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Abstract

Purpose To determine the intensity of corneal pigmented arc in orthokeratology (ortho-k)-treated children, and its corre-
lation with key epithelial thickness measurements obtained by anterior segment optical coherence tomography (AS-OCT).
Methods This study is a retrospective case series. Medical records of children who received ortho-k treatment for myopia
control in our hospital were reviewed. Intensity of ortho-k-associated pigmented arc and its correlation with key epithelial
thickness parameters in the central 7-mm-diameter zone obtained by AS-OCT was examined. The subjects were further
divided into apparent and unapparent pigmented arc groups for severity comparison.

Results The mean age of children was 11.4 years, and the incidence of corneal pigmented arc was 92.2% after lens wear for
a mean duration of 21.2 months. Intensity of pigmented arc was found to be significantly correlated with key epithelial
thickness parameters, including maximum and minimum epithelial thickness (Spearman’s rank correlation coefficient (rs) =
0.404, P =0.003; rs = — 0.426, P = 0.002, respectively), the difference between them (Min—Max) (rs = —0.624, P <0.001)
and standard deviation (rs = 0.659, P <0.001). Significant correlation between intensity of pigmented arc and ortho-k target
power (rs = 0.454, P =0.001) was found. Comparison between the two groups showed significant difference in the same
key epithelial thickness parameters.

Conclusions Children receiving ortho-k treatment tended to develop pigmented arcs. Significant correlation between
intensity of pigmented arc and key epithelial thickness parameters was observed. AS-OCT can be a useful tool for predicting
intensity of pigmented arc in ortho-k-treated children.

Introduction

Orthokeratology (ortho-k) with wearing customized, rigid
contact lenses is a means for correcting refractive errors [1]. It
has been previously established that wearing ortho-k lenses
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can flatten the central corneal curvature to achieve temporary
improvement in unaided visual acuity [2], and also slow
myopia progression [3—5]. Comnea epithelial layer reshaped
by ortho-k lenses has been reported [6, 7], and the change was
considered stable after 1-3 months of corrective lens wear
overnight [8, 9]. Although effective for controlling myopia
and correcting refractive problems [2-5], ortho-k may cause
complications, such as corneal pigmented arc, superficial
corneal epithelial damage, and corneal ulcer [10-12].
Previous studies have indicated the occurrence of iron
deposition in the epithelium under corneal conditions
including Fleischer’s ring, Ferry’s line, and Stocker’s line
[13, 14]. Pigmented arc in ortho-k-treated patients can also
be taken as another condition of iron deposition in the
epithelium. However, the precise etiology of pigmented arc
remains largely unknown. It has been speculated that iron
deposits in epithelial cells owing to pooling of tears
between irregularly shaped cornea and ortho-k lens [2, 15].
This speculation is supported by the observation that
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pigmented arcs develop primarily in the reverse curve zone,
where tears accumulate after overnight lens wear by ortho-
k-treated subjects [10, 15, 16]. However, design of the
reverse curve varies significantly between ortho-k lens of
different brands, and adjustment can hardly be made by
clinicians owing to patent restriction.

In Taiwan, the number of children receiving self-paid
ortho-k therapy for myopia control has been on the increase.
Duration of lens wear among them is expected to be longer
because myopia usually becomes stabilized after adulthood
[17]. The positive correlation between duration of lens wear
and both incidence and intensity pigmented arc merits
attention and caution [15]. However, related research on the
long-term safety of ortho-k-associated pigmented arc in
children remains scarce. A search on Pubmed database
revealed all pigmented arc studies having follow-up within
15 months after lens wear, most of the subjects being adults
or teenagers [2, 10-12, 15], and only one case report
addressing the disappearance of pigmented arc in two adult
patients after termination of 1-year ortho-k treatment [18].
Long-term influence of ortho-k-associated pigmented arc on
the cornea is still unknown. To further improve the safety of
ortho-k treatment, efforts should be made to prevent arc
development, especially among ortho-k-treated children.

Anterior segment optical coherence tomography
(AS-OCT) has been shown to accurately measure corneal
epithelial thickness of subjects after ortho-k lens wear
[7, 19-22]. This technique can provide three-dimensional
measurements of the corneal epithelial structure up to 9 mm
in diameter with a new wide-field pachymetry scan pattern.
Direct epithelial analysis makes possible the determination
of crucial parameters for ortho-k lens design, which may be
associated with intensity of pigmented arc. Understanding
such association would enable the design of customized
pigmented-arc-free ortho-k lenses.

This study hypothesizes that intensity of pigmented arc
is associated with corneal epithelial thickness. AS-OCT
was performed under new wide-field pachymetry scan to
obtain key epithelial thickness measurements in the
central 7-mm-diameter zone for determining their corre-
lation with pigmented arc intensity in ortho-k-treated
children [8, 9].

Materials and methods
Subjects

The current study is a retrospective case series. Medical
records of patients undergoing ortho-k treatment for myopia
control between January 2015 and February 2018 at
Keelung Chang Gung Memorial Hospital were reviewed.
The study was approved by the Institutional Review

Board of Chang Gung Memorial Hospital (approval no.
201800215b0) and followed the tenets of the Declaration of
Helsinki.

Exclusion criteria

Patients who (1) wore their ortho-k lenses overnight for
<90% of the follow-up period, (2) developed complications
during ortho-k treatment, (3) discontinued lens wear for
>1 week, (4) were lost to follow-up in <6 months after
initiation of ortho-k treatment, (5) did not receive AS-OCT
at 6 months after initiation of ortho-k treatment, and (6)
wore ortho-k lenses of brands other than DreimLens
(Brighten Optix Co., Taiwan) were excluded from
the study.

Ocular examination

All patients received standard scheduled ocular exam-
inations before and after initiation of ortho-k treatment.
Pre-treatment tests included best-corrected visual acuity,
cycloplegic refraction power, keratometry (Auto Ref/
Keratometer ARK-1a/ARK-1; Nidek Co., Ltd., Gamagori,
Aichi, Japan), corneal topography (Orbscan Iz, Bausch &
Lomb, Rochester, New York, USA), external eye photo-
graphy and axial length measurement (IOLMaster 500,
Carl Zeiss Meditec AG, Jena, Germany). Follow-up
examinations after initiation of ortho-k treatment inclu-
ded best-corrected visual acuity, uncorrected visual
acuity, slit-lamp biomicroscopy (BQ 900, Haag-Streit
AG, Koeniz, Switzerland) before and after fluorescence
staining of the cornea at 1 week, 1 month, and every
3 months thereafter, as well as axial length measurement
every 6 months. From May 2017, AS-OCT under new
wide-field pachymetry scan (Optovue RTVue XR Avanti,
Optovue Inc., Fremont, CA, USA) was performed on
subjects after lens wear for at least 6 months and thereafter
as necessary. AS-OCT images of the best quality were
selected for analysis. Criteria for selection included
good pupil-cantered scan, minimal eyelash, and eyelid
disturbance.

Ortho-k lenses

All subjects wore ortho-k lenses of the same brand
(DreimLens; Brighten Optix Co., Taiwan). Astigmatic len-
ses were also prescribed for better centration as necessary.
Ortho-k lenses used in the current study were of a reverse-
geometry design (Boston XO material by Brighten Optix
Co., Taiwan) with overall diameters ranging between 10.2
and 10.8 mm and back optic zone diameter of 6 mm. All
prescriptions were prescribed by the same ophthalmologist
(C-F, Liu).
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Optical coherence tomography

This study used a Fourier-domain optical coherence tomo-
graphy system with a corneal adaptor module. The cornea
was imaged using a high-magnification adaptor lens
focused at the pupil center with a new 9-mm wide-field
pachymetry scan (PachymetryWide scan, eight radial lines
with 9-mm scan length, 1056 axial scans each radial line,
repeated four times) and corneal power data were obtained
with a corneal power scan (Pachymetry + Cpwr scan, eight
radial lines with 6-mm scan length, 1020 axial scans each
radial line, repeated five times).

Epithelial thickness was measured as the distance
between the air-tear interface (first curve) and the epithe-
lium-Bowman’s layer boundary (second curve). All AS-
OCT images were processed and verified according to the
manufacturer’s guidelines by adjusting the first and second
curves to fit the real corneal contour. A 9-mm-diameter
wide epithelial thickness map (WETM) was generated from
the wide-field pachymetry scan data obtained and was
employed to verify that all scanning lines matched the real
contour of different layers with no sign of central epithelial
islands.

Key epithelial thickness parameters in the 7-mm-
diameter zone including average epithelial thickness of
superior and inferior zones, minimum, and maximum epi-
thelial thickness, the difference between them (Min—Max),
and standard deviation acquired under wide-field pachy-
metry scan were further analyzed. Anterior and posterior
corneal powers in the central 3-mm-diameter zone were also
measured and only corneal power scans taken at the same
OCT exam with “Good” measurement reliability rating
were analyzed. To illustrate data obtained and analyzed,
Fig. 1 shows examples of images and measurements
obtained from the right eye of a 14-year-old female subject
after 29 months of ortho-k treatment using AS-OCT new
wide-field pachymetry and corneal power scan. Figure 2 is
the right-eye wETM of the same subject for more detailed
illustration of key epithelium statistics in the central 7-mm-
diameter zone.

Pigmented arc grading

Pigmented arcs were directly graded by the same ophthal-
mologist (C-F, Liu) at each patient visit using a slit lamp
with narrow decentered slit beam and wide-beam blue light
according to the scale used by Cho et al. [15]. In brief, grade
0 represents no detectable pigmented arc; grade 1, arcs
detectable under white light, but not visible with blue light;
grade 2, arcs easily observed under both white and blue
light but have ill-defined margins; and grade 3, arcs very
easily observed under both white and blue light and have
well-defined margins. The patients were further divided into
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two groups according to severity of pigmented arcs:
apparent (grades 2 and 3, blue-light detectable) and unap-
parent pigmented arc (grades O and 1, blue-light undetect-
able) groups for further analysis.

Statistical analysis

Standard deviation in epithelial thickness of apparent and
unapparent pigmented arc groups was assumed to be 5 and
4 um, respectively; with a common pooled standard devia-
tion of 1. Given alpha level of 5% and power of 90%, the
required minimum sample size was 44.

All data were analyzed using SPSS software version 20.0
(SPSS, Inc., Chicago, IL, USA). Intensity of pigmented arc
after lens wear and its correlation with key epithelial
thickness parameters was determined using bivariate
Spearman’s Rho correlation test. Statistically significant
differences were defined as p <0.05 (two-tailed). As for the
comparison between apparent and unapparent pigmented
arc groups, Chi-square analysis was applied to categorical
data and an independent samples ¢ test was applied to
continuous data. Fisher’s exact test was used when one or
more of the cells in the X analysis had expected values
below 5; statistically significant differences were defined as
p<0.05.

Results

Medical records of 77 eyes from 40 children were reviewed.
Twelve eyes from six cases were excluded because they
were lost to follow-up in <6 months after initiation of
ortho-k treatment; 11 eyes from six cases were excluded
owing to overnight ortho-k lens wear for <90% of the
follow-up period; 1 eye was excluded owing to a suspected
infection; and 2 eyes from one case were excluded owing to
AS-OCT data missing. A total of 51 eyes from 26 patients
(age range, 9—15 years) were included in the final analysis.

Table 1 summarizes the demographic and ortho-k treat-
ment data of the studied patients. Of note is that pigmented
arcs were always observed in the reverse curve zone
(Fig. 1a).

Table 2 summarizes the correlation of pigmented arc
intensity with epithelial thickness, corneal power, and
ortho-k treatment parameters. As can be seen, intensity of
pigmented arc had significant correlation with maximum
and minimum epithelial thickness, Min—-Max value, and
standard deviation. Moreover, significant positive correla-
tion between intensity of pigmented arc and ortho-k target
power was also found (P =0.001); and there is a trend that
the longer the ortho-k lens wear duration, the greater the
intensity of pigmented arcs became (P =0.071). On the
contrary, no significant correlation between compression
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Fig. 1 Right eye of a 14-year-
old girl under ortho-k treatment
for 29 months. a Corneal
pigmented arc observed. b Wide
epithelial thickness map
(WETM) for verifying that all
scanning lines match the real
contour of different layers with
no sign of central epithelial
islands. ¢ Vertical line-scan
showing pigmented epithelium
at inferior mid-peripheral cornea
(arrowhead). d Corneal power
measurements obtained by AS-
OCT with “Good” measurement
reliability rating. e Epithelium
statistics in central 7-mm-
diameter zone obtained using
AS-OCT under wide-field
pachymetry scan
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effect as a result of average alignment curve power minus
average corneal curve power and intensity of pigmented arc
(P=0.237) was observed. Furthermore, intensity of pig-
mented arc showed significant correlation only with pos-
terior corneal power in the central 3-mm-diameter zone and
all corneal power scan had “Good” measurement reliability
rating.

Table 3 shows comparison between the apparent and
unapparent pigmented arc groups. As can be seen, there are
significant differences in the same key epithelial thickness
parameters for similar ortho-k lens wear duration but no
significant difference in all corneal power measurements.

Discussion

To the best of our knowledge, the current study is the first to
describe a correlation between intensity of pigmented arc
and corneal epithelial thickness in school-aged children
(9—15 years old) wearing ortho-k lenses. It is also the first to
use AS-OCT new wide-field pachymetry scan to analyze
corneal epithelial thickness during ortho-k treatment.
Results of AS-OCT revealed that intensity of pigmented arc
increased with lower minimum and higher maximum epi-
thelial thickness, more negative Min—Max value and larger
standard deviation in the central 7-mm-diameter zone as

Std Dev: | 5.7 4.1

Min/Max thickness indicated as */+

Min-Max: |-27 [T

well as higher target power of ortho-k prescription
(Tables 2, 3).

Among the key epithelial thickness parameters, standard
deviation and Min—-Max value showed the greatest corre-
lation with intensity of pigmented arc (P <0.001), indicat-
ing their significant impact on arc development. At higher
target power prescription, the Min-Max value becomes
more negative while the standard deviation becomes lar-
ger, implying greater curvature change along the base curve
to reverse curve. Whether changing reverse curve design
would decrease intensity of pigmented arc merits further
investigation.

The insignificant correlation between intensity of pig-
mented arc and average epithelial thickness of superior and
inferior zones can be attributed to opposite changes in
thickness of the two zones offset by the respective changes
in base curve and reverse curve of ortho-k lens.

Evidence supporting myopia control through ortho-k
lens wear has been increasing and this treatment has been
popularly used among the school-age around the world.
With AS-OCT, three-dimensional information of epithelial
structure in zones up to 9 mm in diameter can be obtained,
thus facilitating the design of customized and safe ortho-k
treatment with least or no development of pigmented arcs.

In line with previous results [15, 16], significant positive
correlation between intensity of pigmented arc and target
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Epithelium Map

Epithelium Map 9mm

C

Fig. 2 Right-eye wide epithelial thickness map of a 14-year-old girl
under ortho-k treatment for 29 months. a Epithelium statistics in
central 7-mm-diameter zone. b Average epithelial thickness in superior

Table 1 Demographic and ortho-k treatment data of studied patients

Cases (n=751)

Age (years) 114+2.0
Gender (male: female) 16: 10

Target power (D) —348+1.33
Diameter (mm) 10.55+0.15
Alignment curve® (D) 42.57+1.13
Astigmatism (eye) Yes 28: No 23
Mean AS-OCT exam time point (months) 19.6+74
Lens wear duration (months) 21.2+6.7
Incidence of pigmented arc (%) 922

Continuous data are presented as mean + standard deviation

AS-OCT anterior segment optical coherent tomography, D Dioptre,
Ortho-k orthokeratology

#Astigmatism prescription using average alignment curve for
calculation
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2-7-mm-diameter zone. ¢ Average epithelial thickness in inferior 2—7-
mm-diameter zone. d “+ “ marks point of maximum epithelial
thickness and “** marks point of minimum epithelial thickness

power of ortho-k prescription was observed in the present
study. In current medical practice, reverse curve design of
the same target power may vary in height, curve, shape, and
width in ortho-k lenses of different brands. However, it
remains unclear whether the incidence and intensity of
pigmented arc may also differ among ortho-k lenses of the
same target power but of different designs and brands.
Knowledge of such would contribute to the development of
pigmented arc-free ortho-k treatment.

It is known that ortho-k treatment can reshape the cornea
by changing its epithelial layer [6, 20], and variations in
epithelial thickness are mainly associated with changes
along the base curve to the reverse curve of ortho-k lens. The
present statistical results and location of pigmented arcs both
highlight the significance of the reverse curve in develop-
ment of pigmented arcs. In other words, changing the design
of the reverse curve alter the key epithelial thickness
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Table 2 Correlation of pigmented arc intensity with epithelial
thickness, corneal power and ortho-k treatment parameters

Table 3 Comparison of data between apparent and unapparent
pigmented arc groups

Mean + SD rs P value
AS-OCT-measured epithelial thickness
Maximum (um) 63.2+6.5 0.404  0.003*
Minimum (um) 399+39 —0426 0.002*
Min-Max (um) —233+£74 —-0.624 <0.001*
Standard deviation (um) 55+2.0 0.659 <0.001*
Average of superior zone (um) 52.0+4.4 0.195 0.171
Average of inferior zone (um) 547+54 0.173  0.225
AS-OCT-measured corneal power
Anterior (D) 45.18+1.65 —0.230  0.104
Posterior (D) —6.05+0.19 —0.314  0.025*
Net (D) 39.24+1.61 —0.262 0.063
Ortho-k treatment parameters
Target power (D) —348+133 0454 0.001*
Diameter (mm) 10.55+0.15 0.011 0.941
Alignment curve (D) 4257+1.13  0.152  0.288
Compression® (D) —024+0.33 —0.169 0.237
Lens wear duration (months) 21.2+6.7 0.255 0.071

AS-OCT anterior segment optical coherent tomography, D dioptre,
Min-Max minimal epithelial thickness minus maximal epithelial
thickness, Ortho-k orthokeratology, SD Standard deviation, rs Spear-
man’s rank correlation coefficient

“P values < 0.05 calculated by Spearman’s correlation analysis

*Compression: average alignment curve power minus average corneal
curve power

parameters, which may in turn affect the intensity of pig-
mented arc. Nevertheless, the range of alterations to be made
without sacrificing the purpose for myopia control and
refraction error correction warrants further investigation.
The current finding of 92.2% incidence of pigmented
arc after a mean lens wear duration of 21.2 months is in
line with previous results of over 90% incidence after
12 months of lens wear [15, 16]. While Cho et al. reported
significant positive correlation of incidence and intensity
of pigmented arc with duration of lens wear [15], this
study observed only positive correlation between intensity
of pigmented arc and duration of lens wear (P =0.071).
The discrepancy in findings may be due to variations in
lens wear duration in subjects having different grades of
pigmented arcs and the retrospective cross-section design
of this study. Although longer ortho-k lens wear would
lead to higher pigmented arc intensity, other key epithelial
thickness parameters and target power are also influencing
factors. Large-scale long-term prospective study is
required for further clarification on the above correlation.
Prior research reports demonstrated no change in pos-
terior corneal curvature as a result of ortho-k treatment
[8, 23]. However, corneal power measurements show sig-
nificant positive correlation between posterior corneal

Pigmented arc Apparent Unapparent P value
(n=138) (n=13)
Age (years) 11.4x2.1 11.5+1.6 0.950
Gender (male: female) 27: 11 5:8 0.050*
Mean AS-OCT exam time point 20.3+7.3 17.8+7.4 0.296
(months)
AS-OCT-measured epithelial thickness
Maximum (um) 64.4+6.3 59.6+6.0 0.019%*
Minimum (um) 39.1£34 423+44 0.008*
Min-Max (um) —254=+7.1 —17.3x£4.5 <0.001*
Standard deviation (um) 6.1+19 3.7+0.8 <0.001*
Average of superior zone (um) 523 +4.0 51.2+5.6 0.510
Average of inferior zone (um) 552+4.38 53.0+6.8 0.287
AS-OCT-measured corneal power
Anterior (D) 45.03+1.67 45.62+1.57 0.272
Posterior (D) —6.06:020 —6.00+04 0.279
Net (D) 39.07+1.64 39.72+1.50 0.212
Ortho-k treatment parameters
Target power (D) 374 +1.32 273 +1.04 0.009*
Diameter (mm) 10.55+0.15 10.58 +0.16 0.510
Alignment curve® (D) 42.67+1.12 4227+1.13 0.267
Compressiorlb (D) —0.27+031 —0.18+0.38 0.433
Astigmatism (Eye) 22: 16 6:7 0.463¢
Lens wear duration (months) 21.9+6.7 19.0+64 0.179

Continuous data are presented as mean + standard deviation

AS-OCT anterior segment optical coherent tomography, D dioptre,
Min-Max minimal epithelial thickness minus maximal epithelial
thickness, Ortho-k orthokeratology

Fisher’s Exact test

"Compression: average alignment curve power minus average corneal
curve power

“Pearson Chi-square

*P values < 0.05 calculated by independent ¢ test

curvature and intensity of pigmented arc after ortho-k lens
wear, indicating the possible influence of initial corneal
condition on intensity of pigmented arc. On the other hand,
this observation could be a measurement error owing to
increasing signal disturbance and reflectance from the epi-
thelium compressed by the base curve in the central corneal
zone. Measurement error is likely the reason behind such
observation as echoed by no significant difference found
between the two groups with different severity of pigmented
arcs. Whether changes in posterior corneal curvature could
be owing to ortho-k lens compression should also be con-
firmed by AS-OCT in future studies.

Limitations of the present study included small number
of cases, the retrospective and cross-section methodology,
the lack of baseline AS-OCT data for comparing changes
before and after initiation of ortho-k treatment, and the
absence of a group wearing ortho-k lens of different brands
for comparison. Safety is always the first priority in ortho-k
therapy; hence, all ortho-k-treated patients should receive
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detailed ocular examinations before and after lens wear with
a standard follow-up schedule. Details of these examina-
tions may compensate data loss and examination dis-
crepancies of the retrospective study. Nevertheless, to
understand better the correlation between epithelial changes
after initiation of ortho-k treatment would merit a pro-
spective long-term longitudinal study with the above lim-
itations addressed.

In summary, this study found that incidence of ortho-k-
associated pigmented arc in school-age children was
92.2% after lens wear for a mean of 21.2 months; and the
intensity of pigmented arc was significantly correlated
with target power of ortho-k prescription and key epi-
thelial thickness measurements in the central 7-mm-
diameter zone obtained by AS-OCT under wide-field
pachymetry scan. Hence, AS-OCT, when performed
promptly after stabilization of anterior corneal curvature,
could be a useful tool for predicting intensity of pig-
mented arc in ortho-k-treated young patients [6, 8, 9]. The
three-dimensional epithelial structural information pro-
vided by AS-OCT would facilitate the design of custo-
mized pigmented arc-free ortho-k treatment.

Summary
What was known before

e Children receiving orthokeratology (ortho-k) treatment
tended to develop pigmented arcs.

e Intensity of pigmented arc was significantly correlated
with ortho-k target power and change in corneal apical
radius.

What this study adds

e Significant correlation between intensity of pigmented
arc and key epithelial thickness parameters were
observed.

e Anterior segment optical coherence tomography can be
a useful tool for predicting intensity of pigmented arc in
ortho-k-treated children.
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