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Abstract

Clinical Relevance: Identification of the baseline characteristics for children
undergoing orthokeratology with relatively fast myopia progression can allow a more
accurate determination of the risk/benefit ratio.

Background: This study aimed to investigate if baseline corneal biomechanics can
classify relatively slow and fast myopia progression in children.

Methods: Children aged six to 12 years with low myopia (0.50 to 4.00 D) and
astigmatism (less than or equal to 1.25 D), were recruited. Participants were
randomised to be fitted with ortho-k lenses of different compression factors [0.75 D
(OK-CCF) n=29 or 1.75 D (OK-ICF) n=33]. Relatively fast progressors were defined as
participants who had axial elongation of 0.34 mm or above per two years. A binomial
logistic regression analysis and a classification and regression tree model were used
in the data analysis. The corneal biomechanics were measured with a bidirectional
applanation device. Axial length was measured by a masked examiner.

Results: As there were no significant between-group differences in baseline data (all
p > 0.05), data were combined for analysis. The mean + SD axial elongation for
relatively slow (n=27) and fast (n=35) progressors were 0.18 + 0.14 mm and 0.64 +
0.23 mm per two years, respectively. p2areal was significantly higher in relatively
fast progressors (p = 0.018). The binomial logistic regression and classification and
regression tree model analysis showed baseline age and p2areal could differentiate
slow and fast progressors over two years.

Conclusions: Corneal biomechanics could be a potential predictor of AE in ortho-k

lens wearing children. A further investigation with a larger sample size is warranted
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to confirm the applicability of the finding.

Introduction

Axial elongation (AE) is the major structural change affecting myopia development.
Studies using animal models have demonstrated that the biomechanics of the
posterior ocular tissue are altered during myopia development, with increases in
scleral elasticity * and extensibility (creep) being observed. 2 The biomechanics of
the cornea, whose extracellular matrix shares similar composition with posterior
ocular tissues, were hypothesized to be able to reflect the biomechanics of posterior
ocular tissues >, but this could not be confirmed as it was not feasible to non-
invasively measure the biomechanics of posterior ocular tissue.

The bidirectional applanation device (Ocular Response Analyzer, Reichert
Ophthalmic Instruments, Buffalo, NY) is a commercially available device, which can
measure corneal biomechanics in vivo under clinical settings. It generates two
corneal biomechanics parameters according to the pressure differences between the
first (P1) and second (P2) corneal applanation, namely, corneal hysteresis (CH) and
corneal resistance factor (Figure 1). However, determination of corneal hysteresis
and corneal resistance factor has a limitation in that they depend on the pressure
difference at P1 and P2, so different morphologies of the waveform signal could
generate the same corneal hysteresis and corneal resistance factor values. Analysis of
the morphologies of the waveform signal could provide additional information
compared with only the interpretation of the values of corneal hysteresis and corneal

resistance factor. 7 Thirty-seven waveform signal parameters can be generated
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according to the morphology of the waveform signal (Table 1).

Severity of myopia and axial length were reported to be associated with corneal
hysteresis. 812 Several studies have reported that corneal hysteresis is lower in
subjects with high myopia. ® 1312 |n related studies, Song et al. reported that children
with longer axial length had a lower corneal hysteresis, ° Chang et al. observed that
the between-eye difference in corneal hysteresis was associated with the between-
eye difference in axial length, 1% and Wan et al. demonstrated that lower baseline
corneal hysteresis was associated with higher AE in children wearing single-vision
spectacles over two years. 13 However, the role of waveform signal parameters in
myopia progression has not received any attention.

This study aimed to investigate the role of baseline waveform signal parameters
in the classification between relatively fast- and slow-progressors by using a decision

tree model.

Methods

This was a longitudinal clinical trial [ClinicalTrials.gov (NCT02643342)]
investigating the baseline differences of corneal biomechanics between relatively
fast- and slow-progressors. All procedures were performed according to the tenets of
the Declaration of Helsinki. Ethics approval was obtained from the Departmental
Research Committee of the School of Optometry of The Hong Kong Polytechnic
University. Written informed consent was obtained from the parents after thorough
explanation of the purpose, nature, and possible consequences.

Healthy children (6 to <12 years old) without prior history of myopia control
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treatment were recruited. All participants had myopia of 0.50 D to 4.00 D,
astigmatism of less than 1.50 D (with-the-rule; < 0.50 D for other axes) in both eyes,
and anisometropia of less than 1.00 D. The participants were randomly assigned to
two ortho-k groups using either a conventional (OK-CCF; 0.75 D) or increased (OK-
ICF; 1.75 D) compression factor (Table 2). Data collection visits were scheduled for all
participants at baseline and every six months. All data collection visits were
scheduled about the same time of the day (within two hours) as the baseline visit to
minimize the potential effects of diurnal variation.

Only Ocular Response Analyzer measurements with a waveform score of 4.0 or
higher were regarded as valid 4. The first four measurements (not more than 12
consecutive measurements) with the highest waveform score were recorded and
averaged. Lenstar LS 900 (Haag-Streit AG, Koeniz, Switzerland) was used to measure
central corneal thickness. IOL Master (Carl Zeiss Meditec AG, Germany) was used to
measure axial length. The first five consecutive axial length readings (between-
reading difference of less than 0.02 mm) were regarded as valid and recorded. *>1¢
Axial length measurements were performed by a masked examiner to eliminate

potential bias.

Statistical analysis

SPSS software (version 23; IBM Corp., Armonk, NY, USA) was used to
perform statistical analysis. The Shapiro-Wilks test was used to test the normality of
all data. The baseline between-group differences were tested with unpaired t-tests or

Mann-Whitney U tests, as appropriate. Only data from participants (right eye only)



116  who had completed the whole study with valid Ocular Response Analyzer data were
117  used in the analysis. Only h2, h21, plarea, plareal, p2area, and p2areal were used
118 inthe analysis since they had been shown to be repeatable (intraclass correlation
119  coefficient > 0.80) in children (Figure 3).%’

120 Participants with AE of 0.34 mm or above per two years were defined as

121  relatively fast progressors and the remainder as relatively slow progressors. 18 To
122  determine if baseline characteristics could classify between relatively fast and slow
123  progressors over two years, a binomial logistic regression analysis and the

124  classification and regression tree analysis 1920

were employed. Classification and

125  regression tree is a decision tree method, using binary splits of all parameters

126  (baseline age, corneal hysteresis, corneal resistance factor, h2, h21, plarea, plareal,
127  p2area, and p2areal) in the training set. Firstly, a maximal tree was constructed

128 including all parameters. Secondly, trimming was performed to prevent overfitting
129 and a Gini index was used to measure the impurity of the split. The selection of child

130 node depended on the best reduction of the Gini index between the parent and child

131  nodes.?® The tree model was validated by using a 10-fold cross validation. 2!

132
133  Results
134 The baseline between-group differences in age, refractive errors (spherical

135 equivalence refraction), axial length, central corneal thickness, Goldmann-correlated
136  intraocular pressure, corneal-compensated intraocular pressure, corneal hysteresis,
137  corneal resistance factor, h2, h21, plarea, plareal, p2area, and p2areal were not

138  significant (all p > 0.05) (Table 3). The mean + SD age for OK-CCF and OK-ICF were



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

9.12 + 1.05 and 9.49 + 1.08 years, respectively. Since the between-group differences
of baseline data were insignificant, the baseline data from both ortho-k groups were
pooled together. Twenty-seven participants were classified as relatively slow
progressors (AE: 0.18 + 0.14 mm) and 35 participants as relatively fast (AE: 0.64 +

0.23 mm) over two years.

For the six waveform signal parameters, only p2areal was significantly different
between relatively slow and fast progressors (p = 0.018) (Table 4). A logistic
regression model, which consisted of baseline age and p2areal was statistically
significant (p < 0.001). The model explained 30.3% (Nagelkerke R?) of the variance in
classification of relatively slow and fast progressors. Increasing age (Odds ratio:
0.391) was associated with a decreased likelihood of being relatively fast
progressors, whereas increasing p2areal (Odds ratio: 1.002, 95% confidence
interval: 1.0001 to 1.004) was associated with an increase in the likelihood of being

relatively fast progressors.

Figure 4 shows the final classification and regression tree model, which
consisted of four nodes. Baseline age was the best predictor and p2areal was the
second predictor to differentiate between relatively slow and fast progressors. The
majority (17/20; 85%) of participants with baseline age younger than 8.92 years,
were relatively fast progressors. Of the participants older than 8.92 years and with
baseline p2areal lower than 951.39, 88% (14/16) were relatively slow progressors.
This model classified 51.9% of relatively slow progressors and 94.3% of relatively fast

progressors. The estimated error (standard error) after 10-fold cross-validation was
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0.44 (0.63).

Discussion

The results of this study showed that baseline p2areal was significantly higher
in relatively fast progressors. p2areal represents the area under the curve of the
waveform signal at the second peak (second corneal applanation during Ocular
Response Analyzer measurement) and has been previously hypothesized to be
related to the ability of cornea to dissipate energy. 22 A larger p2areal could
represent a larger area of corneal applanation, which could indicate a higher amount
of energy being stored in the cornea, during the outward corneal movement towards
the end of Ocular Response Analyzer measurement. It also implies that greater
internal energy was required for the cornea to return to its convex shape. These
alterations of energy storage of use suggest that a cornea with larger p2areal has
poorer energy damping abilities. The morphology of the second peak of the
waveform signal has been shown to be useful in the diagnosis or detection of
multiple ocular conditions, including keratoconus, 2>?* glaucoma, ?? and after corneal
cross-linking surgery. 2> According to the binomial logistic regression model, every 10
units of p2areal could result in a 2% increase in odds of being a relatively fast
progressor. From the classification and regression tree model, baseline age was the
best predictor for AE after two years in a group of ortho-k lens wearing children.
Previous studies also showed that participants with younger baseline age tended to
progress more rapidly over two years *>1¢ and five years. 2° p2areal could further

differentiate between relatively slow and fast progressors, as older children (> 8.92
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years) with a higher p2areal (> 951.39) tended to have a higher AE.

Although the biomechanics of the cornea differ from those of posterior ocular
tissues, corneal biomechanics were hypothesized to be able to reflect the
biomechanics of posterior ocular tissues as they share similar extracellular matrix
compositions. > In addition, corneal hysteresis and the morphology of the second
peak of the waveform signal have been shown to be related to the stiffness of the
sclera. 2728 A stiffer sclera could yield a smaller area under the second peak of the
waveform signal.?® Mechanical stresses, which act on the eye, especially the
posterior ocular tissues, could potentially lead to AE. 2%39 Intraocular pressure is one
source of ocular mechanical stress. Elevation of IOP for a short period of time can be
caused by many daily life activities. 3133 An increase in IOP has been suggested to be
associated with AE. 3* An eye with a better ability to resist the change induced by
mechanical stress could potentially have less AE.

The ocular rigidity of myopic eyes has been demonstrated to be lower
compared with emmetropic and hyperopic eyes. 3>3® The reduction in the diameter
of the scleral collagen fibrils, a lower level of collagen content and proteoglycan
synthesis have been suggested to be associated with myopia progression. 33 The
differences in the scleral composition between relatively slow and fast progressors
could lead to measurable differences in the waveform signal generated by the Ocular
Response Analyzer. This could help to explain why p2areal may be a potential
predictor for AE.

In the current study, a decision tree model was adopted. The advantage of this

approach is the ability to identify sub-grounds with the highest risk, rather than



207  focusing on the main effects across the entire sample. ° The results of both linear
208 regression and the decision tree model indicated that age and p2areal were

209  potential predictors of AE in ortho-k lens wearing children. Baseline p2areal differed
210  between relatively slow and fast progressors, which could aid in choice of myopia
211  control interventions. The main limitation for current study was relatively small
212  sample size so that a further stratification of subjects into different age groups to
213  investigate the association between age, p2areal, and myopia progression was not
214  able to perform. It would be worthwhile to carry out further investigations with
215 larger samples of children of different ethnicities to confirm the applicability of the
216  findings.
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Table 1. Summary and definitions of Ocular Response Analyzer waveform signal

parameters.

Parameters

Peak 1

Peak 2

Definition

slewl slew2 ratio between divel/2 and w1/2

mslew1 mslew?2 maximum single continuous increase in the rise
divel dive2 backside of downslope of peak until first break
aindex bindex the smoothness of the peak,

alphf the smoothness of the signal between the peaks

plarea, plareal

p2area, p2area2

area under the curve

h1, h11 h2, h21 height of the peak

wl, wil w2, w21 width of the peak, descriptor of the time course
aspectl, aspect2, aspect ratio of the peak

uslopel, uslope2, rate of increase from base to peak

dslopel, dslope2, rate of decrease from peak to base

pathl, pathll

path2, path21

the path length around the peak




340 Table 2. Characteristics of orthokeratology lenses used in current study.

Manufacturer NKL Contactlenzen
Material Siloxanylstyrene fluoromethacrylate
Design Parallel reverse geometry
Back optic zone radius (mm) 7.2-9.50 (0.05 mm step)
Back optic zone diameter (mm) 6

Lens power Plano
Compression factor (D) 0.75(0OK-CCF)/1.75(0OK-ICF)
Overall lens diameter (mm) 10.2/10.6/11.00
Tangential angle (degree) 50- 65 (1° step)
Peripheral Curve Tangential periphery
Sagittal depth (mm) 0.50 - 0.99 (0.01 mm step)
Central thickness (mm) 0.24

341  OK-CCF: conventional compression factor group; OK-ICF increased compression
342  factor group
343



344  Table 3. Baseline data in groups wearing orthokeratology lenses with conventional
345  compression factor (OK-CCF, 0.75 D) and increased compression factor (OK-ICF,
346 1.75D).
OK-CCF (n=29) OK-ICF (n=33) p*
Age, year 9.12+1.05 9.49+1.08 0.175
SER, D -2.34+0.76 -2.39+0.93 0.805
AL, mm 24.34 + 0.66 24.47 + 0.83 0.498
CCT, pm 548.00 + 28.83 548.03 + 29.35 0.997
IOPg, mmHg 14.66 + 3.46 14.23 + 2.60 0.587
IOPcc, mmHg 15.83 +3.18 15.20 £ 2.66 0.399
CH,mmHg 9.87+1.49 10.13 +1.39 0.486
CRF, mmHg 9.71+1.75 9.80+1.44 0.813
h2 354.67 £51.64 383.51+77.06 0.093
h21 236.45 +34.43 255.67 £51.37 0.086
plarea 4111 + 733 4241 + 1,054 0.581
plareal 1725 + 345 1855 £ 502 0.246
p2area 2331+636 2523 £ 693 0.262
p2areal 999 + 287 1100 + 321 0.199
347  Data are presented as mean * SD or median (range).

348  SER: spherical equivalence refraction, AL: axial length, CCT: central corneal thickness,
349 |0Pg: Goldmann-correlated intraocular pressure, IOPcc: corneal-compensated

350 intraocular pressure, CH: corneal hysteresis, CRF: corneal resistance factor

351  *Probability values of unpaired t-test for between-group difference.

352

353



354

355
356
357
358
359
360

Table 4. Baseline data in relatively slow progressors and relatively slow progressors

Slow (n=27) Fast (n=35) P*
Age, year 9.81+0.86 8.94+1.08 0.001
CCT, um 542 + 29.58 553+ 27.87 0.156
IOPg, mmHg 14.93 +3.03 14.05 + 2.99 0.256
IOPcc, mmHg 16.03 £ 3.15 15.08 + 2.68 0.201
CH, mmHg 9.91+1.30 10.09 £ 1.54 0.636
CRF, mmHg 9.82+1.32 9.71+1.77 0.781
h2 363.57 £70.34 374.99 + 65.73 0.513
h21 242.38 + 46.89 249.99 +43.82 0.513
plarea 4138 +1124 4213 +725 0.753
plareal 1795 + 553 1793 + 330 0.987
p2area 2273 + 648 2555 + 667 0.100
p2areal 966 + 291 1147 + 292 0.018

Data are presented as mean + SD.

CCT: central corneal thickness, IOPg: Goldmann-correlated intraocular pressure,

IOPcc: corneal-compensated intraocular pressure, CH: corneal hysteresis, CRF:

corneal resistance factor

*Probability values of unpaired t-test for between-group difference.
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15 withdrawn
- 6 failed contact lens training

130 assessed

49 not eligible

- 37 refractive errors too high/low
- 2 ocular health problem
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- 6 declined to participate
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368  Figure 2. Study flowchart.
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Figure 3. lllustration of waveform signal parameters (h2, h21, plarea, plareal,
p2area, and p2areal). P1: first corneal applanation (peak 1); P2: second corneal

applanation (peak 2).
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Figure 4. The classification tree of relatively fast and slow progressors using the

classification and regression tree model.



