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Abstract

Purpose: To investigate the effect of short-term scleral lens wear on the corneal

stroma at a macroscopic (thickness) and microscopic (within tissue) level, includ-

ing regional variations.

Methods: Fourteen young, healthy participants wore a rotationally symmetric,

16.5 mm diameter, scleral lens for 8 h. Scheimpflug images were captured before,

and immediately after, lens wear, and also on a second day (without lens wear) to

quantify natural corneal diurnal variations. After corneal segmentation, pixel

intensities of the stromal tissue were statistically modelled using a Weibull proba-

bility density function from which parameters α and β were derived.
Results: Both α and β parameters increased significantly following scleral lens

wear (by 5.7 � 10% and 6.5 � 6.5%, respectively, both p < 0.01). Corneal thick-

ness also increased slightly following lens wear (mean increase 0.49 � 1.77%,

p = 0.01); however, the change in α and β parameters did not correlate with the

magnitude of corneal swelling. On the control day, small but significant corneal

thinning was observed (−0.82 � 1.1%, p = 0.03), while α and β parameters

remained stable. Both microparameters varied significantly across the cornea,

with α decreasing (−15.4 � 0.7%) and β increasing towards the periphery

(+4.4 � 2.6%) (both p < 0.001).

Conclusion: Corneal microparameters α and β varied regionally across the cornea

and displayed a statistically significant increase following short-term scleral lens

wear, but remained stable between morning and evening measurements taken

during a control day without lens wear. These corneal microparameters may be a

useful metric to quantify subclinical corneal changes associated with low level

hypoxia.

Introduction

Scleral lenses significantly improve visual acuity, vision-re-

lated quality of life, and corneal epithelial integrity across a

wide range of ocular conditions.1 In recent years, scleral

lenses have increased in popularity amongst contact lens

practitioners due to innovations in anterior segment imag-

ing, improvements in rigid lens materials and manufactur-

ing techniques, their various therapeutic use2 and their

increased availability worldwide.3 However, since scleral

lenses are substantially thicker than traditional corneal gas

permeable lenses,4 and retain a sealed post-lens fluid reser-

voir with minimal tear exchange,5-7 low level corneal

oedema is still observed in modern daily scleral lens wear.8,9

Scleral lenses also gradually settle back into the ocular sur-

face during lens wear,10,11 and due to their unique lens

parameters and on eye fitting characteristics, behave differ-

ently to soft and rigid corneal lens designs.

Consequently, several studies have documented, in

detail, the macroscopic anterior ocular tissue changes that

occur following short-term scleral lens wear, including

corneal swelling,8,9 conjunctival and scleral tissue
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compression,12,13 and variations in corneal and corneo-

scleral curvature.14-18 However, to date, microscopic cor-

neal changes (i.e. variations in intrinsic tissue properties)

have not been reported. A more comprehensive characteri-

sation of the corneal response to scleral lens wear should

involve an in-vivo analysis of both the macroscopic and

microscopic parameters. For example, recent studies have

demonstrated that microstructural information from in-

vivo corneal tissue can be extracted from both optical

coherence tomography (OCT) (corneal speckle)19-22 and

Scheimpflug images (light intensity distribution).23,24 This

method is based on the statistical analysis of the pixel inten-

sity distribution in corneal images and can differentiate

between corneas of healthy individuals and those with kera-

toconus.23,24

The aim of this study is to investigate the effect of short-

term scleral lens wear on corneal tissue at both a macro-

scopic and microscopic level. Corneal thickness is used to

quantify macroscopic changes, while a previously validated

method23,24 is used to quantify microscopic changes within

corneal tissue. In addition, local variations in these micro-

scopic parameters across the cornea were investigated.

Methodology

Subjects and protocol

The protocol has been described in detail previously16 and

was approved by the Queensland University of Technol-

ogy’s University Human Research Ethics Committee and

followed the tenets of the Declaration of Helsinki. All sub-

jects gave written informed consent to participate. Briefly,

15 young, healthy participants (mean � SD: 22 � 3 years)

with a range of refractive errors (left eye spherical equiva-

lent from +0.50 to −4.50 D) and at least 0.00 logMAR

visual acuity in each eye were recruited (left eye visual acu-

ity ranged from 0.00 to −0.20 logMAR). Three of the par-

ticipants wore soft contact lenses and ceased lens wear for

at least 24 h prior to each measurement session. None of

the participants wore rigid lenses. This study was con-

ducted across three separate days. On the first day, partici-

pants were examined using a slit lamp biomicroscope to

ensure suitability for scleral lens wear.

The optimal fitting diagnostic scleral lens (a rotationally

symmetric Capricornia Irregular Corneal Design 16.5 mm

total diameter, www.capcl.com.au) was then determined by

following the manufacturer’s fitting guide,25 based on cor-

neal sagittal height data extrapolated to a 15 mm chord26

(the distance to the landing zone) and assessing the lens on

the eye following a 1-h settling period. The lenses were

manufactured in hexafocon A (Dk 100) and the thickness

of the lens varied between some participants depending

upon which sagittal depth was required (range of average

lens thickness 334-407 µm).4 The second day served as a

control condition to quantify the natural corneal diurnal

variation without lens wear. Scheimpflug images of the left

eye were obtained using the Pentacam HR camera system

(https://www.oculus.de/en/frontpage/) in the morning

between 8:00 and 10:00 AM (at least 2 h after the partici-

pants reported time of waking) and again 8 h later between

4:00 and 6:00 PM. On the third day, Scheimpflug images of

the left eye were obtained before the application of the opti-

mal fitting scleral lens as determined on day one, and

immediately after lens removal 8 h later. Reliable Scheimp-

flug imaging of corneal tissue cannot be obtained with a

scleral lens on the eye due to the reflections from the sur-

faces of the contact lens. For this reason, Scheimpflug

images were acquired immediately after lens removal. The

timing of the day 2 and day 3 measurement sessions were

matched for each participant. At each measurement session

on days 2 and 3, five error free measurements were cap-

tured using the Pentacam HR using the 25-picture 3D scan

mode. All participants completed the study, and wore the

scleral lens continuously over an 8-h period with no com-

plaints of midday fogging reported. However, one partici-

pant was excluded from this analysis since their day 3 final

imaging session was conducted following the instillation of

sodium fluorescein, which would affect the light intensity

distribution of the Scheimpflug images.

Data analysis

In addition to extracting the corneal thickness data pro-

vided by the built-in software, Scheimpflug images corre-

sponding to 25 corneal meridians (a fixed size of

500 × 1080 pixels) were exported for further analysis (i.e.

7000 images in total = 14 subjects × 2 measurement

days × 2 sessions/day × 5 measurements/session × 25

meridians/measurement). The data analysis consists of two

main stages: (1) corneal segmentation and (2) statistical

modelling of the pixel light intensity distribution. Tradi-

tional image processing techniques, including a median fil-

ter and Canny edge detection, were used to remove the

noise, extract the boundaries of interest and finally segment

the corneal tissue (Figure 1). Thus, in this first stage, the

segmentation method automatically extracts the anterior

and posterior boundaries of the cornea.

Following the corneal segmentation, in the second stage

a region of interest (ROI) was extracted automatically for

statistical modelling. The ROI selection was delineated by

the posterior corneal boundary and the anterior corneal

boundary with an offset. This vertical (axial) offset ensured

that the corneal epithelium was omitted from the ROI,

since the epithelial tissue exhibits a different intensity dis-

tribution to that of the stroma,19 which is the primary

interest of this work since the corneal swelling response to

modern scleral lens wear is almost entirely stromal.9 Since
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the epithelial and anterior limiting lamina (Bowman’s) lay-

ers are difficult to distinguish in Scheimpflug images, it was

decided to use an epithelial length offset equivalent to 12 %

of the total central corneal thickness previously delineated

by corneal segmentation.27 Regarding the horizontal (lat-

eral) dimension, a moving ROI of 11 pixels was applied

across the cornea for each image as illustrated by Figure 2a.

While a large moving ROI would limit the area under

investigation (since not all pixels would be counted the

same number of times), a small moving ROI would not

provide sufficient data to fit the probability density func-

tion (PDF) adequately. As part of a preliminary analysis,

the optimal length of the ROI was investigated. By moving

the ROI one pixel, a significant change in α from one ROI

to the adjacent one should not occur. Therefore, a change

in α between two consecutive ROIs larger than 0.25 (ap-

proximately 0.5% variation of α) was considered potential

noise. The number of pixels in the ROI was iteratively

increased by one until this condition was met. The first

pixel length to meet this condition (11 pixels) was conse-

quently chosen for further analysis. The moving ROI cov-

ered approximately the central 8 mm of the cornea. To

avoid undesired border effects (strong limbal/ scleral reflec-
tions) the peripheral cornea was not included in the ROI.

Besides calculating the mean pixel intensity (MPI) distribu-

tion, pixels corresponding to a given ROI were modelled

using a distribution function and, for illustrative purposes

only, grouped in a histogram according to pixel intensity,

Figure 1. Main steps of the corneal segmentation of the Scheimpflug images.

Figure 2. Moving region of interest (ROI) analysis process (a) and corresponding collection of histograms representing pixel intensity distribution in

each ROI (b). For illustrative purposes, only the first three ROIs are shown with different colours along with a red arrow that indicates the continuity of

the process across the segmented cornea (a). The histogram corresponding to the first selected ROI is shown in the foreground (b). α and β parameters

were obtained from each distribution function (from each ROI) and later averaged.
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Figure 2b. Pixel intensity indicates how bright a given pixel

is, and depends on the scattering light intensity. Pixel inten-

sity distribution of each ROI was approximated by the two-

parameter distribution functions that were previously used

in the statistical analysis of corneal images (i.e., Weibull,

Gamma and Lognormal distribution).19 To assess which

was the optimal function from the three candidates, the

goodness of the fit (GoF) was determined by the root mean

square error (RMSE), with a lower RMSE indicating a bet-

ter GoF. The RMSE was slightly lower using a Weibull

function (0.005 � 0.001) than Gamma (0.007 � 0.001) or

Lognormal (0.007 � 0.001) distributions. Consequently,

the Weibull PDF was used and is defined as,

f ðxÞ¼ β

α

x

α

� �β�1

e�
x
αð Þβ if x≥0 or 0 otherwise (1)

where the independent variable (x) represents pixel inten-

sity, α > 0 represents the scale parameter and β > 0 repre-

sents the shape parameter. Both parameters were estimated

using the method of maximum likelihood from the pixel

intensities of every ROI in each image. Thus, the α and β
parameters were obtained from each distribution function

(from each ROI as indicated by Figure 2b) and later aver-

aged. In summary, parameters α and β are derived from the

statistical analysis of light intensity distribution of corneal

Scheimpflug images. Generally speaking, a change in the

scale parameter (α) causes a displacement of the pixel

intensity distribution along the pixel intensity axis (x-axis).

In other words, an increase and decrease in α corresponds

to an increase and decrease in pixel intensity, respectively.

On the other hand, a change in the shape parameter (β)
affects the width of the pixel intensity distribution. The

smaller the β, the greater the spread of the pixel intensity

distribution of a given image, while a large β indicates

greater similarity in pixel intensities within a given image.

The Weibull model provides parameters α and β that

have a physical interpretation.19 In particular, it has been

suggested that the scale parameter may account for the

scatter density while the shape parameter may account for

the cross-section of the scattered element.19 In other words,

if one considers the cornea as comprised of small scattering

elements, β would indicate their number and α their size.

Further, to investigate regional corneal changes, after

transformation to polar coordinates, data were interpo-

lated, smoothed using second-order Zernike polynomials,

and the corresponding regional maps of α and β parameters

were obtained. The central cornea (4 mm diameter),

peripheral cornea (4-8 mm annulus) and the entire central

cornea (8 mm) were considered. These corneal regions

were further divided into four sectors for statistical analysis:

superior (S) [45, 135]°, inferior (I) [225, 315]°, nasal (N)
[315, 45]° and temporal (T) [135, 225]°. Corneal thickness

regional maps were not considered in this work, as these

have been reported elsewhere.7

Statistical analysis

The statistical analysis was performed using SPSS statistics

software (https://www.ibm.com/analytics/spss-statistics-sof

tware). The Shapiro–Wilk test indicated that all variables

were not normally distributed. Consequently, the Wilcoxon

signed-rank test was performed to determine the statistical

significance of differences in the parameters under investiga-

tion between the morning (before wear) and evening session

(after lens wear). The same test was applied to investigate

baseline differences between the control (day 2, morning ses-

sion) and the lens wearing day (day 3, prior to lens wear).

The Wilcoxon signed-rank test was also used to investigate

regional corneal changes of α and β parameters. Bonferroni

corrections were used to overcome inflation due to multiple

comparisons by dividing the significance level by the number

of comparisons performed (N = 121). Consequently, when

Bonferroni correction was used the alpha error per compar-

ison was 0.0004 (0.05/121). For clarity, Bonferroni correc-

tions are indicated in the text. In addition, regression

analysis was used to investigate the correlation of micro-

scopic parameters (baseline values of α and β and the change

of those parameters within sessions) with macroscopic

parameters (baseline corneal thickness and corneal swelling).

The coefficient of variation (CoV) was calculated for each

parameter analysed (corneal thickness, MPI, α and β param-

eters) using the five repeated values obtained at each session.

The level of significance was set to 0.05.

Results

Intrasession repeatability

Using the five repeated measurements, all analysed parame-

ters displayed good intrasession repeatability with coeffi-

cients of variation of 0.7 % for corneal thickness, 1.8 % for

α, 4.1 % for β and 2.5 % for MPI.

Variations in corneal macroscopic and microscopic

parameters

No statistically significant differences were observed

between the baseline (morning) corneal parameters mea-

sured on days 2 and 3: α (Wilcoxon signed-rank test,

p = 0.53), β (p = 0.51), MPI (p = 0.60), and corneal thick-

ness (p = 0.82).

Diurnal variations

During the control day, without scleral lens wear (averaged

across the central 8 mm) no statistically significant changes
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were observed in the α and β parameters or MPI (Table 1),

while the cornea thinned over the course of the day

(−9 � 9 µm, p = 0.026) (Table 1).

Effect of scleral lens wear

Scleral lens wear had a statistically significant effect on both

macroscopic and microscopic corneal parameters

(Table 1). Individual changes in α and β parameters are

shown in Table 2. Averaged over the central 8 mm, corneal

thickness increased by +3 � 9 µm (p = 0.010), α increased

by +3.12 � 2.7 a.u. (p < 0.001), β increased by + 0.37

� 0.53 a.u. (p = 0.009), and MPI increased by

+2.11 � 2.7 a.u. (p < 0.001). Taking into consideration

the natural diurnal variations measured on day 2, the total

effect of scleral lens wear on these corneal parameters was a

12 � 4.12 µm increase in corneal thickness, a 3.85 � 4.48

arbitrary units (a.u.) increase in α, a + 0.17 � 2.96 a.u.

increase in β, and a + 2.67 � 6.50 a.u. increase in MPI.

The corneal microscopic parameters investigated (α and

β) were not correlated with corneal thickness. This phe-

nomenon was observed repeatedly across the various mea-

surement sessions. Specifically, for the baseline session on

control day (α: R2 = 0.01, p = 0.37; β: R2 = 0.01,

p = 0.37), the evening session on control day (α:
R2 = 0.01, p = 0.37; β: R2 = 0.02, p = 0.31), the baseline

session on lens-wearing-day (α: R2 = 0.10, p = 0.14; β:
R2 = 0.02, p = 0.31) and the corresponding evening ses-

sion after lens removal (α: R2 = 0.01, p = 0.37; β:
R2 = 0.03, p = 0.28). Likewise, no correlation was found

between lens-wearing day baseline values of α or β with

corneal swelling (α: R2 = 0.06, p = 0.20; β: R2 = 0.01,

p = 0.37). Similarly, no correlation was found between the

change observed in α and/or β parameters (difference

Table 1. Median values of α and β parameters, mean pixel intensity (MPI) and corneal thickness (CT). During the control day and before and after

wearing scleral lenses (SL) for 8 mm central cornea of 14 participants

Morning median [IQR] Evening median [IQR] Difference median Percentage change median

p-value (Wilcoxon

signed-rank test)

Control day

α 53.41 [50.62, 57.49] 52.68 [50.33, 57.62] −0.73 −1.37 0.44

β 5.39 [4.93, 5.78] 5.59 [5.19, 5.84] 0.20 3.71 0.085

MPI 49.16 [46.70, 53.08] 48.60 [46.48, 52.82] −0.56 −1.13 0.49

CT (µm) 614 [575, 639] 607 [570, 633] −5 −0.82 0.026

Morning median [IQR] Evening median [IQR] Difference median Percentage change median

p-value (Wilcoxon

signed-rank test)

Scleral lens wear day

α 54.89 [52.01, 57.58] 58.01 [54.06, 63.33] 3.12 5.68 <0.001
β 5.33 [5.01, 5.77] 5.70 [5.17, 5.99] 0.37 6.49 0.009

MPI 50.55 [48.20, 53.95] 52.66 [49.56, 58.48] 2.11 4.17 <0.001
CT (µm) 617 [576, 640] 620 [585, 643] 3 0.49 0.010

α, β and MPI – arbitrary units. Percentage change is evening minus morning measurement and the denominator is baseline (morning) value.

α, β and MPI – arbitrary units. Percentage change is post lens wear minus pre lens wear measurement and the denominator is baseline (pre lens)

value.

IQR, interquartile range.

Table 2. Individual change in α and β parameters as a consequence of

scleral lens wear for each of the 14 participants

No.

Before lens wear After lens wear

Difference

(a.u.)

α β α β α β

01 52.04 5.74 53.01 6.16 0.97 0.43

02 48.64 6.09 67.70 7.34 19.07 1.25

03 50.01 4.13 53.03 4.08 3.02 −0.06
04 52.75 5.63 52.53 5.68 −0.22 0.06

05 51.91 5.32 54.68 5.40 2.78 0.08

06 55.18 5.34 56.37 5.20 1.36 −0.14
07 60.93 5.32 63.18 5.73 2.60 0.41

08 57.19 4.57 60.23 5.15 3.04 0.57

09 54.60 5.17 55.17 5.81 4.54 0.64

10 57.72 5.71 63.26 5.86 0.57 0.15

11 53.44 4.83 62.02 5.18 8.58 0.35

12 55.45 5.87 59.65 5.94 4.20 0.07

13 57.53 5.07 54.40 4.95 −3.13 −0.12
14 64.01 6.20 64.56 6.82 0.55 0.62

Overall 54.89

[52.01,

57.58]

5.33

[5.01,

5.77]

58.01

[54.06,

63.20]

5.70

[5.17,

5.99]

3.12

[0.57,

4.53]

0.37

[0.03,

0.58]

Values acquired from five consecutive images per session were used to

describe the individual values. ‘Overall’ row represents the median value

of the individual values (1–14) presented in the table with their corre-

spondent interquartile range (IQR).

α and β – arbitrary units (a.u.).
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between evening/baseline sessions on lens wearing day)

with thickness change (α: R2 = 0.14, p = 0.09; β:
R2 = 0.02, p = 0.31).

Figure 3 (right side) illustrates the mean Weibull PDF

comparing before (dashed blue line) and after scleral lens

wear (solid red line). Short-term lens wear expanded the

distribution around its centre and caused a shift towards a

higher pixel intensity (p = 0.001). No significant diurnal

variations were observed in the mean PDF on the control

day without lens wear (Figure 3, left side, p = 0.85).

Although the statistical analyses revealed significant

changes in both α and β corneal parameters following lens

wear (Table 1, Figure 3), some variability in the magnitude of

change was observed between participants as shown in

Table 2. Figure 4 displays the probability distribution func-

tions for two different participants to highlight this effect; one

from whom noticeable changes in α and β parameters follow-

ing lens wear were not found (Figure 4, top left plot-S01) and

another from whom noticeable changes were found (Figure 4,

top right plot-S02). The corresponding results during the

control day (no lens on the eye) are also displayed.

Regional analysis

Figure 5 displays the group median change in α and β
parameters in the baseline measurement and immediately

after lens removal across the central 8 mm of the cornea.

Table 3 shows the corresponding statistical analysis. Param-

eters α and β show local variations across the cornea. Anal-

ysis of the morning (baseline) maps revealed that α was

15.4 � 0.7 % higher in central cornea compared to the

periphery. Conversely, β was 4.4 � 2.6 % lower in central

cornea compared to the periphery. Regarding the different

corneal sectors, statistically significant differences were

found when comparing I-N, I-S, I-T, N-S, N-T, S-T (Wil-

coxon signed-rank test; all p < 0.004 [Bonferroni]) for

both α and β baseline maps, independent of the region

analysed (central 0-4 mm, peripheral 4-8 mm annulus, or

the entire central 8 mm of the cornea).

The effect of lens wear upon corneal microparameters

was greatest in the peripheral cornea for both α (5.7 � 0.9

%) and β (6.3 � 1.7 %), in comparison to the central cor-

nea, α (3.6 � 0.8 %) and β (5.2 � 0.4 %). Regarding the

different corneal sectors, the greatest changes in micropa-

rameters were observed nasally, and the least amount of

change occurred temporally (Table 3).

Discussion

This is the first study to investigate in-vivo corneal tissue

changes as a consequence of short-term scleral lens wear at

both a macroscopic and microscopic level. A pair of novel

parameters (α and β), recently introduced to better under-

stand Scheimpflug light intensity distribution in eyes with

keratoconus,23,24 were used to quantify corneal changes

within the stroma at the microscopic level. Both parameters

increased significantly following lens wear (Table 1, Fig-

ure 3, Figure 5), in addition to corneal swelling. Previous

research has demonstrated that short-term hypoxia alters

proteoglycan metabolism, which can affect the arrangement

of collagen fibres within the stroma.28 The results of the

current work show that the light scattering properties of

the stroma were altered as a consequence of lens wear. This

study does not provide sufficient data to assess the origin of

the observed differences in pixel intensity distributions as a

consequence of lens wear. However, based on previous

studies that have shown that lens induced hypoxia alters

collagen fibril arrangement,29,30 it is highly likely that

Figure 3. Mean probability density function (PDF) of the Weibull distribution of the horizontal meridian for the 14 participants. Left: control day (blue

morning baseline measurement, red evening measurement); Right: lens wear day (blue before lens insertion, red after lens removal).
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light scattering properties of the stroma were altered as a

consequence of lens induced hypoxia. In particular, the

observed increment in α translates to more corneal

backscattering (i.e., a less transparent stroma) while the

observed increment in β indicates that this change affects

the whole stroma. Individual differences were observed

among participants (Table 2 and Figure 4). The stroma

of all participants was not equally affected as a conse-

quence of short-term scleral lens wear. That is, not all of

the participants had the same hypoxic response to the

lens wear. However, the fundamental cause of this inter-

subject variation goes beyond the scope of the current

work. The maps plotted in Figure 5 represent the median

group value, meaning that the group parameters for one

condition were always greater at every point across the

cornea. However, if individual differences were plotted

this would not always be the case.

Similar to the current study, Jesus and Iskander19 applied

a statistical modelling approach to examine corneal micro-

structural changes in-vivo using a speckle field generated by

corneal microstructure in OCT images. In a small sample

of subjects (n = 4, mean age 38 years), OCT images were

obtained before and after 3 h of low Dk soft contact lens

wear and patching over the closed eye. More than 8 % cor-

neal swelling was induced on average, which resulted in sig-

nificant variations in various shape parameters (~17-30%
change). In the same work, the authors also observed that

corneal macroscopic (thickness) and microscopic parame-

ters were not directly correlated and did not recover at the

same rate following the removal of the hypoxic stimulus.19

The fact that microscopic and macroscopic corneal param-

eters were not correlated is consistent with the current

study, in which scleral lens induced changes in α and β
parameters were not significantly associated with corneal

swelling (α: R2 = 0.06, p = 0.20; β: R2 = 0.01, p = 0.37).

The independence of corneal thickness from α and β
parameters has also been demonstrated in previous work

investigating α and β parameters in keratoconic and healthy

Figure 4. Comparison in probability density distribution (PDF) of the Weibull distribution of the horizontal meridian of a participant (S01, left) from

whom noticeable changes in α and β parameters following lens wear were not found as a consequence of scleral lens wear (SL) and a participant

(S02, right) from whom noticeable changes were found. Bottom: control day; Top: scleral lens (SL) wear day. The five PDFs represent data from each

Pentacam HR measurement at each time point. Blue denotes baseline/before scleral lens wear, red denotes evening/after scleral lens wear.
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eyes using Scheimpflug imaging.24 In that work, a boot-

strap analysis was performed which indicated that not only

are macroscopic and microscopic parameters independent

from each other, but also that corneal thickness is not a

confounding factor that affects the calculation of α and β.24

Ultimately, to prove that the observed changes in α and β
are related to hypoxia, rather than fluid mechanics, requires

an additional experiment using a range of soft contact

lenses (from low to high Dk) to induce varying degrees of

corneal hypoxia, without the thick post-lens fluid reservoir

that occurs with scleral lenses. Although a soft lens control

group was not included in this study, Jesus and Iskander19

applied a similar modelling approach (a Gamma distribu-

tion) to OCT speckle data obtained before and after soft

contact lens wear and observed similar highly significant

changes in their model parameters. This supports the

hypothesis that the observed changes in the current study

are most likely a result of corneal hypoxia rather than post-

lens reservoir fluid mechanics.

The parameters α and β remained stable comparing

the morning and evening session in the control day

without lens wear (−1.37 to +3.71 % variation), despite

a small but statistically significant amount of corneal

thinning of ~0.8 % (Table 1, Figure 3). Jesus and Iskan-

der19 also observed minimal change in similar shape

parameters associated with OCT derived corneal speckle

in a control condition; 0.6 % corneal thinning and −4.3
to +3.1 % variation in their shape parameters. This sug-

gests that a certain magnitude of hypoxic stress or cor-

neal oedema must be reached before significant optical

changes in the stroma become detectable (i.e. greater

than ~0.8 % tissue swelling).

Figure 5. The median distribution of α and β parameters and mean pixel intensity (MPI) in the 8 mm central cornea of the 14 participants. Left: pre-

scleral lens wear; Middle: immediately after 8 h of scleral lens wear; Right: median percentage difference (post-lens wear minus pre-lens wear.

Pre-lens wear is the denominator). Colour bars for pre- and post-lens wear are expressed in arbitrary units. Colour bars for the difference maps are

percentage change.
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This is the first study to investigate the regional distribu-

tion of α and β parameters across the central 8 mm of the

cornea (Figure 5). Both α and β parameters varied towards

the periphery, across all quadrants (Table 3). The greatest

changes in both α and β parameters following lens wear

were found nasally (α: ~5.8 %; β: ~6.7 %) and the smallest

changes were observed temporally (α: ~3.5 %; β: ~4.7 %). It

is known that fibrils in the peripheral cornea are more

abundant31,32 and larger in diameter than those from the

central cornea.32 In addition, previous research has demon-

strated that the reduced transparency in the peripheral

stroma is primarily caused by changes in fibril radius.33,34

These studies showed that the increase in fibril radius has a

greater effect on light propagation through the stroma, and

such influence is likely to be the source of the decrease in

light transmission as a function of position seen in the

peripheral regions.33 This difference in tissue composition

would alter how the light travels through the tissue,33 and

consequently modify α and β parameters. Similar to tradi-

tional densitometry, pixel intensity distribution that is

modelled using a Weibull function, is based on the

backscattering of light. Generally speaking, light from the

source reaches the object to be imaged (the cornea), which

is partially backscattered towards the detector to form an

image. This final image therefore depends on how light

travels within the cornea and how much of it is backscat-

tered. The arrangement of corneal components (such as

epithelial cells, keratocytes, proteoglycans, collagen fibrils,

and endothelial cells) would cause light to travel differently

within the different layers and regions, resulting in intensity

differences in the final image. Those pixel intensity differ-

ences can be statistically modelled to infer tissue character-

istics. Although many statistical models could be suitable

for this purpose,19 the Weibull function was chosen since it

showed a good fit for Scheimpflug images, in accordance

with previous research.24

Since α and β parameters provide information on tissue

transparency, the newly introduced corneal regional maps

of α and β parameters could be of use to further investigate

ocular diseases where localised changes in corneal structure

occurs, such as keratoconus. As an alternative to regional

analysis, Figure 3 shows microstructural changes in a single

meridian. The mean PDF of the Weibull distribution of the

horizontal meridian for the 14 participants is plotted in

Figure 3 to illustrate that valuable information can be

extracted from one image along a single meridian per par-

ticipant.

Mean pixel intensity and α were found to be statistically

significant different from each other, independent of the

session (lens day: morning and evening (both p < 0.001),

scleral lens wear day: before and after lens wear (both

p < 0.001)). However, both MPI and α displayed a very

similar regional distribution pattern as illustrated in Fig-

ure 5. Since, by definition, the mean value of a Weibull

PDF is proportional to the scale parameter (α),35 this result
was expected. One could question the added value of the

Table 3. Median � SD regional differences in central cornea (4 mm diameter) and peripheral cornea (annulus 4–8 mm) in α (top) and β (bottom)

parameters for the left eye of 14 participants who wore a scleral lens during an 8-h period

Before lens wear After lens wear

p-value (Baseline vs

evening)

Central

cornea

Peripheral

cornea

p-value (central vs

peripheral)

Central

cornea

Peripheral

cornea

p-value (central vs

peripheral)

Central

cornea

Peripheral

cornea

α
Inferior 59 � 3 49 � 3 <0.0004 61 � 3 52 � 2 <0.0004 <0.0004 <0.0004
Nasal 59 � 3 50 � 4 <0.0004 62 � 2 53 � 4 <0.0004 <0.0004 <0.0004
Superior 60 � 3 51 � 5 <0.0004 63 � 3 54 � 5 <0.0004 <0.0004 <0.0004
Temporal 61 � 2 52 � 3 <0.0004 63 � 2 54 � 3 <0.0004 <0.0004 <0.0004

Before lens wear After lens wear

p-value (Baseline vs

evening)

Central

cornea

Peripheral

cornea

p-value (central vs

peripheral)

Central

cornea

Peripheral

cornea

p-value (central vs

peripheral)

Central

cornea

Peripheral

cornea

β
Inferior 9.7 � 0.3 10.3 � 0.3 <0.0004 10.2 � 0.2 10.7 � 0.4 <0.0004 <0.0004 <0.0004
Nasal 9.6 � 0.1 9.7 � 0.3 <0.0004 10.1 � 0.1 10.5 � 0.2 <0.0004 <0.0004 <0.0004
Superior 9.6 � 0.2 9.9 � 0.3 <0.0004 10.1 � 0.2 10.6 � 0.4 <0.0004 <0.0004 <0.0004
Temporal 9.5 � 0.2 10.2 � 0.4 <0.0004 9.9 � 0.2 10.7 � 0.3 <0.0004 <0.0004 <0.0004

Wilcoxon signed-rank test was applied to determine statistical significant differences. Bonferroni correction was also considered

(αper comparison = 0.0004).
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proposed methodology (modelling the pixel intensity dis-

tribution with a Weibull function), versus simply calculat-

ing the mean value of that pixel intensity distribution. In

this regard, it is important to notice that first, in the current

study α was found to be more sensitive than MPI to

changes produced as a consequence of scleral lens wear

(Figure 5, right). Secondly, the pixel intensity distribution

was not normally distributed. From a statistical point of

view, calculating the mean of a non-normal distribution

might lead to bias, thus care should be exercised while ana-

lysing the MPI data. Although other statistical parameters

(such as median, skewness, kurtosis) could be considered, a

parametric model, such as Weibull, is generally more

robust towards outliers.36 In this work α showed a better

(lower) coefficient of variation than MPI.

A limitation of the current study is that all partici-

pants were young and healthy with normal corneas, and

no history of ocular disease or scleral lens wear. Conse-

quently, the results must be interpreted with caution and

may not be applicable for older patients, those with ocu-

lar surface abnormalities, corneal disease or regular con-

tact lens wearers. In addition, no further serial

measurements were performed after the initial lens

removal, and consequently the recovery rate of the

observed changes should be considered in future studies.

Also, scleral lens removal could potentially induce some

ocular surface inflammation in neophyte lens wearers;

however, such stress would most likely occur towards

the sclera where pressure is applied to remove the lens.

In the current study, an experienced optometrist con-

ducted lens removal without complications. The relation-

ship between changes in corneal microscopic parameters

and visual function, as well as the influence of the type

of contact lens worn, should also be investigated. Given

the low level of oedema observed in the current study,

more sensitive measures than high contrast visual acuity

would likely be required to quantify the visual effect of

such changes (e.g. contrast sensitivity or subjective mea-

sures of light scatter).37,38 However, it is important to

bear in mind that the work from Mitchell & Elliott38 is

based on the van den Berg straylight meter, which differs

from the backscatter of slit-lamp and Scheimpflug in

that it measures forward light scatter. Forward light scat-

tering refers to light scattered from the cornea and lens

towards the retina. It may be much greater than

backscattered light, unless is Rayleigh scatter39 and

depends on the microstructure of the medium.39 The

relationship of forward light scattering to backward light

scattering is the light scattering seen during slit lamp

examination or Scheimpflug images. In the current work,

we chose to exclusively analyse the stromal area, since it

has been reported that that the epithelial and endothelial

tissue exhibit increased backscatter to that of the

stroma,40 which is the primary interest of this work since

the corneal swelling response to modern scleral lens wear

is almost entirely stromal.9 However, there is no techni-

cal constraint to also analyse other corneal layers.

A potential technical limitation of this work is the

analysis using the moving ROI shifts by one pixel, as

illustrated in Figure 2a. Consequently, most individual

pixels are counted multiple times, except for those pixels

in the peripheral cornea, which are counted fewer times.

Since the moving ROI is 11 pixels in length, this would

affect the 10-most-peripheral pixels in each corneal

image (i.e. approximately 0.2 mm from the 8 mm anal-

ysed, or 2.5%). The length of the ROI (11 pixels) was

chosen after considering this limitation. On the other

hand, the results reported should be put in context of

the inherent noise of the imaging device. Overall, all

analysed parameters displayed good intrasession repeata-

bility across the five repeated measures. The β parameter

showed a higher coefficient of variation (4.1%) than the

α parameter (1.8%), which likely explains the variation

in PDF height in some of the subplots of Figure 4 which

showed higher variability on day 2 (control day) than

day 3 (scleral lens wear day) for the same participant.

Assessing the inherent noise of the imaging system of

the Pentacam device is beyond the scope of the current

work, but it would be of interest to investigate this in

the future.

Hypoxia as a consequence of scleral lens wear is a com-

mon clinical problem for practitioners that has been repeat-

edly investigated using different experimental

approaches.7,8,15 Clinical trials including neophyte and reg-

ular lens wearers, healthy and compromised eyes, and also

different mathematical models have been used to try to

understand oxygen delivery during lens wear and the physi-

ological changes that occur in the cornea. The methods

used in the current study utilise an alternative approach to

previous investigations, which provide new insights into

microstructural corneal changes that are likely linked to

optical quality. On average, the change in corneal thickness

observed following lens wear (1.3% oedema relative to the

control day) would not be considered clinically significant

for young healthy eyes in the short-term, and would be

undetectable during routine slit lamp examination. The

method described in this paper allows the quantification of

microstructural corneal changes that occur following short-

term scleral lens wear, with minimal oedema.

In conclusion, despite minimal corneal oedema, follow-

ing 8 h of scleral lens wear, statistically significant changes

were observed within corneal stromal tissue properties.

Although the clinical implication of these changes requires

further experimentation, these microparameters may be a

useful additional metric to monitor subclinical corneal

changes in response to low grade hypoxia.
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