) sides in four eyes
(Figure 3(d), blue arrow). Of the 24 sides, based on the
appearance of the acquired images, the incisional patterns
were classified as anterior incisional patterns in 13 (54%)
(Figure 3(a), posterior-based flap), middle incisional pat-
terns in nine (38%) (Figure 3(b), posterior- and anterior-
based flaps), and posterior incisional patterns in two (8%)
(Figure 3(c), anterior-based flap), according to the pre-
dominant locations of the TM flaps.

2 Journal of Ophthalmology



4. Discussion

Using the RESCAN 700, Siebelmann et al. reported that
good visualization of the gonio structures can be achieved
through a deep sclerectomy window during canaloplasty
[13]; while Junker et al. [15] and we [18] reported that
Schlemm’s canal could not be visualized through the full-
thickness sclera because of poor penetration of the 840 nm
light source. In the current study, we reconfirmed that
Schlemm’s canal could not be visualized through the full-
thickness sclera using the ARTEVO 800. In contrast to direct
observation, we successfully observed a trabeculotomy cleft
and the lumen of Schlemm’s canal using the combination of
the ARTEVO 800 and a gonioprism. Previously, using the
RESCAN 700 and a gonioprism, OCT images were not
obtained in 17% of observations due to the lengthy time
required to frame/focus the image [18]. Junker et al. pointed
out that one of the biggest problems associated with gonio-
structure imaging by iOCT is focusing on the region of
interest [15]; thus, iOCT of the gonio structures performed

in combination with a gonioprism requires experience for
successful image acquisition. In the current study, OCT
images were obtained for 100% of eyes using iOCT. In
addition to the improved skills of the operator/surgeons,
improvement in hardware/operating software (e.g., ease of
focusing) of the ARTEVO 800 compared with the RESCAN
700 might be associated with this increased image acqui-
sition, but this is inconclusive since the detailed specifica-
tions of the iOCTdevice of the ARTEVO 800 have not been
released. Real-time iOCT “during” the TM incision, rather
than “after” the TM incision, is ideal, although the “during”
iOCT is still difficult to perform with current ARTEVO800;
thus, further improvement of its usability is desired.

According to our previous study, based on the ap-
pearance of the acquired images of the 24 sides, we suc-
cessfully classified the trabeculotomy cleft into three
incisional patterns. In our previous study using the RESCAN
700, the patterns were determined as comprising 60%, 30%,
and 10% of the anterior, middle, and posterior incisional
patterns, respectively, during μLOT [18]. +erefore, we

Anterior incisional 
pattern

13 sides (54%)

Cornea

Iris

(a)

Middle incisional 
pattern

9 sides (38%)

Cornea

Iris

(b)

Posterior incisional 
pattern

2 sides (8%)

Cornea

Iris

(c)

Figure 2: Schematic drawings of the three patterns of the trabeculotomy clefts. Based on the flap locations (black and red arrows), the
trabeculotomy cleft is classified into an anterior (a), middle (b), or posterior (c) incisional patterns. +e black and red arrows indicate
posterior- and anterior-based flaps, respectively. +e yellow ovals indicate Schlemm’s canal. +is figure is a modification of our previous
publication in the Journal of Ophthalmology [18].

(a) (b)

Figure 1: Intraoperative integrated optical coherence tomography (iOCT) during microhook ab interno trabeculotomy. (a) Intraoperative
findings during microhook ab interno trabeculotomy. Under observation using a Swan-Jacob gonioprism lens, a microhook is inserted into
Schlemm’s canal. In this left eye, the nasal angle is being incised with the straight microhook that is inserted from the temporal corneal port.
(b) Intraoperative observation of the incised trabecular meshwork and inner wall of Schlemm’s canal by five-line scans using the ARTEVO
800 with iOCT in combination with a Swan-Jacob gonioprism lens. In this left eye, the nasal angle is visualized with iOCT.+e green arrows
indicate the scan direction.
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Figure 3: Representative microscope-integrated optical coherence tomography (OCT) images of trabeculotomy site. Based on the flap
locations (white and red arrows), the trabeculotomy cleft are classified into an anterior incisional pattern (a, b) (seen with posterior-based
flaps predominantly), middle incisional pattern (c, d) (seen with posterior- and anterior-based flaps), or posterior incisional pattern (e, f )
(seen with anterior-based flap predominantly). (g, h) +e trabeculotomy cleft is unclear because the OCT signal is blocked by a blood clot.
+e white arrows indicate a posterior-based flap; red arrows, an anterior-based flap; blue arrow, a blood clot; green arrows, the direction of
the scan; and asterisk, the lumen of Schlemm’s canal.
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confirmed that the cleft at the anterior edge of the TM was
the most frequently observed pattern after the incision using
a microhook; this should be associated with significant IOP
reductions after μLOT, although the association between the
patterns or extent of TM incision and surgical efficacy needs
clarification.

In conclusion, intraoperative imaging of the gonio
structures including the trabeculotomy cleft was feasible
using the ARTEVO 800 with iOCT in combination with a
gonioprism. +is technique might be useful to confirm the
proper incision of the inner wall of Schlemm’s canal during
trabeculotomy.
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Received 29 March 2020; Accepted 22 May 2020; Published 17 June 2020

Guest Editor: Sang Beom Han
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Background. Differential diagnosis and follow-up of small anterior segment tumors constitute a particular challenge because they
determine further treatment procedures.*e aim of this study was to evaluate the efficacy of the UBM (ultrasound biomicroscopy)
and AS-OCT (anterior segment optical coherent tomography) in distinguishing different types of anterior segment lesions.
Methods. It was a retrospective, noncomparative study of case series of 89 patients with the suspicion of anterior segment tumor
referred to the Ophthalmology Clinic, Medical University of Białystok, Poland, between 2016 and 2020. UBM was used to assess
tumor morphology including height, location, and internal and external features. In cases in which UBM did not provide enough
data, the AS-OCT images were analyzed. *e data on demographics, best corrected visual acuity (BCVA), intraocular pressure
(IOP), and rate of complications were also collected. Patients were followed up from 1 to 48 months. Results. *e mean ob-
servation period was 26.61± 16.13 months. Among the patients, there were 62 women and 27 men at a mean age of 55.59± 19.48
(range: from 20 to 89 years.)*e types of tumors were cysts (41%), solid iris tumors (37.1%), ciliary body tumors (7.9%), peripheral
anterior synechiae (PAS 3.4%), corneal tumors (4.5%), and others (5.6%). Patients with cysts were younger than patients with solid
iris tumor (p � 0.002). Women had a cyst as well as solid iris tumor more frequently than men, but less often a ciliary body tumor
(p< 0.05). *e horizontal size of tumor was positively correlated with patients’ age (rs � 0.38 and p � 0.003) and negatively
correlated with visual acuity (rs � −0.42 and p � 0.014). During the 4 years of diagnosis, only 2.2% of lesions exhibited growth
(growth rate of 0.02mm per year). Among 15 cases in which visualization with UBM was not satisfactory (mostly iris nevi), AS-
OCTwas helpful in diagnosis of 13 patients.Conclusions. Both UBM and AS-OCTare effective methods in detection and diagnosis
of tumors of the anterior eye segment, but in some cases, AS-OCT adds additional value to the diagnosis. Many lesions can be
managed conservatively because they did not demonstrate growth during 4 years of the follow-up period.

1. Introduction

Detection and monitoring of anterior segment tumors is a
major challenge due to their location, which makes direct
visualization of these lesions in a basic ophthalmological
examination difficult. Consequently, many tumors remain
undiagnosed for a long time or are diagnosed too late when
they are large enough to produce ocular symptoms.
*erefore, the use of additional tests for the early diagnosis
of anterior segment tumors is necessary.*ese examinations

should enable the assessment of tumor parameters such as
size, location, infiltration of surrounding structures, and
growth rate. *is is now possible due to the development of
such techniques of imaging the anterior segment of the eye
as high-frequency ultrasound biomicroscopy (UBM) and
anterior segment optical coherence tomography (AS-OCT).

UBM is recognized as the gold standard in the imaging of
anterior segment tumors [1]. *is test uses high-frequency
ultrasound, from 20MHz to 100MHz, which allows a
resolution of 20–50 μm, with tissue penetration up to
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4–7mm. With its help, in a noninvasive and detailed way, it
is possible to visualize the anatomy of the anterior segment
of the eye, especially structures inaccessible to visualization
in a standard examination using a slit lamp. *ese include,
for example, the anterior chamber angle, ciliary body, the
peripheral part of the lens, haptens of artificial intraocular
lens (IOL), or even the outermost parts of the retina. UBM
provides also accurate biometric measurements of assessed
eyeball structures [1–4].

Modern AS-OCT devices use a light beam with a
wavelength of 1310 nm, which allows us to obtain high axial
resolution, even up to 5–7 μm with the spectral-domain
OCT. However, AS-OCT limitation includes a penetration
depth of 3–6mm at a scan width up to 6–16mm and poor
penetration through the iris pigment epithelium, which in
some cases of lesions located behind the iris allows only
visualization of their anterior walls. It is a noncontact and
quick test, and it is a perfect complement to UBM [4, 5].

Although several studies comparing AS-OCTwith UBM
in assessment of anterior segment tumors [5–8] have been
published, there is very little information on the long-term
follow-up of these tumors in the literature.

*e purpose of this study is to evaluate the characteristics
of anterior segment tumors, which were referred to the
Ophthalmology Clinic Medical University of Bialystok be-
tween 2016 and 2020, with the usage of these two methods of
imaging, i.e., UBM and AS-OCT. We tried to determine
which techniques provide better visualization and charac-
terization of certain anterior segment tumors. We have also
reported our experiences with long-term follow-up of these
tumors to detect the growth and the rate of other mor-
phological features related to the higher risk of malignancy.

2. Materials and Methods

*is study was approved by the Bioethics Committee of the
Medical University of Białystok in accordance with the
ethical standards of the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards. All the
patients gave written, fully informed consent for the ex-
amination and the use of their clinical data for publication.

We conducted a retrospective review of the medical
records and electronic images of all patients with suspected
anterior segment tumors who were examined at the De-
partment of Ophthalmology, Medical University in Bia-
lystok between April 2016 and February 2020. We obtained
the following data frommedical records: gender, age, BCVA,
IOP, anterior segment clinical evaluation, images obtained
with UBM (Aviso S, Quantel Medical, Paris, France v 5.0.0),
and AS-OCT (Spectralis Tracking Laser Tomography,
Heidelberg Engineering).

UBM was performed in all patients, and this test was
considered the gold standard in the diagnosis of anterior
segment tumors [1]. UBM was performed by two experi-
enced researchers (JK and ŁL) according to the method
described earlier [8] with a 50MHz transducer. Images were
obtained at the radical meridian through the largest tumor
thickness using an eyecup filled with 1%methylcellulose and
distilled water.

Ultrasound images were evaluated for the type of le-
sion, size, location, penetration into the anterior chamber
or outside the iris pigment epithelium, echogenicity, ex-
ternal structure (regular/irregular), infiltration of sur-
rounding structures, iris pigmentation, and documented
growth. *e dimensions of the iris tumors were deter-
mined as the largest dimension of the base and the largest
dimension of the height, drawn in a line perpendicular to
each other, with an accurate determination of the o’clock
position. If the lesion was in the cornea, its thickness was
not included in the measurement of the size of the lesion
(as long as the resolution of the test allowed to distinguish
this boundary).

*e height of the ciliary body tumors was measured
perpendicularly from the internal surface of the sclera to the
tumor surface at the thickest portion of the tumor. *e
growth of a lesion was defined as an increase of its height by
at least 20% in comparison with the previous measurement
in two separate tests [9]. Imaging parameters were set
uniformly during all tests: using a gain of 100 decibels (db),
Dyn� 50 db and Tgc� 0 db, and a time-gain control of 5 db/
min.

In cases where no change was seen in the UBM image,
the patient underwent AS-OCT. *is test was performed by
an experienced researcher (ŁL) using the IR20°ART+OCT
15° (3mm) protocol, and the anterior chamber evaluation
module was always used in the same way. To minimize the
risk of distortion, it was ensured that the light beam ran
perpendicularly to the iris and the tested lesion, and corneal
reflex was clearly visible. *e best quality scan was used for
the analysis.

Based on ultrasound assessment, the lesions were clas-
sified into the following groups: cysts, solid iris lesions,
ciliary body tumors, peripheral anterior synechiae (PAS),
corneal tumors, and others. More than 3 cysts in the eye were
classified as multiple cysts [10]. Follow-up visits were
scheduled at six-month intervals. If disturbing symptoms
(an increase in IOP; presence of tortuous and dilated vessels
going towards the lesion) were observed, the frequency of
visits was higher and adapted to the local condition.

2.1. Statistical Analysis. Statistical analysis was performed
using R 3.5.1. *e studied variables were presented with the
use of descriptive statistics. Nominal variables were com-
pared between groups by Fisher’s exact test.*e normality of
the distribution of quantitative variables was assessed using
the Shapiro–Wilk test, skewness and kurtosis indicators, and
visual assessment of histograms. Group comparisons for
quantitative data were performed by the Mann–Whitney U
test or the Kruskal–Wallis test with the Dunn test, when
appropriate. *e Bonferroni correction was employed be-
cause of multiple comparisons. A comparative analysis of the
tumor size with individual tests was performed with the
Wilcoxon test for dependent measurements. Correlation of
the tumor size with selected quantitative parameters was
checked by Spearman’s rank correlation coefficient. *e
significance level α� 0.05 was used, and all statistical tests
were two-sided.
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3. Results

*e study involved 89 patients with suspected anterior
segment tumor. *ey were 62 women and 27 men at an
average age of 55.59± 19.48 years, with a range of 20–89
years.

Tumor-like lesions were revealed in UBM in 74 people
(83% of the group). In 13 (14.6%) subsequent cases, the
diagnosis was confirmed by AS-OCT. Only in two patients
with iris nevi, visible in the slit lamp, it was not possible to
visualize the change in either UBM or AS-OCT. Finally, it
was found that cysts (n� 37, 42%) and solid iris lesions
(n� 33, 37%) were the most common anterior segment
lesions in the study group. Other less-frequent lesions were
ciliary body tumors (n� 7, 7.9%), corneal tumors (n� 4,
4.5%), PAS (n� 3, 3.4%), and other lesions (n� 5, 5.6%).
Other lesions included 2 cases of corneal leukoma, con-
junctival nevus, thinning of the sclera with a translucent
choroid after childhood esophoria surgery, and IOL
decentration causing iris elevation. UBM provided effective
visualization in 74 cases (80.1%). However, in 15 cases, UBM
did not show tumor mass, and these were 7 solid iris lesions
(Figure 1.), 3 PAS cases, 1 IOL displacement, 1 conjunctival
nevus, 2 cases of corneal leukoma, and 1 case of scleral
thinning after childhood esophoria surgery. *e AS-OCT
images of these patients were analyzed. In 5 cases, the lesion
was revealed, namely, iris nevus (Figure 2). In 2 cases of
corneal leukoma, AS-OCT could accurately determine the
boundary between the cornea and the growing lesion
(Figure 3). In the other 2 cases, the lesion could not be
visualized either.

Tumor size measurements were made based on UBM.
*e average values of the base width and height of all
measured tumors are presented in Table 1.

In addition, the mean horizontal and vertical dimensions
of the solid iris tumor were significantly smaller than those
of the ciliary body tumor p � 0.018 and p< 0.001, respec-
tively, and the horizontal dimension of the cyst was also
significantly smaller from that of the corneal tumor
(p � 0.017).

A statistically significant difference was found for both
horizontal and vertical tumor dimensions depending on the
type of lesion (Table 3). *e mean horizontal and vertical
dimensions of the cyst were significantly different than the
ciliary body tumor dimension (p< 0.001 and p � 0.017,
respectively). In addition, the mean horizontal and vertical
dimensions of solid iris tumor were significantly different
than those of ciliary body tumor (p � 0.018 and p< 0.001,
respectively). *e mean horizontal cyst dimension was also
significantly different from that of the corneal tumor
(p � 0.017).

*emean age of the patients was significantly statistically
different (p � 0.006) between the patients with particular
types of tumor (Table 4). A post hoc analysis indicated that
patients with cysts were much younger than patients with
solid iris tumor (p � 0.002). A significant relationship be-
tween tumor type and gender was also found. Women had a
cyst more frequently than men (45% of women and 33% of
men) as well as solid iris tumor (36% vs. 26%, respectively).

In turn, men had a ciliary body tumor (15% of men and 5%
of women) and other changes (15% vs. 2%, respectively)
more frequently than women (Table 5).

Comparison of BCVA and IOP values depending on the
type of tumor revealed that patients with cysts had signif-
icantly higher BCVA than patients with other lesions
(Table 6). However, no correlation was found between the
IOP value and tumor type (Table 7).

A tumor horizontal size was positively correlated with
patients’ age (rs � 0.38, p � 0.003) and negatively correlated
with visual acuity (rs � −0.42, p � 0.014). Both the demon-
strated correlations had a moderate strength. *e rela-
tionship between the horizontal and vertical dimensions of
the tumor and the IOP value was not confirmed (Table 8).

*e assessment of the anterior segment of the eye in the
slit lamp revealed additional symptoms besides the tumor in
5 patients. In 2 cases of ciliary body tumor, the following
complications were observed: 1 sectoral cataract and 1 in-
flammatory reaction in the anterior uvea. Increased IOP
values were found in 3 patients with multiple cysts. *ese
patients were treated with the Nd: YAG laser to perforate the
cyst walls and drain the internal fluid according to the earlier
described technique [11]. After the procedure, normaliza-
tion of IOP was observed in two of these patients; in one of
them, it was necessary to include hypotensive treatment.

Follow-up examinations were routinely performed on all
patients every 6 months, with the exception of 10 individuals
who already had disturbing symptoms during the first ex-
amination that could indicate malignancy. *ese were as
follows: all cases of ciliary body tumors (7 patients), 1 case of
iris tumor due to visible additional symptoms: tortuous
vessels going from the angle of infiltration to the tumor
mass, 1 case of iris tumor and concomitant sectoral cataract,
and 1 case of iris tumor with signs of infiltration into the
filtration angle.*ese patients were immediately referred for
further diagnostics and possible treatment to a specialist
center of intraocular cancer treatment.

In 2 patients, tumor growth by ≥ 20%, when compared to
the first examination, was confirmed by a follow-up. *ese
patients were immediately referred for further diagnosis, like
in the abovementioned cases. Of all the patients referred to
another ophthalmology center, 2 returned with confirma-
tion of the malignant process. *ey underwent brachy-
therapy and were referred to further observation at the place
of residence. In 3 patients, the tumor process was excluded,
and further follow-up was recommended. *e fate of the

Figure 1: A patient with iris nevus which was not visualized in
UBM.
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remaining patients is unknown to us. Ultimately, in the
remaining patients, the follow-up ranged from 1 to 48
months. *e average follow-up length was 26.61± 16.13
months.

4. Discussion

Iris elevation or focal discoloration in the anterior segment
of the eye is always an alarming symptom for the oph-
thalmologist. In our study, it turned out that in 92% of cases,
this translated into the presence of a tumor (42% of cysts,

37% of solid iris tumor, 7.9% of ciliary body tumor, or 4.5%
of corneal tumor), and only in 8% of cases, the cause may be
different (PAS, scleral thinning, IOL decentration, or corneal
leukoma).

Documenting objective tumor growth is always a
challenge, and without the use of additional imaging tools, it
cannot be precise. Taking a photograph of the anterior
segment of the eye may be helpful but only allows imaging of
the lesion surface. Sequential UBM allows detection of the
tumor size change. *erefore, it allows, in some cases, to
avoid invasive diagnostics, i.e., fine-needle aspiration or

(a)

(b)

Figure 3: A well-visible boundary of corneal leukoma.

Table 1: Tumor size mean values, median values, standard deviations, and the range at the first visit.

Tumor size (mm) n Mean SD Median Q1–Q3 Range
Base width 74 2.97 2.32 2.36 1.79–2.90 0.96–12.87
Height 74 1.38 0.87 1.10 0.81–1.41 0.48–4.60
Comparison of average tumor sizes does not indicate significant statistical differences between men and women (Table 2).

(a)

(b)

Figure 2: Well-visible iris nevus on the AS-OCT image in the same patient.
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iridocyclectomy [4, 11]. In our study, tumor growth was
observed only in 2.2% of patients. Other features (i.e., tumor
size, presence of abnormal tortuous vessels, sectoral cataract,
and inflammation in the anterior chamber) resulted in the
referral for further oncological diagnosis of 10 patients
(11%). In the study by Shields et al., in 200 cases, 24% were
finally qualified as lesions requiring further oncological
diagnosis [12].

Cysts (42%) were the most common change in our study
group. Cysts in the anterior segment of the eye can be
classified as primary or secondary ones. Primary cysts are
epithelial, while secondary ones may be the result of

implantation, tumor metastasis, parasitic infections, or
chronic use of miotics. Primary cysts rarely cause compli-
cations or impair BCVA [4]. *ey have thin, regular walls
and a hypoechogenic interior. Secondary cysts involve the
risk of many complications such as corneal edema, uveitis,
secondary angle-closure glaucoma, astigmatism, or cataracts
due to lens compression. *ese disorders usually involve
significant visual impairment [1, 11]. In our study, in three
cases of multiple and binocular cysts, we observed an in-
crease in IOP, but we did not observe cases with reduced
BCVA. Implantation cysts originating from the conjunctival
epithelium, cornea, or eyelid skin are the results of

Table 3: Tumor size mean values, median values, standard deviations, and the range by tumor types.

Tumor type
Base width (mm) Height (mm)

n Mean (SD) Median (range) p n Mean (SD) Median (range) p∗

Cyst 37 2.07± 0.91 1.87 (1.04; 5.64)a,b

<0.001

37 1.20± 0.60 1.09 (0.63; 4.04)d

<0.001Solid iris tumor 26 2.40± 0.70 2.29 (0.96; 3.83)c 26 0.92± 0.37 0.81 (0.48; 2.15)e,f

Ciliary body tumor 7 5.72± 3.02 4.75 (2.41; 11.33)a,c 7 2.65± 1.06 3.18 (1.14; 3.93)d,f

Corneal tumor 4 6.34± 4.28 6.23 (2.50; 10.38)b 4 1.77± 0.89 1.72 (0.86; 2.79)
∗Kruskal–Wallis test; a–f: significant differences in the post hoc Dunn test (a: p< 0.001, b: p � 0.017, c: p � 0.018, d: p � 0.017, e: p � 0.010, and f: p< 0.001).

Table 4: Age mean values, median values, standard deviations, and the range by a tumor type.

Age, years n Mean (SD) Median (range) ∗p

Cyst 37 43.94± 20.52 39.00 (20.00; 86.00)a

0.006Solid iris tumor 26 63.80± 14.96 65.00 (23.00; 86.00)a

Ciliary body tumor 7 64.60± 14.26 62.00 (47.00; 81.00)
Corneal tumor 4 62.25± 16.15 59.00 (48.00; 83.00)
∗Kruskal–Wallis test; a: significant difference in the post hoc Dunn test (p � 0.002).

Table 2: Tumor size mean values, median values, standard deviations, and the range by gender.

Gender
Base width (mm) Height (mm)

n Mean (SD) Median (range) p n Mean (SD) Median (range) p∗

Females 53 2.95± 2.34 2.29 (0.96; 12.87) 0.512 52 1.40± 0.90 1.09 (0.48; 4.60) 0.886Males 21 3.03± 2.31 2.41 (1.31; 11.33) 19 1.33± 0.80 1.21 (0.53; 3.93)
∗Mann–Whitney U test.

Table 5: Tumor type between females and males.

Tumor type Females Males ∗p

Cyst 28 (45.2) 9 (33.3)

0.038

Solid iris tumor 26 (35.5) 7 (25.9)
Ciliary body tumor 3 (4.8) 4 (14.8)
Anterior synechiae 1 (1.6) 2 (7.4)
Corneal tumor 3 (4.8) 1 (3.7)
Other 1 (1.6) 4 (14.8)
∗Fisher’s exact test; data presented as n (% of sex).

Table 6: BCVA mean values, median values, standard deviations, and the range by a tumor type.

BCVA n Mean (SD) Median (range) ∗p

Cyst 37 0.87± 0.25 1.00 (0.20; 1.00)a

0.038Solid iris tumor 33 0.82± 0.20 0.85 (0.50; 1.00)
Others 11 0.58± 0.35 0.50 (0.05; 1.00)a
∗Kruskal–Wallis test; a: significant difference in the post hoc Dunn test (p � 0.016).
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penetrating trauma or surgical intervention. *ey can take
the form of compact masses (pearl-like cysts), reservoirs
filled with liquid, or they can cause endothelial hyperplasia.
*ey are usually large (about 5mm in cross section) and
have thick walls (about 0.4mm). *ey may contain serous,
echo-negative fluid content (serous cysts). It is very im-
portant to distinguish the cyst from the echo-negative space
inside the tumor that corresponds to the focus of necrosis or
the lumen of a large blood vessel.

However, UBM does not allow to distinguish serous
content, erythrocytes, or inflammatory cells, so histopa-
thology still plays a key role in such cases [1]. *eir growth
varies; initially, they can grow rapidly and later remain
unchanged. By reaching large sizes, they can overgrow the
iris, causing its atrophy, as well as they penetrate into the
posterior chamber. In our study, there were 5 secondary
cysts: 1 caused by trauma in childhood, 2 previous surgeries:
phacotrabeculectomy and ECCE, and in 2 cases, the reason
was not revealed.

*e use of AS-OCT is of limited significance in the case
of central cysts, under the iris pigment epithelium. Nu-
merous studies confirm UBM advantage over AS-OCT in
detecting these changes [3, 13–15]. *e pigment epithelium
absorbs light to a large extent, and its cells are linked tightly
bymeans of desmosomes, as a result of which it is impossible
to visualize the circumference of the cyst. Peripheral cysts,
located in the iridociliary sulcus, are partially covered with
colorless epithelium, and the links between its cells are less
tight and have gaps, so their visualization with AS-OCT is
possible at least partially [1].

*ere are studies describing the family occurrence of iris
cysts with dominant autosomal inheritance [16, 17]. In these
cases, multiple cysts often cover more than 180° of the fil-
tration angle. In our study group, we had 1 case of siblings
(brother and sister) with multiple binocular cysts. In such
cases, it would be worth extending the diagnostics to other
family members. Centrally located primary cysts in adults
are usually asymptomatic, and even signs of spontaneous
regression have been observed, although they may also
slowly increase with time [18]. No such cases were observed
in our study. Sometimes, cysts can cause an increase in IOP
due to the obstruction of filtration angle or clogging of the

openings of trabecular meshwork by mucus released from
the secondary cyst [18]. In our study, only 3 patients had an
increase in IOP, and these were multiple cysts that covered
>180° of the filtration angle. Our study confirmed the
conclusions of Shields et al. that primary iris cysts rarely
progress and affect BCVA and IOP levels [12]. In Shield’s
study, they accounted for 21% of cases in the group of
patients referred for examination with suspected tumor.
Binocular and multiple cysts accounted for 37.8% [10] in
another study and 16% (6 cases) in our study.

*e second most common diagnosis among our group
was solid iris tumors.*ey occur in the form of localized foci
of pigmentation of the iris, which are flat or slightly elevated.
Sometimes, these lesions can grow and infiltrate sur-
rounding tissues [19]. *e diagnosis of this type of lesions is
particularly important, especially when they reveal signs of
pupil displacement, ectropion uvea, or cataracts in the ad-
jacent quadrant, due to the possibility of melanoma on their
basis.

Typically, the iris tumors look like weak-reflective pla-
ques surrounding the thickened iris stroma. A lesion close to
the base of the iris can cause its deflection [10]. Certain
characteristics of neoplastic transformation, i.e., location,
presence of abnormal vessels, or uneven edge of the lesion,
can be assessed during the slit-lamp examination. However,
imaging of penetration through the pigment lamina, con-
firmation of the growth of the lesion, infiltration of struc-
tures, or confirmation of uneven echogenicity are not
possible without the use of additional devices [19]. In our
study, this was confirmed in 4 cases of iris tumors (12%).

In 7 patients with iris tumor, the ultrasound image could
not be obtained due to the lack of reflections caused by the
resolution of the test.*ese weremainly the cases of iris nevi.
Of these, in 5 patients, AS-OCT showed high-resolution
images on the basis of which it could be concluded that the
nevus does not penetrate through the iris pigment epithe-
lium, which is an important prognostic feature. AS-OCT
may also be a useful alternative in imaging small, non-
pigmented iris tumors (with a thickness of not more than
1.3mm and a base width of not more than 3mm) [20].

In the study by Hau et al. [13], it was shown that the
possibility of accurate imaging of iris nevi with dimensions

Table 8: Correlation between tumor size and age, BCVA, and IOP.

Correlation with tumor size
Base width Height

Spearman’s rank correlation coefficient rs p Spearman’s rank correlation coefficient rs p

Age, years 0.38 0.003 −0.11 0.390
BCVA −0.42 0.014 −0.15 0.420
IOP −0.31 0.113 −0.02 0.939

Table 7: IOP mean values, median values, standard deviations, and the range by a tumor type.

IOP, mmHg n Mean (SD) Median (range) ∗p

Cyst 37 15.71± 2.78 16.00 (10.00; 20.00)
0.747Solid iris tumor 33 15.00± 2.89 14.00 (12.00; 20.00)

Others 11 15.86± 3.48 17.00 (11.00; 21.00)
∗Kruskal–Wallis test.
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≤2mm of the base width and 0.6mm in height was 87.1% of
all cases, and in the study by Razzaq et al., it was as much as
96% [21]. Moreover, greater precision in determining the
tumor size that is possible with AS-OCT (no additional
echoes as in the case of UBM) allows the calculation of an
adequate brachytherapy dose for confirmation of melanoma
[21]. However, if the lesion was larger or penetrated into the
area behind the iris, it was not possible to visualize its entire
volume. In this case, as well as in highly pigmented lesions,
ultrasound imaging is more helpful due to better penetration
compared to light energy.

All cases of ciliary body tumors were referred for further
oncological diagnostics, since there are studies showing that
melanomas of this area are more aggressive than melanomas
of the iris or choroid due to the rich vascularization of the
ciliary body, which increases the risk of distributing cancer
cells with blood or large initial tumor size related to its late
detection [9]. In addition, at the time of diagnosis, they were
large, on average 5.72× 4.75mm. Moreover, in each of these
cases, there was a reduced BCVA and uveitis in one case.

*ere are several weak spots in our study. It was a
retrospective study, and tumor growth criteria were retro-
spectively defined. Moreover, UBM is characterized by
intraobserver and interobserver variability depending on the
experience of the ultrasound technician [22–24]. Measure-
ment of the greatest thickness in lesions with irregular
contours can also be difficult, although it is much easier to
determine the exact position of the transducer during the
measurement. Despite these drawbacks, a large study group
and long observation period can constitute the advantage of
the study.

5. Conclusions

In conclusion, in the diagnostics of cysts and small anterior
ocular tumors, UBM provides key information about their
exact location and anatomical structure, i.e., echogenicity of
the inside of the lesion, its structure, shape, contour (regular,
irregular), wall thickness, and location relative to the sur-
rounding structures (infiltration) and an increase in the size
of the cyst or tumor visible in subsequent tests. *ese are
important diagnostic and prognostic parameters. In some
cases, when the lesion cannot be visualized by ultrasound,
AS-OCT is helpful in diagnosing them and taking further
therapeutic steps due to the possibility of obtaining a high-
resolution image. UBM is still the gold standard in the
diagnosis of anterior segment tumors, and AS-OCT is a
valuable complement. Long-term observation of the lesions
shows that most of the lesions are mild and asymptomatic,
and they do not cause complications and do not require
treatment. However, it should be remembered that histo-
pathology is still of key importance for diagnosis and
implementation of appropriate treatment for anterior seg-
ment tumors.
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Background. To evaluate the relationship between corneal endothelial plaques and fungal hyphae infiltration in fungal keratitis.
Methods. Retrospective cross-sectional study of 60 fungal keratitis patients who underwent keratoplasty between January 2013 and
March 2017. ,e endothelial plaques were graded as follows: grade 1, 1–3 endothelial plaques; grade 2, 4–8 endothelial plaques;
and grade 3, more than 8 endothelial plaques or dense, merging endothelial plaques. ,e fungal pathogen culture and histo-
pathology of diseased Descemet’s membrane were evaluated. Results. According to endothelial plaque grading, 3 patients were
grade 1, 29 patients were grade 2, and 28 patients were grade 3. ,e PK surgery was performed in 57 patients with endothelial
plaques of grade 2 and grade 3 and DALK surgery in 3 patients of grade 1. ,e predominating fungal pathogens were Aspergillus
species (63.2%). All 57 patients with grade 2 and grade 3 had fungal hyphae in Descemet’s membrane based on calcofluor white
staining or PAS staining. In patients with grade 3, more hyphae and inflammatory cells were found in Descemet’s membrane.,e
immunohistochemical staining of endothelial plaques revealed that CD15 and CD68 were positive in most cells. During the
follow-up, 2 out of 3 patients who underwent DALK had recurrent fungal keratitis. Conclusions. Endothelial plaques are
considered as a sign of hyphae infiltrating Descemet’s membrane. PK should be performed once plaques are detected in en-
dothelium during the surgery.

1. Introduction

Fungal keratitis (FK) is a severe infectious corneal disease in
developing countries [1–3]. In China, more than 50% of
infectious keratitis cases are the result of a fungal infection
[4]. Clinical manifestations of fungal keratitis include ele-
vated lesions and necrosis, pseudopodia, corneal ring, en-
dothelial plaque, and hypopyon [3, 5]. According to the
reported literature, the presence of endothelial plaque was
considered as a risk factor for lamellar keratoplasty treat-
ment failure [6–8]. However, due to the lack of histopath-
ological evidence, the formation of endothelial plaques is
related to anterior chamber reaction of severe fungal in-
fections, or hyphae infiltration of Descemet’s membrane
remains unclear. Furthermore, it is often difficult to choose

deep anterior lamellar keratoplasty (DALK) or penetrating
keratoplasty (PK) when encountering endothelial plaques
during keratoplasty surgery. In this study, we attempted to
use histological evidence to show that endothelial plaques
are a reliable sign of hyphae infiltration of Descemet’s
membrane, thus providing surgical guidance in these
circumstances.

2. Methods

2.1. Patients. We adhered to the principles outlined in the
Declaration of Helsinki, and this study was approved by the
ethics committee of Shandong Eye Hospital. A total number
of 242 patients with fungal keratitis underwent keratoplasty
between January 2013 and March 2017, including DALK for
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89 patients, and PK for 153 patients were reviewed retro-
spectively. ,e inclusion criteria were as follows: (1) the
hyphae were detected by corneal smear examination or laser
scanning confocal microscopy (Heidelberg Instruments,
GmbH, Heidelberg, Germany); (2) over 4/5 of the corneal
thickness was infected or infiltrated as observed by slit-lamp
microscopy, laser scanning confocal microscopy, and an-
terior segment optical coherence tomography (As-OCT); (3)
antifungal medication as reported in our previous studies
[9, 10] was given for at least 2 weeks but was ineffective. ,e
patients detected with no endothelial plaque and diagnosed
with perforation were excluded from this study. Finally, a
total of 60 patients (60 eyes) were included (26 men and 34
women). ,eir mean age was 40.5 years (range 31–68 years).

A comprehensive eye examination was performed with a
slit-lamp, including measuring the size of fungal ulcer and
the depth of hypopyon.,emethods were as follows. Photos
of the corneas were obtained with a digital camera at the slit-
lamp (Topcon, DC-3), and a picture of a graduated scale
under the same magnification ratio was taken. ,en, the
pictures of the corneas and the graduated scale were opened
in Adobe Photoshop software. After dragging the graduated
scale to the cornea with themove tool, the size of fungal ulcer
and the depth of hypopyon were measured and recorded.

2.2. Endothelial Plaque Evaluation. All the surgeries were
planned as DALK preoperatively, and the decision of per-
forming DALK or PK was made according to the evaluation
of endothelial plaques after exposure of Descemet’s mem-
brane with the big-bubble technique. All surgeries were
performed by a single surgeon (H.G.). ,e detailed surgical
procedure was introduced in our previous report [11]. After
Descemet’s membrane was exposed, the endothelial plaques
were assessed under the surgical microscope and graded as
follows: grade 1, 1–3 endothelial plaques; grade 2, 4–8 en-
dothelial plaques; and grade 3, more than 8 endothelial
plaques or dense, merging endothelial plaques. If only 1–3
endothelial plaques (grade 1) were visible, DALK was per-
formed. If more than 3 endothelial plaques (grade 2-3) were
visible, PK was performed instead. After endothelial plaque
evaluation, patients with endothelial plaques of grade 1
continued the surgery as DALK, and those with grades 2 and
3 were converted to PK.

After surgery, the diseased Descemet’s membrane and
the corneal lamellar tissue were sent for fungal pathogen
culture and histopathological examination with calcofluor
white and periodic acid-Schiff (PAS) staining.

2.3. Calcofluor White Staining of Descemet’s Membrane.
After PK, Descemet’s membranes were stained with cal-
cofluor white staining. Briefly, a drop of 1% calcofluor white
(Sigma, St. Louis, USA) was added to Descemet’s mem-
branes obtained during PK, which were incubated for 2 min
at room temperature and washed three times in normal
saline. Fungal hyphae were observed using a fluorescence
E800 microscope (Nikon, Tokyo, Japan). With calcofluor
white staining, the fungal hyphae were bright blue against a
dark background.

2.4. Histopathological Examination and Immunohistochem-
ical Detection. Corneal buttons obtained during DALK or
PK surgery were fixed in 4% formalin. ,ese corneal buttons
were half-cut along the central line. Serially graded ethanol
baths followed by xylene were used to dehydrate the tissues
before they were immersed in paraffin wax. ,e samples
were embedded in paraffin molds, and serial slices (4 μm)
were stained with PAS stain (Maxin, Fujian, China). ,e
hyphae were observed by light microscopy (Olympus BX60,
Tokyo, Japan). Six microscopic fields (×400) were randomly
chosen in each cornea, and the number of fungal hyphae and
inflammatory cells per field were counted for the statistical
analysis.

,e expressions of a neutrophil marker (CD15) and a
macrophage marker (CD68) were detected with immu-
nohistochemical staining. Briefly, 4 μm-sections were
obtained from the paraffin-embedded corneal buttons.
,e antigens were recovered by microwaving the sections,
and the endogenous peroxidase activity was quenched
with a 3% solution of hydrogen peroxide for 10 min. ,e
sections were incubated with primary antibodies (mouse
anti-CD15 or CD68; Maxin, Fujian, China) for 60 min at
37°C after which they were incubated with HRP-conju-
gated goat anti-mouse IgG for 30 min at 37°C. ,e per-
oxidase activity was visualized by incubating the sections
in a solution of diaminobenzidine (DAB; Maxin, Fujian,
China). Negative controls were performed in the absence
of primary antibodies. Finally, the samples were mounted
and examined under a microscope (Olympus BX60,
Tokyo, Japan).

2.5. Statistical Analysis. All data were analyzed with SPSS
software (version 17.0, SPSS Inc., Chicago, IL, USA). Stu-
dent’s t test was used to compare the hyphae and inflam-
matory cell counts between patients with grade 2 and grade 3
endothelial plaques. ,e data are shown as the mean-
± standard deviation, and a P value <0.05 was considered
statistically significant.

3. Results

3.1. Patient Information. KOH smears and laser scanning
confocal microscopy were hyphae positive in all 60 patients.
,e mean size of fungal ulcer was
6.9± 0.6mm× 6.2± 0.5mm before surgery. Hypopyon was
present in 38 eyes, measuring 1.5± 0.9mm (range:
0.2–4mm).

3.2. Endothelial Plaque Evaluation and Surgery. All 60 pa-
tients had a varying degree of endothelial plaques, including
3 patients in grade 1, 29 patients in grade 2, and 28 patients
in grade 3. ,e 3 patients with grade 1 underwent DALK
surgery, whereas 57 patients with grade 2 and grade 3
underwent PK surgery (Figure 1). After the surgery, the
mean follow-up time was 4.1± 2.6 months (range: 3–6
months).
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3.3. Fungal Pathogen Distribution. In 38 fungal pathogens
positively cultured, 24 (63.2%) were identified as Aspergillus
species, 10 (26.3%) were Fusarium species, 2 (5.2%) were
Alternaria species, and 2 (5.2%) were Colletotrichum species.
,ere were also 22 unidentified species.

3.4. Calcofluor White Stain Evaluation. With calcofluor
white stain, 29 patients with grade 2 and 28 patients with
grade 3 were all hyphae positive in Descemet’s membranes.
,e hyphae had many branches and were bamboo-struc-
tured and surrounded with inflammatory cells. ,e repre-
sentative hyphae in Descemet’s membranes of patients with
grade 2 and grade 3 are shown in Figure 2.

3.5. Histopathology and Immunohistochemical Evaluation.
PAS staining the corneal stroma and Descemet’s membrane
was positive for fungal hyphae in all eyes. In patients with
grade 3, the destruction of the cornea stroma was severe, and
more hyphae and inflammatory cells were found in the deep
stroma and Descemet’s membrane. In patients with grade 2,
the inflammation was moderate, and there were less hyphae
in the deep stroma and Descemet’s membrane (Figure 3).
Both the number of hyphae and inflammatory cells per high-
power field were significantly different between the patients
with grade 3 and grade 2 (P< 0.01) (Figure 4). Immuno-
histochemical staining of endothelial plaques revealed that
most cells were positive for CD15 (neutrophils) or CD68
(macrophages) (Figure 5).

3.6. Fungal Recurrence. Recurrent FK occurred in 2 out of 3
patients who underwent DALK. One eye recurred at 3 days
after DALK surgery and at 5 days in another eye. ,e
cultured fungal pathogens were both Aspergillus species in
the 2 patients. No fungal recurrence was observed after PK
surgery.

4. Discussion

,e big-bubble-DALK was reported to be effective in the
treatment of fungal keratitis. However, during the DALK
surgery, if endothelial plaques were present, the doctor often
faced a dilemma over whether to continue the DALK
procedure or choose the PK procedure. ,ere have been
disputes about the possible correlation between hyphae

infiltration and endothelial plaques [12–15]. Some re-
searchers believed that the hyphae may invade the deep
corneal stroma to cause an anterior chamber reaction as well
as endothelial plaques with the progression of the disease,
but no direct pathologic evidence was available [16, 17].
,erefore, it is necessary to study the components of corneal
endothelial plaques and their relationship to hyphae pen-
etrating Descemet’s membrane, which may help clinical
doctors to make an informed choice for surgical procedures.

Corneal endothelial plaques in FK contain a large
number of acute inflammatory and immune cells. Our
immunohistochemical staining revealed that the corneal
endothelial plaques were mainly composed of neutrophils
and macrophages surrounding the penetrating hyphae. ,is
structure reflects the body’s defense system against invading
microorganisms such as the hyphae penetrating into the
anterior chamber. Kiryu et al. [18] found that hyphae sur-
rounded by neutrophils showed double or triple cell wall
formation and sometimes a hypha-in-hypha structure in
dexamethasone-treated corneal lesions. ,is special struc-
ture was regarded as a protective device for the survival of
Fusarium species to evade the host’s immune system.

Calcofluor white stain is an easy and direct staining
method for fungi and is more sensitive for detecting fungal
hyphae than the traditional PAS stain on paraffin sections.
With direct calcofluor white stain, all patients had hyphae
distribution in Descemet’s membrane. Histological ex-
amination further verified that more hyphae and inflam-
matory cells were found in the grade 3 patients than in the
grade 2 patients with PAS stain. Out of 3 patients with
grade 1 endothelial plaques who underwent DALK, 2
patients had recurrent FK after DALK, further suggesting
the close relationship between endothelial plaques and
hyphae infiltration. ,ese results indicate that endothelial
plaques are a reliable sign of hyphae infiltration of
Descemet’s membrane.

,e patients with 4/5 of the corneal thickness infected or
infiltrated by hyphae and antifungal medication ineffective
for 2 weeks are suggested to undergo keratoplasty. ,e exact
procedure selection (DALK or PK) depends on the evalu-
ation of deeper stroma and Descemet’s membrane during
the surgery. Surgeons can proceed with DALK when no
hyphae and endothelial plaques are detected in the deeper
stroma and Descemet’s membrane. In a previous study by
Dr. Gao [11], DALK was performed in a series of 23 patients
with no hyphae in the posterior stroma near Descemet’s

(a) (b) (c)

Figure 1: Representative pictures of grade 1 (a), grade 2 (b), and grade 3 (c) endothelial plaques after exposing Descemet’s membrane during
keratoplasty surgery.
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membrane, and recurrence of FK was found in only two
patients (8.7%), much lower than the reported values
[13, 19, 20].

Fusarium is still the most common pathogen of fungal
keratitis, followed by Alternaria and Aspergillus species, in
Shandong Province, China [11, 21–23]. However, in this
study, the postoperative fungal pathogen culture of the
diseased Descemet’s membrane showed that 24 (63.2%) out

of the 38 positively cultured were identified as Aspergillus
species. In addition, the cultured pathogens from the 2
patients with recurrent FK after DALK surgery were As-
pergillus species. ,e main reason is that unlike Fusarium
species with horizontally growing hyphae, most Aspergillus
hyphae grow vertically in corneal stroma, so the deep stroma
and Descemet’s membrane are prone to be invaded. ,e
rudimentary hyphae in the deep stroma and Descemet’s

Figure 2: In a patient with grade 3 endothelial plaques, fungal hyphae were found in Descemet’s membrane with calcofluor white stain by
fluorescence microscopy (scale bar 20 μm).

(a) (b) (c)

Figure 3: Hyphae (arrows) were found in patients with grade 1 (a), grade 2 (b), and grade 3 (c) with periodic acid-Schiff (PAS) stain. More
hyphae and inflammatory cells were found in Descemet’s membrane in patients with grade 3 (c) (scale bar 20 μm).
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Figure 4: Significant differences were found between patients with grade 2 and grade 3 endothelial plaques (P< 0.01) including (a) the
number of inflammatory cells and (b) hyphae present in Descemet’s membrane per high-power field.
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membrane that are not cleared by DALK may cause fungal
recurrence postoperatively. Hence, PK should be performed
once plaques are detected in endothelium during the sur-
gery, which means hyphae has penetrated Descemet’s
membrane to reduce the risk of fungal recurrence.

In conclusion, endothelial plaques are considered as a
sign of hyphae infiltrating Descemet’s membrane. ,e
predominating fungal pathogens of diseased Descemet’s
membrane were Aspergillus species (63.2%). Once plaques
are detected in endothelium during the surgery, PK should
be performed to reduce the risk of fungal recurrence.
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Purpose. To investigate the variations of corneal volume (CV) after small incision lenticule extraction (SMILE) and femtosecond
laser-assisted laser in situ keratomileusis (FS-LASIK) and analyze the influences of biomechanical properties on the changes of
refraction and CV. Methods. Ninety-seven eyes of 97 patients undergoing SMILE and FS-LASIK were included in this retro-
spective study. CV was measured with Scheimpflug-based corneal topography at preoperatively and at day 1, week 1, and months
1 and 3 postoperatively. CV measured within 5mm diameter was defined as central region volume (CV5) and between 5mm and
10mm diameter was defined as peripheral region volume (CV5-10). An Ocular Response Analyzer (ORA) was used to assess
corneal biomechanical properties including corneal hysteresis (CH) and corneal resistant factor (CRF). .e reduction of study
parameters (△) were calculated by subtracting the preoperative value at various time points from the postoperative values. Results.
CV had significant reduction after the SMILE and FS-LASIK procedure (P< 0.05). CV5 increased significantly from postoperative
day 1 to month 3 (P< 0.001) in SMILE, while both CV5 and CV5-10 increased significantly in FS-LASIK (P< 0.001)..e increase
in CV5 after SMILE was 0.11± 0.16mm3，which was significantly different from FS-LASIK (0.20± 0.13mm3, P � 0.004). In the
SMILE group,△CV5 correlated with△CRF (r� 0.498, P< 0.001) and△CH (r� 0.374, P � 0.007). In the FS-LASIK group,△CV5
and △CRF had a significant correlation (r� 0.363, P � 0.012), but not with △CH. Conclusions. Dynamic changes in corneal
volume were found after SMILE and FS-LASIK surgery..e central region significantly increased after SMILE, while both central
and peripheral regions increased following FS-LASIK in the early postoperative period. SMILE was associated with less change in
biomechanical properties per unit of reduction in CV compared with FS-LASIK.

1. Introduction

Corneal volume (CV) is one of the structural characteristics
contributing to the biomechanical profile of the cornea [1].
Corneal refractive surgery involves ablation of the corneal
tissue thereby leading to a reduction in the corneal volume

[2]. Several published studies use corneal thickness to
evaluate the amount of tissue changed after refractive sur-
gery and to study its relationship with refractive outcome
[2, 3]. However, a change in corneal thickness does not truly
reflect the actual change in the amount of corneal tissues. On
the other hand, evaluation of changes in CV may be a more
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comprehensive approach to study the actual amount of
changes in the corneal tissue as a whole and characterize
corneal morphometric changes with a single value [4].

Currently, the main applications of femtosecond laser in
corneal refractive surgery include femtosecond laser-assisted
laser in situ keratomileusis (FS-LASIK) and small incision
lenticule extraction (SMILE). FS-LASIK creates a corneal
flap with femtosecond laser followed by excimer laser ab-
lation of the stromal tissue, while a stromal lenticule is
created with femtosecond laser and then removed through a
small incision in SMILE. Corneal tissue is removed and CV
is reduced in both methods, which is followed by change in
the corneal shape and correction of refractive errors; hence,
corneal ectasia might occur [5–7]. Studies have shown a
correlation between corneal volume and corneal biome-
chanical properties [8, 9]. However, there is still little un-
derstanding regarding the dynamic changes in the CV after
SMILE and FS-LASIK [10].

To the best of our knowledge, there is no study focusing
on the changes in CV at different areas of the cornea and
analyzing its correlation with corneal biomechanical
properties after SMILE and FS-LASIK.

2. Methods

2.1. Subjects and Examinations. .is was a retrospective,
comparative study that included patients with myopia and
myopic astigmatism undergoing FS-LASIK and SMILE in
Tianjin Eye Hospital. Inclusion criteria included age of 18
years or older, a corrected distance visual acuity (CDVA) of
20/25 or better, myopic spherical refraction from −0.50 to
−10.00 diopters (D), myopic cylindrical refraction up to
−3.00 D, stable refraction over 2 years, and central corneal
thickness more than 480 μm. All patients had stopped soft
contact lens wear for at least 2 weeks and rigid lens for at
least 4 weeks before the assessment. Exclusion criteria
included active ocular disease, history of ocular surgery or
trauma, keratoconus or suspicious corneal topography, and
patients with mental disorders. .e study protocol was
approved by the Tianjin Eye Hospital Ethics Committee
and adhered to the Declaration of Helsinki. Written in-
formed consent was obtained from all patients before the
surgery.

2.2. Measurement Methods. Clinical examinations were
performed preoperatively and on postoperative day 1, week
1, month 1, and month 3. Preoperative and postoperative
examinations included measurement of uncorrected visual
acuity (UCVA), CDVA, eye dominance, noncontact to-
nometry, slit lamp biomicroscopy examination, and dilated
fundus examination. All patients underwent CV measure-
ment by PentacamHR topography (Oculus GmbH,Wetzlar,
Germany). .e Pentacam was performed in a dark room,
and only the scans with quality specification screen dis-
playing “OK” were chosen for analysis. .e changes in the
CV before and after surgery were calculated. An ocular
response analyzer (ORA, Reichert, USA) was used to
measure corneal biomechanical properties including corneal

hysteresis (CH) and corneal resistance factor (CRF). Mea-
surements below a waveform score of five were excluded due
to insufficient quality.

2.3. Surgical Technique. All surgeries were performed by the
same surgeon (WY) using a 500 kHz femtosecond laser
machine (Visumax, Carl Zeiss Meditec AG, Germany). In
FS-LASIK, the flap thickness was 110 μm and the flap di-
ameter was 7.9–8.0mm. .e excimer laser ablation was
performed with an Allegretto (Wavelight Laser Technologie
AG, Germany). In SMILE, the lenticule diameter was
6.5mm, the cap thickness was 110 μm, and the incision
location was at the 12 o’clock position. After the surgery,
0.3% ofloxacin (Tarivid; Santen, Inc, Japan) eye drops were
administrated four times a day for three days and 0.1%
fluorometholone (Flumetholon; Santen, Inc, Japan) eye
drops were given four times per day for the first two weeks
and then decreased one time every two weeks.

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS (GLMUNIVARIATE, version 20, IBM). All data
were tested with the Kolmogorov–Smirnov test and were
normally distributed. We divided the cornea into 2 regions:
central (CV5, the central 5mm diameter region) and pe-
ripheral (CV5-10, the 5mm to 10mm diameter region). .e
reduction in the study parameters (△) was calculated by
subtracting the preoperative value at various time points
from the postoperative values. .e differences in the corneal
volume between the SMILE and FS-LASIK group were
calculated using the independent t-test; the Pearson cor-
relation test was used to evaluate the relationship between
the change in corneal volume (△CV) and the change in
spherical equivalence refraction (△SE), change in corneal
hysteresis (△CH), and change in corneal resistance factor
(△CRF). One-way repeated measures analysis of variance
(ANOVA) with the post hoc Bonferroni test was applied for
multiple comparisons between different time points.
P< 0.05 was regarded as statistically significant.

3. Results

.is study included 97 eyes (97 patients; 50 eyes in SMILE
and 47 eyes in FS-LASIK). .e average age was 24.28± 5.86
(range 18–41). .e preoperative characteristics are shown in
Table 1.

3.1.CVChanges onPostoperativeDay 1,Week 1,Month1, and
Month 3. As shown in Table 2, there was a statistically
significant reduction in CV5 and CV5-10 on postoperative
day 1 compared with the preoperative value (all P< 0.05) in
both groups. In SMILE, CV5-10 continued to decline at
postoperative week 1 (P � 0.039), while a significant de-
crease in CV5 was observed in FS-LASIK (P � 0.024), when
compared with postoperative day 1. Afterwards, there was a
gradual increase of both CV5 and CV5-10 from postoper-
ative week 1 until the end of 3 months.
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3.2. Comparison of the Corneal Volume between the SMILE
and FS-LASIK Group. CV5 increased significantly from
postoperative day 1 to month 3 (P< 0.001) in SMILE, while
both CV5 and CV5-10 increased significantly in FS-LASIK
(P< 0.001). .e increase in CV5 from postoperative day 1 to
month 3 in the SMILE group was 0.11± 0.16mm3，which
was significantly different from that in the FS-LASIK group
(0.20± 0.13mm3, t� −2.917, P � 0.004). .e corresponding
increase in the CV5-10 in SMILE and FS-LASIK group was
0.26± 0.90mm3 and 0.54± 0.77mm3, respectively
(t� −1.599, P � 0.113).

3.3. Changes in Spherical Equivalent Refraction at Postoper-
ativeDay 1,Week 1,Month 1, andMonth 3. .e preoperative
spherical equivalence refraction (SE) in the SMILE and FS-
LASIK group was -5.90± 1.33D and −6.15± 1.72D, re-
spectively. .e change in spherical equivalence refraction at
postoperative month 3 (△SE) was −5.82± 1.29D and
−6.19± 1.76D, respectively, and no statistically significant
difference was found between the two groups (t� 1.153,
P � 0.252). .e SE at postoperative day 1, week 1, month 1,
and months 3 in SMILE was -0.10± 0.24D, −0.05± 0.19D,
−0.09± 0.23D, and −0.07± 0.18D, respectively，and no
statistically significant difference was found between these
values (P> 0.05). .e corresponding values in FS-LASIK
were 0.23± 0.36D, 0.11± 0.33D, 0.06± 0.33D, and
0.04± 0.27D. .ere was a statistically significant difference
between the SE at postoperative day 1 and all other visits
(P< 0.05) (Figure 1).

3.4. Correlation between Change in Spherical Equivalence
Refraction and Reduction in Corneal Volume. A significant
correlation was found between the change in CV5 at
postoperative month 3 compared with preoperative value,
and the change of SE at postoperative month 3 compared
with the preoperative value (SMILE group: r� 0.746,

P< 0.001; FS-LASIK group: r� 0.798, P< 0.001) (Figure 2).
No correlation was found between the change in CV5 from
postoperative day 1 and month 3 and change in the cor-
responding SE (SMILE group: r� 0.044, P � 0.760; FS-
LASIK group: r� 0.114, P � 0.447).

3.5. Correlation between Change in Corneal Biomechanical
Parameters and Reduction in Corneal Volume. .e mean
reduction of CRF and CH (△CRF and △CH) in the SMILE
group was 3.58± 1.02mmHg and 2.12± 1.00mmHg, while
in the FS-LASIK group, the corresponding values were
3.96± 1.07mmHg and 2.60± 1.00mmHg, respectively. As
shown in Table 3, in the SMILE group, a statistically sig-
nificant correlation was found between △CV5 with △CRF
(r� 0.498, P< 0.001) and △CH (r� 0.374, P< 0.001) at 3

Table 2: Corneal volume during postoperative visits in patients undergoing SMILE and FS-LASIK.

Parameters Group Preop 1 Day 1 Week 1 Month 3 Months P value

CV5 (mm3) SMILE 11.56± 0.64 10.13± 0.63∗ 10.09± 0.65∗ 10.14± 0.65∗ 10.25± 0.66∗# <0.001
FS-LASIK 11.47± 0.52 9.96± 0.51∗ 9.91± 0.50∗# 9.98± 0.50∗ 10.16± 0.49∗# <0.001

CV5-10 (mm3) SMILE 49.69± 2.78 48.89± 2.79∗ 48.60± 2.68∗# 48.67± 2.76∗ 49.15± 2.80∗ <0.001
FA-LASIK 49.17± 2.27 48.28± 2.41∗ 48.07± 2.39∗ 48.10± 2.33∗ 48.81± 2.41# <0.001

CV5: corneal volume of the central 5mm diameter area, CV5-10: corneal volume of the peripheral 5–10mm diameter area, P value: one-way repeated
measures analysis of variance (ANOVA), ∗Significant difference when compared with preoperative value (P< 0.05), # Significant difference when compared
with postoperative day 1 (P< 0.05).

Table 1: Baseline characteristics of eyes undergoing SMILE and FS-LASIK.

Parameters SMILE FS-LASIK t P value
MRSE (D) −5.90± 1.33 −6.15± 1.72 0.804 0.423
Spherical (D) −5.53± 1.36 −5.78± 1.69 0.814 0.418
Cylinder (D) −0.86± 0.74 −0.76± 0.59 −0.657 0.513
Age (y) 24.56± 6.02 23.97± 5.95 0.486 0.628
CCT (μm) 545.70± 29.70 540.97± 25.21 0.841 0.402
MRSE: manifest refraction spherical equivalent, CCT: central corneal thickness.
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Figure 1: .e postoperative spherical equivalence refraction (SE)
at different time points. Asterisk (∗): significant difference was
found when compared with the postoperative day 1 value in the FS-
LASIK group (post hoc Bonferroni test, (P< 0.05)).

Journal of Ophthalmology 3



months. In the FS-LASIK group, only△CV5 and△CRF had
a statistically significant correlation (r� 0.363, P � 0.012).

3.6.Correlationbetween theChange inCornealBiomechanical
Parameters andChange in Spherical Equivalent. As shown in
Table 3, a statistically significant correlation was found
between △SE with △CRF at 3 months postoperatively.

4. Discussion

Corneal volume is an important quantitative parameter for
monitoring the change in the corneal tissue characteristics
after surgery [11]. Precise knowledge about the actual
amount of tissue ablated during surgery may help under-
stand the predictability of the surgery. Argentoet al. [12] and
Pallikaris et al. [13] reported that the amount of tissue re-
moved during surgery which is the same as the reduction in
the CV could be a predicting factor for the development of
corneal ectasia. CV has been used together with other pa-
rameters to improve the sensitivity and specificity for di-
agnosis of keratoconus [4–7]. Gatinel et al. [14] used a
geometrical model to estimate the change in CV after
corneal refractive surgery and found a relationship between

the change in CV with the size of optical zone and the
magnitude of refractive error to be corrected. .e Pentacam
uses a rotating Scheimpflug camera to reconstruct the 3D
image of the anterior segment and can be used to obtain
corneal thickness and CV data with good repeatability and
consistency [4]. .e corneal thickness measurement of the
Pentacam is comparable to ultrasound pachymetry [15],
with good accuracy [16, 17] and high repeatability [18]. To
the best of our knowledge, there are no studies that utilized
Pentacam to compare the changes in CV after SMILE and
FS-LASIK. CV might be more sensitive to reflect corneal
profile changes than corneal thickness, since inflammatory
response and corneal wound healing response after surgery
would not be localized.

Our study found that for both procedures, CV changes
with time. .e CV5 and CV5-10 decreased in postoperative
day 1 and continued to decrease at week 1, followed by a
gradual increase at month1 and month 3. From day 1 to
week 1, the CV decreased in the peripheral region but not in
centrally after SMILE, while following FS-LASIK, it de-
creased centrally not peripherally. .e negative pressure
suction, irrigation, and manipulation on the corneal stroma
may all lead to corneal edema on postoperative day 1. Studies
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Figure 2: .e correlation between the change in volume of the central 5mm diameter area (△CV5) and the change in the spherical
equivalence refraction (△SE) at different time points.
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have reported that the central corneal haze early after SMILE
could be due to edema in the corneal stromal interface [19].
Since the flap in FS-LASIK is no longer in tension, it was
more difficult to recover due to changes in the swelling
pressure associated with loss of tension. In SMILE, the cap
can maintain some tension after surgery and would thus be
able to recover more quickly [20]. .e edema usually sub-
sides in 1week, which explains the slight reduction in
corneal volume. Afterwards, the healing response and in-
flammatory response in the cornea will lead to proliferation
of corneal stromal collagen fibers, and this could account for
the increase in CV at month 1.

.e increase in CV at postoperative month 3 compared
with day 1 was larger in the FS-LASIK group compared with
the SMILE group. SMILE had an increase in CV centrally,
while FS-LASIK showed the increase both centrally and
peripherally. Both the changes of epithelial and stroma
thickness may contribute to the increment of CV. Previous
studies [21, 22] have shown that the epithelial thickness (ET)
at postoperative day 1 and month 3 in SMILE was
53.6± 3.3 μm and 58.0± 3.7 μm, respectively; while in the
FS-LASIK group, the corresponding value was
52.43± 3.1 μm and 56.42± 5.6 μm, respectively. .e increase
in ET from postoperative day 1 to month 3 in the SMILE
group and FS-LASIK group was about 4.4 μm and 4 μm,
respectively. Such little variations seem unable to contribute
to the significant differences of CV between two groups. We
speculated that this difference might be related to the dif-
ferent corneal wound healing responses in both surgeries. A
previous animal eye study has shown that when compared
with LASIK, the refractive lenticule extraction (ReLEx)
procedure may result in less inflammation and early ex-
tracellular matrix deposition [23]. Another study that
compared early corneal wound healing and inflammatory
responses between FS-LASIK and SMILE has shown that, in
SMILE, there were significantly fewer Ki67-positive cells and
CD11b-positive cells [24]. .ey also reported that SMILE
induced less keratocyte apoptosis than LASIK.

We analyzed the changes in CV at different time points
and their relation with SE. In SMILE, there was less change
in the SE and no statistical differences existed between the SE

at each time points. In the FS-LASIK group, there was mild
overcorrection at postoperative day 1. At subsequent visits,
the SE showed myopic shift, and this was demonstrated by a
coincidence with an increase in the corneal volume. In other
words, the increase in CV at postoperative month 3 is
correlated with the corresponding myopic shift. .e early
overcorrection and subsequent myopic shift in FS-LASIK
could also be related to the postoperative changes in the
corneal biomechanical properties. Our study found a close
relationship between the change in CV and the biome-
chanical properties, and this change in the corneal structure
and shape will eventually lead to change in the refraction
[25]. .e cornea is a heterogeneous viscoelastic biological
material. Under normal circumstances, the interlamellar
cohesive force, the lamellar tension, and the intraocular
pressure balance out the corneal swelling pressure and
maintain the biomechanical stability (Figure 3(a)). A re-
duction in corneal biomechanical properties has been shown
after SMILE and FS-LASIK [26], but this effect was less in
SMILE than in LASIK [2, 26]. We also demonstrated less
change in CH and CRF for a similar change in SE in SMILE
compared to FS-LASIK in the current study.We hypothesize
that, in SMILE, only the collagen fibers at the side-cut region
around the lenticule were cut, whereas the collagen fibers in
the anterior stroma remained intact. .e interlamellar co-
hesive force and lamellar tension in the corneal stromal
interface were reduced after lenticule extraction, which
decrease local resistance to corneal swelling in the interface
and result in stromal thickening between the anterior cap
and the residual stroma. .is led to a slightly less central
flattening compared to what is predicted (Figures 3(b) and
3(c)). As for FS-LASIK, the collagen fibers in the anterior
stroma were cut and lamellar layers within the flap can no
longer bear tension which would cause a greater change in
the corneal biomechanical properties [19]. Cutting the
central portion of the cornea released the lamellar tension in
the peripheral corneal stroma, leading to an increase in the
peripheral corneal thickness and increased the cohesive
pulling force from the periphery to the central stromal re-
gion. .is likely led to excess central flattening biome-
chanically than expected and, therefore, overcorrection early
after FS-LASIK. .is was also shown in our study that only
central region significantly increased from postoperative day
1 to month 3 after SMILE, while both central and peripheral
regions increased following FS-LASIK. Avunduk et al. [27]
reported that after refractive surgery, the healing response at
the keratocyte activation zone, the rearrangements of col-
lagen fibers during corneal remodeling, and the corneal
biomechanical changes may all cause changes in refraction
as well as the anterior and posterior corneal curvature.

We reported that at postoperative month 3, the re-
duction in corneal volume at different regions in SMILE
correlated with the △CRF and △CH, whereas in FS-LASIK,
only the △CV5 correlated with the △CRF, and no corre-
lation was found between the corneal volume change in
other regions and the reduction in corneal biomechanical
properties..is is mainly due to the reduction in the amount
of corneal collagen fibers and reduction of extracellular
matrix components consequent to the reduction in corneal

Table 3: Correlation between the reduction of corneal volume and
spherical equivalent with the change in corneal hysteresis and
corneal resistance factor at 3months.

Parameters SMILE FS-LASIK
r P value r P value

△CV5 VS △CRF 0.498∗ <0.001 0.363∗ 0.012
△CV5-10 VS△CRF 0.270 0.058 0.125 0.403
△CV5 VS △CH 0.374∗ 0.007 0.264 0.073
△CV5-10 VS △CH 0.116 0.420 0.098 0.512
△CV5 VS △SE −0.746∗ <0.001 −0.798∗ <0.001
△CV5-10 VS △SE −0.353∗ 0.012 −0.440∗ 0.002
△SE VS △CRF −0.559∗ <0.001 −0.598∗ <0.001
△SE VS △CH −0.506∗ <0.001 −0.472∗ 0.001
CRF: corneal resistance factor，CH: corneal hysteresis, CV5: corneal
volume of the central 5mm diameter area, CV5-10: corneal volume of the
peripheral 5–10mm diameter area, SE: spherical equivalent, △: the re-
duction at postoperative month 3, ∗P< 0.05(Pearson correlation).
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volume. Also, from Figure 2, we could see that SMILE had
less change in biomechanical properties per unit of reduc-
tion in CV when compared with FS-LASIK. Apart from this,
in both SMILE and FS-LASIK, the reduction in corneal
volume had a stronger correlation with △CRF than with
△CH. Chen et al. reported that after LASIK, the ablation
depth correlated with the CRF parameter but not with the
CH parameter, and pointed that CRF may be more useful
than CH in assessing the biomechanical changes after LASIK
[28].

In conclusion, there were dynamic changes in the cor-
neal volume after SMILE and FS-LASIK during the early
postoperative period. From day 1 to week 1, the CV de-
creased in the peripheral region but not centrally after
SMILE, while following FS-LASIK, it decreased centrally not
peripherally. .e SMILE group had an increase in CV
centrally from postoperative day 1 to month 3, while the FS-
LASIK group showed the increase both centrally and pe-
ripherally. SMILE was associated with less change in bio-
mechanical properties per unit of reduction in CV when
compared with FS-LASIK. .ese postoperative corneal
volume and biomechanics changes could be associated with
the changes in the spherical equivalent. Further studies are
warranted in future to confirm our findings.
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