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Study of association between corneal shape
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during orthokeratology using image-pro plus
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Abstract

Background The aim was to validate the correlation between corneal shape parameters and axial length growth
(ALG) during orthokeratology using Image-Pro Plus (IPP) 6.0 software.

Methods This retrospective study used medical records of myopic children aged 8-13 years (n=104) undergoing
orthokeratology. Their corneal topography and axial length were measured at baseline and subsequent follow-ups
after lens wear. Corneal shape parameters, including the treatment zone (TZ) area, TZ diameter, TZ fractal dimension,
TZ radius ratio, eccentric distance, pupil area, and pupillary peripheral steepened zone(PSZ) area, were measured
using IPP software. The impact of corneal shape parameters at 3 months post-orthokeratology visit on 1.5-year ALG
was evaluated using multivariate linear regression analysis.

Results ALG exhibited significant associations with age, TZ area, TZ diameter, TZ fractal dimension, and eccentric
distance on univariate linear regression analysis. Multivariate regression analysis identified age, TZ area, and eccentric
distance as significantly correlated with ALG (all P<0.01), with eccentric distance showing the strongest correlation
(B =-0.370). The regressive equation was y=1.870—-0.235a+0.276b —0.370c, where y represents ALG, a represents
age, b represents TZ area, and ¢ represents eccentric distance; R =0.27). No significant relationships were observed
between the TZ radius ratio, pupillary PSZ area, and ALG.

Conclusions PP software proves effective in capturing precise corneal shape parameters after orthokeratology.
Eccentric distance, rather than age or the TZ area, significantly influences ALG retardation.
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Introduction

The global rise in myopia prevalence has drawn increased
attention [1-3] to myopia management strategies, with
orthokeratology emerging as a prominent approach
[4-10]. Orthokeratology lenses temporarily re-shape the
cornea to correct refractive errors and slow axial length
progression delay by approximately 31-63% [1, 9, 11].

However, there exists considerable individual vari-
ability in efficacy of orthokeratology for myopia con-
trol. As orthokeratology becomes more prevalent, there
is a growing urgency among optometrists to predict its
effects conveniently and precisely. Previous studies sug-
gest a correlation between axial length growth (ALG) and
corneal morphology following orthokeratology [7, 8, 12—
16]. However, accurately measuring parameters like the
treatment zone (TZ) and pupillary peripheral steepened
zone (PSZ) remains challenging [17]. Most studies rely
on simulating the plastic zone as a regular circle or ellipse
[7, 18, 19], leading to potential biases.

Image-Pro Plus (IPP) software offers advanced image
analysis capabilities, enabling precise delineation of spe-
cific regions like the TZ and comprehensive data col-
lection [17, 20, 21]. Building upon the work by Mei et
al. [17] regarding the reliability of IPP in evaluating cor-
neal reshaping with orthokeratology, this study used IPP
software to investigate how corneal reshaping influences
myopia control efficacy.

Subjects and methods

Ethical approval This study received approval from Xihu
Zhijiang Ophthalmology Hospital's Ethics Committee
(number: 2020-001-k-01-01) and adhered to the princi-
ples outlined in the Declaration of Helsinki.

Subjects Patients who underwent orthokeratology treat-
ment with ortho-k lenses for 18 months at Xihu Zhiji-
ang Ophthalmology Hospital between January 2017 and
November 2019.

A total of 104 subjects (41 males and 63 females), aged
8-13 years, were retrospectively included. Inclusion cri-
teria encompassed a spherical refractive error <—6.00 DS
and refractive astigmatism<-2.00 DC; best-corrected
visual acuity of 220/20; no history of treatment for bin-
ocular vision disorder or vision training; contraindica-
tions to wearing contact lens; and no ocular pathology,
strabismus, amblyopia, or other vision impairments.

Lens fitting

All patients enrolled were prescribed four-zone reverse-
geometry lenses with a total lens diameter ranging
from 10.2 to 11 mm, a back optical zone diameter of
6.0-6.2 mm (conventional), a reverse curve width of
0.5 mm, an alignment curve between 1.0 and 1.4 mm,
and a peripheral curve width of 0.5 mm. The VST
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products used were Alpha (nominal Dk, 104x10"
(cm?/s) (mLO,/mLxmmHg); Nagoya, Japan), Dreamlite
(nominal Dk, 100x10" (cm?/s) (mLO,/mLxmmHg);
Gelderland, The Netherlands), DreamVision (nomi-
nal Dk, 100x10' (cm?/s) (mLO,/mLxmmHg); AnHui,
China), and Euclid (nominal Dk, 127x10Y (cm?/s)
(mLO,/mLxmmHg); Virginia, USA)The final order was
determined by adding 0.75 diopters D to the target power
through over-refraction.

Data collection

The clinical records of 104 subjects were retrospectively
collected for this study, including data on patients’ age
at initial orthokeratology lens fitting, sex, and baseline
spherical equivalent (SE) refractive error, which was cal-
culated as the sum of spherical power and half the cylin-
drical power.

Measurements

After adequate mydriasis using topical 0.5%
tropicamide,Retinoscopy was employed using a com-
puter optometry instrument (Japan, NIDEK, ARK-510 A)
to determine SE.

At baseline and subsequent follow-up visits, corneal
topography (E300 Topographer, Medmont) was con-
ducted, with a minimum of three topographic maps
obtained at each measurement session. The highest-
quality map was subsequently selected for analysis. From
these maps, corneal topographic characteristics, and
pupil size, were derived.

The study used a noncontact biometer (IOL Master;
Carl Zeiss Jena GmbH, Jena, Germany) to measure base-
line and 1.5-year axial length data. Three measurements
were obtained at each visit, and the mean average value
of the three separate measurements of axial length was
recorded.

Image analysis
IPP software was used to analyze the TZ and PSZ
parameters.

TZ parameters

The best topographical maps at baseline and the 3-month
follow-up were chosen to generate composite tangential
subtractive maps. Using custom settings, the step size of
each tangential subtractive map was set to the minimum
(0.1 D). These maps were imported into IPP software for
analysis. TZ was determined following the methodology
outlined by Mei Ying et al. [17], with a tolerance of £0.05
D for each zero point at the edge of the TZ. The bound-
ary was depicted, and a reference for the analysis of TZ
parameters using IPP is provided.

1. TZ area: Area of TZ.
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2. TZ diameter: Diameter of the “zero diopter change”
zone, including the maximum, minimum, and mean
diameters.

3. TZ fractal dimension: The fractal dimension is a
non-integer value describing the complexity of a
fractal object that exhibits scale invariance. While
Euclidean geometry assigns dimensions of 1 to
lines, 2 to planes, and 3 to cubes, fractals can have
dimensions between those values, such as 1.50
or 2.33, indicating fractional spatial dimensions.
The outline of the TZ can be considered more
dimensional than a line (1-dimensional) but less
so than a square (2-dimensional), thus having a
dimension between 1 and 2. A higher number
reflects greater complexity in morphology [22, 23].

4. TZ radius ratio: The ratio between the maximum
and minimum radius of the “zero diopter change”
zone.

5. Eccentric distance: The distance between the center
of TZ and the pupil center. The center of TZ was
automatically displayed when the “Outline Style”
of the “Count/Size Options” was set to “Dot,” and
the pupillary center was determined via corneal
topography.

PSZ parameter

1. Pupil area: The area of pupil.
2. Pupillary PSZ area: The PSZ of the pupil area.

1) Preparation: Select the measurement scale and
click“Measure—Count/Size—Options—Outline
style—Outline” to show the outline of the actual
measurement area.

2) The pupil areas were depicted manually using
“Ellipse AOI”

3) Click “Measure—Count/Size— Select Colors,
choose the straw-shaped button, and then put
“the straw” on the red area (PSZ). Then, Click
“Measure—Count/Size—Count,” which will
display the contour line of the pupillary PSZ area
(Fig. 1).

4) Click “Measure—Select measurement— Area.

3. Pupillary PSZ area/pupil area: The proportion of
PSZ in the pupil area.

Statistical analysis

The analyses were conducted using SPSS. A paired t-test
compared measurements at 1.5 years after orthokeratol-
ogy to baseline measurements. Associations between
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ALG and changes in age, SE, eccentric distance, TZ area,
TZ diameter, TZ fractal dimension, TZ radius ratio, and
pupillary PSZ area were assessed using Pearson corre-
lation coefficients. Significant predictors of ALG were
identified through multiple linear regression analysis,
employing forward selection. Statistical significance was
set at a=0.05.

Results

Measurements

The mean age of participants was 10.6911.38 years. Base-
line measurements revealed a mean SE of —2.71+1.13
D (range: —5.875 to —0.50 D) and mean axial length of
24.71+£0.69 mm. Table 1 presents the corneal reshaping
parameters.

Axial growth VS. baseline characteristics

At 18 months post-lens wear, the mean ALG was
0.38+0.18 mm. Univariate regression analysis indicated
a negative association between ALG and age (P=0.015;
Fig. 2C), while no correlation was observed with SE
(P=0.417; Fig. 2E). Multiple regression analysis demon-
strated a significant association between age and ALG
(Table 2).

Axial growth VS. cornea reshaping parameters

The relationship between ALG and corneal reshaping
parameters is summarized in Table 2. ALG exhibited sig-
nificant simple correlations with eccentric distance (Pearson
correlation coefficient; r=—0.324, P=0.001; Fig. 2A), TZ area
(r=0.306, P=0.002; Fig. 2B), TZ diameter—max (r=0.271,
P=0.005), diameter—mean (r=0.315, P=0.001), TZ diam-
eter—min (r=0.306, P=0.02), and TZ fractal dimension
(r=—0.214, P=0.029; Fig. 2D). However, no significant cor-
relations were found with changes in the TZ radius—ratio
(r=—0.144, P=0.145), pupil area (r=0.084, P=0.394; Fig. 2F),
pupillary PSZ area (r=0.066, P=0.506; Fig. 2G), and pupil-
lary PSZ area/pupil area (r=0.024, P=0.811; Fig. 2H).

Given the calculation relationship between the TZ area
and TZ diameter (max/mean/min), only the TZ area
was included in the multivariate analysis. Multiple linear
regression analysis results revealed significant correlations
between ALG and changes in age, TZ area, and eccentric
distance. Notably, the change in eccentric distance emerged
as the most influential variable ( = —0.370, P<0.0001). The
regressive equation was y=1.870—-0.235a+0.276b—0.37
Oc, where y is ALG, a is age, b is the TZ area, and c is the
eccentric distance; R*=0.27. TZ fractal dimension did not
contribute significantly to the model (r=-0.086, P=0.385;
Table 2).
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Fig. 1 Image-Pro Plus software was used to evaluate the corneal shape parameters. (A) The treatment zone (TZ) area is manually delineated in green.
(B) Manual measuring of the eccentric distance. (C) The peripheral steepened zone (PSZ) area is represented in yellow. (D) The pupillary PSZ area is

delineated in yellow

Discussion

This study, employing IPP software, reported that children
with a larger eccentric distance and smaller TZ area fol-
lowing orthokeratology exhibited a slower ALG rate at 18
months. Multiple regression analysis revealed significant
associations between ALG and the initial age, eccentric dis-
tance, and TZD.

Initial age and SE

Previous literature has consistently highlighted initial age
as significant determinant of ALG [6, 8, 13, 18, 24-26].
Our findings align with this consensus, indicating a nega-
tive correlation between ALG and baseline age (r=—0.247,
P=0.048). This suggests that myopia progression tends to
decelerate with age [26].
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Table 1 Corneal reshaping parameters

Mean SD
Eccentric distance (mm) 05 02
TZ area (mm?) 945 139
TZ diameter-max (mm) 3.68 0.27
TZ diameter-mean (mm) 342 0.26
TZ diameter-min (mm) 3.17 03
TZ Fractal dimension 1.04 0.01
TZ radius ratio 1.27 0.14
Pupil area 17.86 4.95
Pupillary PSZ area (mm?) 7.24 3.81
Pupillary PSZ area/Pupil area 0.37 0.12

Table 2 Linear regression analysis of the associations of
18-month ALG changes with various characteristics

Univariate model

Multivariate model

P Standard PValue Standard
Value Regression Regression
Coefficient Coefficient

Age (years) 0.015 —0.239*% 0.007 —0.235*

Baseline SE(D) 0417 —0.061

Eccentric distance 0.001  —0.324* <0.001 -0370*

TZ area 0.002  0.306* 0.006 0.276*

TZ diameter-max 0005 0271*

TZ diameter-mean 0.001  0315*

TZ diameter-min 0.002  0.306*

TZ fractal dimension 0029 -0214* 0.385 —-0.086

TZ radius ratio 0.145 -0.144

Pupil area 0.394  0.084

Pupillary PSZ area 0.506  0.066

Pupillary PSZ area/Pupil 0811  0.024

area

Regarding baseline SE, our study did not detect a clear
correlation with ALG, consistent with observations in some

A
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previous works [25-27]. However, some other studies have
reported this association to be statistically significant [8, 18,
28]. Notably, studies have shown a significant negative cor-
relation between ALG and SE in patients with a broader
baseline SE range, typically between —6.0 and —1.0 D. Con-
versely, studies involving subjects with a narrower SE range,
primarily between —4.0 and —1.0 D, tend to report no asso-
ciation between baseline SE and ALG [18]. In our study, the
average SE was —2.71+1.13 D, with a higher proportion of
cases with low SE (91.35% with <—4.0 D), possibly contrib-
uting to the relatively rapid progression of myopia observed.
Additionally, the inclusion of patients with potentially sig-
nificant deviations in orthokeratology lens fitting may have
influenced the myopia control effects associated with SE,
thereby affecting the statistical outcomes.

TZ parameters

Previous research by Kang et al. [29] indicated that ortho-
keratology induces changes in the central corneal power,
leading to peri-retinal myopic defocusing and increased
central foveal choroid thickness; this phenomenon is asso-
ciated with a deceleration in ALG and myopia progression.
Furthermore, Hu et al. [15] have demonstrated a strong
negative correlation between changes in corneal refractive
power within a 4-mm central diameter and myopia control
efficacy induced by orthokeratology. Similar findings have
been corroborated by other clinical investigations [12, 25,
30], supporting the hypothesis that a smaller TZ exposes a
larger area to peripheral refraction, thereby potentially slow-
ing myopia progression [7, 12, 25, 30, 31].

Previous studies have also suggested that orthokeratology-
induced higher-order aberrations, including positive spheri-
cal [32] and coma-like [33] aberrations, may contribute
to its myopia control effect [25]. Additionally, decentered
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Fig. 2 Scatterplots showing the correlation between axial length growth and (A) eccentric distance, (B) treatment zone (TZ) area, (C) age, (D) treatment
zone (TZ) fractal dimension, (E) spherical equivalent (SE), (F) pupil area, (G) pupillary peripheral steepened zone (PSZ) area, and (H) pupillary PSZ area.
(Pearson correlation (r) test; *P<0.05; **P<0.01)



Wang et al. BMC Ophthalmology (2024) 24:163

orthokeratology has been associated with significant induc-
tion of additional corneal coma-like aberrations [34—36].
Notably, the decentration distance has been proposed as
a predictive factor for myopia control efficacy following
orthokeratology [7, 8, 28].

In our study, we found a positive association between the
TZ area and ALG, while eccentric distance showed a nega-
tive correlation with ALG. These results align with those
of other works, with eccentric distance exhibiting a stron-
ger correlation with ALG. This observation is consistent
with the findings of Hiraoka et al. [33], who emphasized the
greater relevance of differences in coma-like aberrations to
ALG than differences in positive spherical aberrations. This
information may assist optometrists in more effectively
adjusting treatment parameters and considering a more
permissive approach to orthokeratology decentration with-
out compromising visual acuity and patient comfort. Inter-
estingly, we found no significant correlation between the TZ
radius ratio and ALG, suggesting that pursuit of a perfectly
circular TZ may be unnecessary.

The fractal dimension, an important parameter in frac-
tal geometric analysis, has been widely described in vari-
ous medical subfields [22, 23] but has not been extensively
utilized in corneal measurement. Our study found that a
larger fractal dimension was associated with slower ALG in
univariate regression analysis. However, after adjusting for
baseline age, eccentric distance, and TZ area, this associa-
tion became statistically insignificant. These results indicate
insufficient evidence to support the consideration of TZ
fractal dimension as a relevant factor affecting ALG.

PSZ parameter

In 2012, Chen et al. [37] reported that large scotopic pupil
diameters (measured using OPD-Scanll) enhance the ALG
slowing efficacy of orthokeratology in myopia (r*=0.405,
P<0.001). They speculated that a larger pupil diameter
enhances the myopic shift in the peripheral retina, exerting
a greater suppressive effect on ALG. These findings were
confirmed by Miguel et al. [32] who reported that increasing
pupil size, from 3 to 6 mm, led to higher exposure to periph-
eral defocusing. Similarly, recent research found significant
correlations between ALG and the pupil area measured
using corneal topography [8]. Thus, effective defocusing
within the pupil area may aid in predicting the myopia con-
trol effect of orthokeratology lens fitting [26]. Despite these
findings, some studies have reported no correlation between
pupil diameter and the effectiveness of myopia control [26,
38].

Surprisingly, we observed no correlation between ALG
and the pupil area, pupillary PSZ area, pupillary PSZ area/
pupil area, suggesting that a larger pupillary PSZ area in the
cornea may not reliably indicate better myopic control. We
speculate several reasons for this discrepancy. First, there
may be errors in pupil size measurements obtained via
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corneal topography compared with those obtained using an
infrared pupillary detector, leading to differences in pupil-
lary PSZ area estimates. Second, the lack of a set time limit
for corneal topography detection may result in dynamic
changes in the pupil diameter throughout the day. Third,
the pupillary PSZ area may not accurately represent the
summed corneal power shift. For example, individuals with
a higher initial SE may achieve a greater summed corneal
power shift than the individuals with a lower initial SE [15].

Advantages and limitations of this study

This study presents several improvements over prior
research. We employed a more realistic approach to
describe and compute corneal reshaping parameters,
enhancing the credibility of our conclusions. Additionally,
we introduced novel measurements of pupillary PSZ area,
TZ fractal dimension, and radius ratio, as well as evaluated
their impact on ALG. Despite these strengths, it is essential
to acknowledge the study’s limitations. First, the sample size
was limited; a larger sample size would enhance the study’s
robustness. Second, this study focused solely on corneal
topography, neglecting potential impacts on visual qual-
ity such as ocular wavefront or contrast sensitivity function
associated with larger eccentric distances and smaller TZ
areas.

Conclusion

In conclusion, IPP software enabled detailed delineation
of corneal topography and extraction of comprehensive
measurement parameters. Lens designs resulting in larger
eccentric distances or smaller TZ areas may offer improved
myopic control efficacy.

List of abbreviations

ALG  Axial length growth

TZ Treatment zone

PSZ  Peripheral steepened zone
IPP Image-Pro Plus

SE Spherical equivalent
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