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Abstract
Purpose: To study the effect of different soft contact lens (CL) materials during
Alejandra Consejo, Department of Applied short-term wear on corneal tissue.
Physics, University of Zaragoza, Zaragoza, Methods: Twenty-two healthy participants wore both silicone hydrogel (MyDay,
spain. N CooperVision) and hydrogel soft CLs (Biomedics 1 day extra, CooperVision) for 8h
Email: alejandra.consejo@unizar.es . . . . .
per lens. In each session, Scheimpflug images were captured before and immedi-
ately after CL removal. Images were analysed using the densitometry distribution
analysis, a technique from which two parameters, a (corneal transparency) and S
(corneal homogeneity), were estimated. In addition, the central corneal thickness
changes after CL wear and the influence of the CL material on corneal transparency
were evaluated.
Results: The  parameter (homogeneity) increased by 5% after wearing both CL
materials (paired t-test, p <0.001). However, the a parameter (transparency) only
increased in half of the participants. No material was found to be more determi-
nant in causing the corneal densitometry changes. Statistically significant but not
clinically relevant changes in corneal thickness were observed.
Conclusions: Biomarkers of corneal tissue integrity (@ and ) were affected by
short-term soft contact lens wear. The observed changes in corneal transpar-
ency and homogeneity were not clinically relevant but support the importance of
participant-material biocompatibility.
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INTRODUCTION described. Most reported alterations in corneal thickness
due to soft contact lens wear are minor and without clini-
cal relevance, especially after the introduction of new soft

contact lens materials with higher oxygen permeability

The influence of contact lens wear on corneal integrity has
been of interest to clinicians and researchers for decades.

The potential lack of oxygen to the cornea, that is, corneal
hypoxia, is considered a severe concern when assessing the
influence of contact lens wear on the cornea.’ Traditionally,
studies focussed on investigating hypoxic corneal stress re-
lated to lens wear focussed on macroscopic anterior ocular
tissue changes, such as corneal oedema, evaluated by cor-
neal swelling. Corneal thickness alterations after soft con-
tact lens wear®® and scleral lens wear*” were repeatedly

(larger Dk), which will reduce corneal oedema.®

Corneal hypoxia is linked not only to corneal swelling
but also to opacification due to neovascularisation and
limbal stem cell deficiency.”® Thus, solely using corneal
thickness as a biomarker for corneal hypoxia might be
an oversimplification. Consequently, microscopic cor-
neal changes (i.e., variations in intrinsic tissue properties),
evaluated through corneal transparency, should also be
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investigated in contact lens wear as indicators of ocular
health. Nowadays, corneal transparency is assessed ob-
jectively by estimating corneal densitometry from corneal
Scheimpflug images using proprietary’ or custom-made
software.'” The software uses the densitometry distribu-
tion analysis (DDA)."° The DDA is based on statistical mod-
elling of the pixel intensity distribution of Scheimpflug
images and correlates well with traditional densitometry
(overall cornea, r=0.89; p < 0.001)."° The DDA has proven to
be platform-independent.’® Consequently, it can be used
to investigate corneal densitometry from Scheimpflug-
based tomographers even if those do not incorporate a
detailed corneal densitometry module in their proprietary
software. The DDA was already validated from Pentacam
HR and Corvis Scheimpflug images.'°

Other than corneal transparency being repeatedly ac-
knowledged as an essential indicator of ocular health,"" '
there are only a few objective studies on the influence of
lens wear on corneal transparency.”” Recently, Ozek et al.'®
found a statistically significant difference in corneal den-
sitometry between a group of soft contact lens wearers
and control participants. In a further study using the DDA
method, alterations in corneal tissue integrity, evaluated
by two parameters: tissue transparency and homogene-
ity, were found as a consequence of a single 8-h period of
scleral lens wear in noncompromised eyes.17 However, the
potential influence of short-term soft contact lens wear on
corneal tissue integrity is yet to be investigated.

This study aimed at investigating the effect of short-
term soft contact lens wear on corneal tissue at both
macroscopic and microscopic levels. Corneal thickness is
used to quantify macroscopic changes, while a previously
validated method, the DDA,'®" is used to quantify micro-
scopic changes within the corneal tissue through transpar-
ency and homogeneity. For the first time, the DDA method
is applied to Galilei G2 Scheimpflug images. The potential
effect of soft contact lens material on corneal tissue integ-
rity will also be evaluated.

OPTOMETRISTS

METHODOLOGY
Subjects and protocol

Twenty-two young healthy participants (17 female
and 5 male) between 19 and 39years old (mean age of
23.7 +4.7years) with a narrow range of refractive er-
rors (spherical equivalent between 0.00 and -1.00D;
mean— 0.50+0.57D) were recruited. Only one eye per
participant (dominant motor eye) was chosen, provid-
ing a final sample of 22 eyes. The monocular visual acuity
(VA), with correction, was >0.8 (decimal equivalent) in all
cases. This study was approved by the Ethics Committee
for Clinical Research of Aragon (PI20/377) and adhered to
the tenets of the Declaration of Helsinki. All subjects gave
written informed consent to participate after the nature
and possible consequences of the study were explained.

Key points

 Biomarkers of corneal transparency were af-
fected by short-term soft contact lens wear.

« Observed changes in corneal transparency
and homogeneity support the importance of
participant-material biocompatibility.

« The densitometry distribution analysis allows
objective estimation of corneal densitometry
from Galilei G2 images.

Prior to the commencement of the study, all subjects were
screened to exclude those with any contraindications to
contact lens wear (i.e., significant tear film or anterior seg-
ment abnormalities). Regular contact lens wearers were
excluded from participation. Occasional contact lens wear-
ers were asked not to wear their lenses for at least 48h
prior to each measurement day. Occasional contact lens
wearers were defined as those sporadically using contact
lenses for sport or other leisure activities, and, as reported
by the participants, for a maximum of 6 h of wear per day.
Participants had no prior history of eye injury, surgery or
current use of topical ocular medications. The sample size
was derived from previously published data on the DDA as
applied to lens wear."” The same methodology applied to
the current work suggested that a sample size of at least 12
participants would yield 90% power to distinguish corneal
tissue changes as a consequence of lens wear at the 0.05
significance level.

This study was conducted over two separate days,
at least a week apart.'® The separation ranged from 7 to
10days, with two visits being required during the day (i.e.,
four visits in total). The morning visit (baseline) occurred at
least 2 h after the participant's reported waking time, with
the second visit (after contact lens wear) 8 h later. Each day,
at the morning (baseline) session, a soft contact lens with
a power of —0.50D (so as not to affect the patient's vision)
was fitted. Participants needing vision correction were al-
lowed to wear their spectacles between visits while wear-
ing the contact lens. On the first day, different procedures
were carried out, including those to ensure suitability for
contact lens wear, that is, (1) determination of the domi-
nant motor eye; (2) monocular visual acuity with correction
(Snellen test at 6 m, and the SmarThings4Vision software,
OptoTab, smarthings4vision.com); (3) objective refraction
with an open-field auto-refractometer (WAM-5500, grand
seiko.com); (4) assessment of the ocular surface (biomicros-
copy). A silicone hydrogel soft contact lens (MyDay, coope
rvision.com) and a hydrogel contact lens (Biomedics 1 day
extra, coopervision.com) were chosen for the study. On
the first measurement day, each participant wore one of
these soft contact lenses (randomly chosen), while on the
second measurement day, they wore the other material
contact lens, in the same eye as the first measurement day.
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The main parameters of both soft contact lenses are shown
in Table 1.

Corneal Scheimpflug images were obtained from the
selected eye of each participant using the Galilei G2 soft-
ware (Ziemer Ophthalmic Systems, ziemergroup.com).
This tomographer consists of two Scheimpflug cameras
to decrease possible artefacts caused by movement.
Consequently, the device captures two corneal images for
each meridian under analysis, as shown in Figure 1a. The
built-in Galilei G2 software superimposes both images
to increase accuracy in estimating corneal parameters.
Central corneal thickness (CCT) and corneal densitome-
try were extracted for each participant and session. The
corneal densitometry module in Galilei G2 allows cor-
neal densitometry estimation at a single point, manually
selected and assisted by a pair of red lines, as indicated in
Figure 1b. Corneal densitometry estimated by Galilei G2
ranges from 1 to 100 and is expressed in grey scale units
(GSU).

On each of the two measurement days, Scheimpflug
images were acquired before soft contact lens wear
(during the morning visit) and immediately after lens

TABLE 1 Parameters of the contact lenses selected for the study:
silicone hydrogel (MyDay, CooperVision) and hydrogel (Biomedics 1 day
extra, CooperVision).

Silicone hidrogel Hydrogel
(MyDay) (Biomedics)
Material Stenfilcon A Ocufilcon A
Water content 54% 55%
Modality Daily Daily
Dk/t (for a posterior vertex 100 27
power of —3.00D)
Diameter (mm) 14.2 14.2
Base curve (mm) 8.4 8.4
Power (D) -0.50 -0.50

Galilei G2 dual camera Scheimpflug imaging

FIGURE 1
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removal, following 8 h of soft contact lens wear. Reliable
Scheimpflug imaging of the corneal surface cannot be
obtained with a lens on the eye due to the lens surface's
reflections. Thus, images were acquired immediately after
lens removal. Three measurements of good quality, as
indicated by the Galilei G2 software, were captured at each
session to assess repeatability, using the 26-picture (i.e., 26
corneal meridians) scan mode.

Image analysis

In addition to extracting central corneal thickness and
one-point corneal densitometry provided by the built-in
Galilei G2 software, corneal transparency was estimated
in the overall cornea by applying the DDA."® Scheimpflug
images corresponding to 26 corneal meridians (a fixed size
of 1004 x 1004 pixels)—Figure 2a,b—were exported in .bin
format for further analysis (i.e., 6864 images in total = 22
subjects X 2 measurement days X 2 sessions/day x 3 meas-
urements/session X 26 images/measurement). Image anal-
ysis consisted of three main stages: (1) corneal registration,
(2) corneal segmentation and (3) statistical modelling of
the pixel intensity distribution. These steps are illustrated
in Figure 2c-h and described below.

The Galilei dual Scheimpflug analyser obtains two
corneal images per meridian, each captured with one
of the two available Scheimpflug cameras (Figure 2c).
Generally speaking, image registration is the process of
transforming different sets of data into one coordinate
system. Consequently, corneal registration is necessary
to ensure that both corneal images captured per merid-
ian share the same coordinate system. Corneal registra-
tion consists of corneal reorientation; thus, both corneal
images captured in the same frame can be analysed
independently.

Corneal segmentation is necessary to discriminate cor-
neal pixels from the image background. The protocol for

(b)

Manual densitometry estimation

Corneal Scheimpflug tomography acquired by the Galilei G2 software for the horizontal meridian. (a) Corneal densitometry module

in Galilei G2 to calculate densitometry at a single point. (b) The operator can freely move two red lines to the point of interest. Densitometry readings
range from 1 to 100, as indicated in the upper and right panels, and are expressed in grey scale units (GSU).
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FIGURE 2 Main steps to obtain corneal a (transparency) and # (homogeneity) maps from each Scheimpflug measurement acquired with the
Galilei G2 software. The diagram illustrates, using grey lines, the 26 meridians imaged by the Galilei G2 cameras (a), the corresponding 26 images

(b) and corneal registration to separate the two corneal images acquired in each meridian to further analyse them separately (c). As an example, the
horizontal meridian is marked in yellow (a—c). After data extraction, each corneal image was analysed individually, first by segmenting the cornea

(d) and later applying a moving region of interest (ROI) (e). Anterior and posterior corneal boundaries are marked in orange and green, respectively
(d, e). 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 (e). Second, the corresponding collection of histograms representing the pixel intensity distribution in each ROI
is built (f). The probability density function of the Weibull function is represented by the red line and fitted to the pixel intensity distribution in each
ROL. The fit is performed by estimating the two parameters of the Weibull distribution (a and f8), using the method of maximum likelihood (f). Finally,
to construct a corneal a and f corneal map, the a and f values obtained from each frame in standard Cartesian coordinates (g) must be transformed
to polar coordinates and interpolated to reach the final maps (h). Central cornea (2 mm diameter), midperipheral cornea (2-6 mm annulus) and
peripheral cornea (6-10 mm annulus) are represented by grey dashed circumferences (h).

corneal segmentation was described in detail in a previous
paper.”” In short, traditional image processing techniques,
including a median filter and Canny edge detection, were
used to remove the noise, extract the boundaries of inter-
est and segment the corneal tissue. Thus, in this stage, the
segmentation method automatically extracts the anterior
and posterior borders of the cornea (Figure 2d).

Following corneal segmentation, a region of interest
(ROI) was extracted automatically for statistical modelling,
as in our previous work."” In short, the vertical (axial) ROI
dimension was delineated by the anterior and posterior
corneal boundaries. Regarding the horizontal (lateral) di-
mension, a moving ROI of 11 pixels, with a one-pixel step,
was applied across the cornea for each corneal image, as

illustrated in Figure 2e. The moving ROI covered approx-
imately the central 10mm of the cornea (Figure 2c). The
most peripheral cornea (beyond 10 mm) was not included
in the ROI to avoid undesired border effects (strong limbal/
scleral reflections).

Further, for the statistical modelling of the pixel in-
tensity distribution, pixels corresponding to a given ROI
were modelled using the Weibull distribution function
(Figure 2f), as described in previous work."” From this
function, two parameters are extracted: a, scale param-
eter; and f, shape parameter; which account for tissue
transparency and homogeneity, respectively. In general,
a change in scale parameter a (transparency) causes
a shift in pixel intensity (x-axis), with higher a values
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corresponding to a brighter image (i.e., more scatter and
less transparency). A change in shape parameter  (ho-
mogeneity) affects the width of the pixel intensity distri-
bution. The smaller the g is, the greater the spread of the
pixel intensity distribution of a given image (i.e., lower
homogeneity), whereas a large $ indicates greater simi-
larity in pixel intensities within a given image or ROI (i.e.,
greater homogeneity).

In order to build corneal a and f parameter maps, data
were transformed from Cartesian (x, y) to polar coordinates
(r, 0) and interpolated, as well as smoothed using second-
order Zernike polynomials (Figure 2g,h), in agreement with
previous research.”*! For consistency with the previous
literature on corneal densitometry®'® and corneal tissue
changes with contact lens wear,'®"” the DDA protocol was
performed in three concentric regions. The central cornea
(2mm diameter), midperipheral cornea (2-6 mm annulus),
peripheral cornea (6-10 mm annulus) and the entire cornea
(up to 10 mm) were considered to investigate regional cor-
neal changes. The complete methodology is illustrated in
Figure 2.

Statistical analysis

Statistical analysis was performed using the SPSS soft-
ware (ibm.com). The normality of all sets of data was not
rejected (the Shapiro-Wilk test, p >0.05). Paired t-tests
and Pearson's correlation coefficients (r) were used to as-
sess relationships within the continuous variables under
investigation. The coefficient of variance (CoV), coef-
ficient of repeatability (CoR) and intraclass correlation
coefficient (ICC) were used to assess the repeatability of
the method. Additionally, Bland-Altman plots compar-
ing baseline values of parameters @ and $ on Days 1 and
2 are presented in Figure S1. The level of significance was
set to 0.05.

RESULTS

Effect of short-term soft contact lens wear
on corneal densitometry depending on lens
material

Short-term soft contact lens wear had a significant effect
on parameter f, that is, corneal homogeneity, increasing
by 5% (paired t-test, p <0.001). All corneal regions analysed
were equally affected (all, p <0.01), for both lens materials
(Table 2). Regarding parameter a, that is, corneal transpar-
ency, no significant difference was found due to short-
term soft contact lens wear, independent of lens material
(paired t-test, all p >0.05, Table 2).

Regarding the different corneal annuli, significant dif-
ferences were found between the central (0-2mm) and
midperiphery (2-6 mm) regions in all sessions, for both
materials and « and f parameters, as indicated in Table 2.

Similarly, statistically significant differences were found
between the midperiphery and periphery (6-10mm) in all
sessions, for both materials, but only for the § parameter.
No clear pattern was found when comparing other corneal
annuli (Table 2).

Regarding the soft contact lens material, no signif-
icant differences were found after lens wear for the a
and g parameters (Table 2). There is a subtle but statisti-
cally significant difference (p = 0.04, Table 2) in parame-
ter @ when comparing materials in the corneal periphery
(6-10mm); in this region, a was smaller with the silicone
hydrogel (42 +3 arbitrary units [a.u.]) than with the hydro-
gel (44+4a.u)lens,asindicated in Table 2. As expected, no
significant differences were found in the baseline session,
that is, before soft contact lens wear, when comparing the
two experimental days (Table 2). Graphical representation
of the distribution of the f and a parameters in the cornea
depending on the imaging session and soft contact lens
material worn by the 22 participants is shown in Figures 3
and 4, respectively.

Individual differences in corneal
densitometry as a consequence of short-term
soft contact lens wear

Even though no statistically significant differences were
found in the a parameter for both types of materials when
considering the group means (Table 2), it was observed
that in half of the participants (11 out of 22) a change in at
least 5% with respect to the baseline value was observed in
the a parameter when using one material, but not with the
other, as exemplified in Figure 5. The a parameter in the
cornea of participant 02, represented in Figure 5, increased
by 8% with respect to baseline when wearing contact lens
1, but not when wearing contact lens 2 (increment of 2%
with respect to baseline). Among those participants whose
corneas registered a change in the a parameter depending
upon the material used, one material was not found to be
more likely to cause those corneal changes; this depended
on the participant.

Likewise, as mentioned in the previous section, 8 h of
soft contact lens wear produced a significant effect on the
p parameter (paired t-test, p <0.01, Table 2).  increased by
at least 5% with respect to the baseline corneal value in
over 70% of participants (16 out of 22). Once again, these
changes were independent of the lens material used.

Looking more closely at the individual differences and
considering corneal alteration as variability =5% with
respect to baseline, from the pool of 22 participants, six
showed such a change in both the a and f parameters. In
five subjects, the change was only registered in the a pa-
rameter, while in 10 people, the alteration was solely reg-
istered in the f parameter. Finally, no change in either @ or
f was observed in only one out of 22 participants. These
changes were independent of the soft lens material.
Some participants were more affected by the hydrogel
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Parameter « (a.u.)

Parameter g (a.u.)

Mean values of a (corneal transparency) and f (corneal homogeneity) parameters + standard deviation expressed in arbitrary units (a.u.)
for the 22 participants in the baseline session (i.e., before contact lens (CL) fitting) and 8 h later, immediately after CL removal.

After CL p-value (baseline After CL p-Value (baseline
Baseline wear vs. after CL) Baseline wear vs. after CL)
Silicone hydrogel
Centre (0-2mm) 46+2 45+2 0.06 41+0.3 43+0.3 0.006
Midperiphery (2-6 mm) 45+2 44+2 0.07 4.0+0.3 41+0.3 0.0004
Periphery (6-10 mm) 43+5 42+3 0.21 41+04 44+04 0.0001
Overall (0-10mm) 45+3 44+2 0.09 41+0.3 43+0.3 0.0001
p-Value (compare regions)
Centre vs. mid-per <0.001 <0.001 <0.001 <0.001
Centre vs. periphery 0.007 <0.001 0.03 0.05
Mid-per vs. periphery 0.15 0.034 0.46 0.61
Hydrogel
Centre (0-2mm) 46+2 46+2 0.20 41+0.3 43+0.3 0.002
Midperiphery (2-6 mm) 45+2 44+2 0.21 39+03 41+0.2 0.0004
Periphery (6-10mm) 44+4 44+4 0.62 41+04 43+04 0.0001
Overall (0-10mm) 45+2 45+2 0.33 4.0+0.3 4.2+0.3 0.0009
p-Value (compare regions)
Centre vs. mid-per <0.001 <0.001 <0.001 <0.001
Centre vs. periphery 0.97 0.68 0.89 0.61
Mid-per vs. periphery 0.02 0.007 0.01 0.007
Silicone hydrogel vs. Hydrogel  p-Value (compare materials)
Parameter « (a.u.) Parameter $ (a.u.)
Baseline After CL wear Baseline After CL wear
Centre (0-2mm) 0.92 0.54 0.19 0.35
Midperiphery (2-6 mm) 0.61 0.32 0.39 0.50
Periphery (6-10 mm) 0.27 0.04 0.42 0.53
Overall (0-10mm) 0.43 0.13 0.27 0.43

Note: The analysis is presented for different corneal regions and soft contact lens materials. Paired t-tests were applied to investigate differences between sessions
(baseline vs. after CL wear) and between regions (centre vs. midperiphery [mid-per], centre vs. periphery and midperiphery vs. periphery). As indicated in the bottom part
of the table, paired t-tests were also applied to investigate differences between materials (silicone hydrogel vs. hydrogel) depending on the session (baseline or after CL
wear) and the region (centre, midperiphery, periphery or overall cornea). Values in bold indicate statistical significance.

lenses, while others were more affected by the silicone
hydrogel CLs.

Densitometry distribution analysis
repeatability

Three Galilei G2 measurements were acquired in each
session to assess the repeatability of the DDA method.
Repeatability results per material, parameters (a and p),
session and region are shown in Table 3. Considering both
materials together, that is, investigating the repeatability
before and after lens wear, it was observed that the re-
peatability was slightly better at baseline (a: CoV = 2.72%,
CoR=2.26,1CC=0.94; 5: CoV =2.75%, CoOR=0.25,1CC=0.94)
than after contact lens wear (a: CoV = 3.09%, CoR = 2.47,
ICC = 0.89; f: CoV = 3.35%, CoR = 0.33, ICC = 0.90).

Bland-Altman plots comparing the baseline values of «
and p on Days 1 and 2, for different corneal regions, are
shown in Figure S1.

Comparison of corneal densitometry
between the DDA method and Galilei
G2 readings

Corneal densitometry readings acquired from the Galilei
G2 built-in software are shown in Table 4. No changes in
corneal densitometry were observed before and after
8 h of soft contact lens wear for both types of material
(Table 4). Moreover, there was no significant correlation
between corneal densitometry values estimated with the
Galilei G2 and the a and g parameters (r = 0.18 and 0.09,
respectively; both p >0.05).
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FIGURE 3 Meandistribution of § (i.e., corneal homogeneity) in the cornea of the 22 participants for the day they wore a silicone hydrogel CL and
the day they wore a hydrogel lens. Left: before contact lens wear; right: 8 h later, immediately after CL removal. The coloured bars (f) are expressed in

arbitrary units (a.u.). CL, contact lens.
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FIGURE 4 Mean distribution of a (i.e., corneal transparency) in the cornea of the 22 participants for the day they wore a silicone hydrogel CL and
the day they wore a hydrogel lens. Left: before contact lens wear; right: 8 h later, immediately after CL removal. The coloured bars (@) are expressed in

arbitrary units (a.u.). CL, contact lens.

Effect of short-term contact lens wear on
corneal thickness

Central corneal thickness (CCT) was affected by 8 h of soft
contact lens wear. A statistically significant thinning of the
CCT was observed after silicone hydrogel lens wear (paired

t-test, p = 0.02), while a significant thickening of CCT was
recorded after hydrogel lens wear (paired t-test, p = 0.03;
see Table 4).

No significant correlation was found between CCT and
baseline a (silicone hydrogel: r = 0.26, p = 0.12; hydrogel:
r = 0.21, p = 0.17) nor after lens wear (silicone hydrogel:
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FIGURE 5 Distribution of a (transparency) in the cornea of a participant (female, 22 years old) whose cornea was affected when wearing a soft
contact lens of a given material (CL 1, silicone hydrogel), but was not affected when wearing the other material (CL 2, hydrogel). Note that this is a
single example (participant 02) and not representative of others. Left: before contact lens wear; right: immediately after 8 h of CL wear. The coloured
bars (a) are expressed in arbitrary units (a.u.). CL, contact lens.

TABLE 3 Repeatability study of the DDA method.

Parameter @ Parameter g

Baseline After CL wear Baseline After CL wear

CoV (%) CoR IcC CoV (%) CoR ICC CoV (%) CoR ICC CoV (%) CoR ICC

Silicone hydrogel

Centre (0-2mm) 1.88 1.63 0.93 2.56 2.7 0.84 295 0.28 091 3.15 0.31 0.93

Midperiphery (2-6 mm) 2.03 1.70 0.93 2.50 2.03 0.81 2.22 0.20 094 2.58 0.24 0.92

Periphery (6-10mm) 4.27 3.32 0.95 4.91 3.34 0.78 3.43 0.22 096 4.65 0.47 0.84
Hydrogel

Centre (0-2mm) 241 2.1 0.86 2.34 1.97 0.92 3.38 0.31 0.89 3.68 0.36 0.85

Midperiphery (2-6 mm) 2.23 1.89 0.86 1.61 1.33 0.93 2.51 0.22 095 2.94 0.28 0.87

Periphery (6-10 mm) 3.51 2.89 0.93 4.46 3.43 0.91 3.02 0.29 096 3.12 0.32 0.93

Note: The coefficient of variation (CoV), coefficient of repeatability (CoR) and intraclass correlation coefficient (ICC) are calculated for the estimated values of a (corneal
transparency) and  (corneal homogeneity) from the three measurements acquired in each session.

TABLE 4 Mean values of corneal densitometry + standard deviation, expressed in greyscale units (GSU), and central corneal thickness
(CCT) £ standard deviation for the 22 participants, at baseline and 8 h after CL wear, for each soft contact lens material, acquired from the Galilei G2
built-in software.

Silicone hydrogel Hydrogel

Baseline After CL wear p-Value Baseline After CL wear p-Value
Densitometry (GSU) 17 £1 17 £1 0.83 17 £1 17 £1 0.60
CCT (pm) 562 +27 559 +27 0.02 564 +28 566 +29 0.03

Note: A paired t-test was applied to investigate differences between sessions (baseline vs. after CL wear).
Abbreviation: CL, contact lens.
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r=0.29, p = 0.09; hydrogel: r = 0.30, p = 0.09). Similarly, no
significant correlation was observed between CCT and g
at baseline (silicone hydrogel: r = 0.36, p >0.05; hydrogel:
r = 0.35, p >0.05), nor after lens wear (silicone hydrogel:
r=0.26, p = 0.12; hydrogel: r = 0.20, p = 0.18).

DISCUSSION

This is the first study to investigate in vivo alterations of
corneal tissue due to short-term soft contact lens wear
using different lens materials at both macroscopic and mi-
croscopic levels. Two parameters: « (corneal transparency)
and f# (corneal homogeneity) were used to quantify corneal
tissue changes at the microscopic level estimated from
the DDA method applied to Galilei G2 images. Parameter
p increased significantly following soft contact lens wear
(Table 2, Figure 3). In addition to the alterations in CCT
(Table 4), corneal changes were observed for both mate-
rials (silicone hydrogel and hydrogel) under investigation.
Even though no significant differences were found in the
parameter a following soft contact lens wear when con-
sidering the group means (Table 2, Figure 4), noteworthy
individual differences were observed. For example, corneal
transparency (@) changed by at least 5% with respect to the
baseline value in half of the participants when using one
material (silicone hydrogel or hydrogel) but not the other,
as shown in Figure 5. There was no predominance of one
material over the other to cause more substantial corneal
tissue alterations. While the cornea of some participants
was more affected by the hydrogel material, others were
more affected by the silicone hydrogel lens. From the sam-
ple of 22 participants, only one did not have any corneal
tissue alterations for either of the two CLs worn.

Little is known about soft contact lens wear and corneal
densitometry. Recently, Ozek et al. studied corneal densi-
tometry using the Pentacam HR, after prolonged wearing
of soft contact lenses.'® These authors found a significant
increase in corneal densitometry in participants who had
worn soft contact lenses for 4.45+2.15years compared
with the control group. Corneal densitometry readings ob-
tained with the Pentacam HR are equivalent to the a pa-
rameter in the current work.'® In the present study, after
8 h of wear, changes in the corneal tissue had already been
seen. This may indicate that the f parameter provides
extra objective information regarding corneal tissue in-
tegrity. Ozek et al.'® detailed the increase in densitometry
by region. Significant differences were noted between the
regular contact lens wearers and the control group in the
central (0-2mm) and midperipheral (2-6 mm) zones (cen-
tral: 23.2 £4.7 GSU vs. 17.3 £5.6 GSU and midperipheral:
224 £6.4 GSU vs. 17.8 £1.4 GSU, respectively). However,
there were no significant variations in corneal densitom-
etry values in the ring from 6 to 12mm. In the current
research work, an analysis per corneal region was also car-
ried out. Statistically significant differences have been de-
tected when comparing different corneal regions (Table 2).

Differences were observed in the a and g parameters and
were especially pronounced when comparing the central
(2mm diameter) with the midperipheral region (2-6 mm
annulus). Generally speaking, regional differences were
not affected by soft contact lens material (Table 2), except
for a minor but statistically significant increment (p = 0.04)
observed in the parameter a in the periphery (6-10mm
annulus) when using hydrogel (44+4 a.u.) versus silicone
hydrogel (42 + 3 a.u.) lenses (see Table 2).

In previous research investigating corneal tissue prop-
erties after 8 h of scleral lens wear using the DDA meth-
odology, as in the current work, Consejo et al. reported
significant changes in both the a and f parameters, as
well as corneal swelling."” They also reported that the cor-
neal tissue of the 14 young, healthy participants was not
equally affected by short-term scleral lens wear. That is,
the corneas exhibited a different hypoxic response to lens
wear. Because the current study is based on soft contact
lens wear, the reported corneal tissue alterations were sub-
tler than those resulting from scleral lenses. However, the
overall results are consistent in both studies. In the previ-
ous work with scleral lenses, researchers concluded that
the corneal @ and # parameters might be a useful metric to
quantify subclinical corneal changes associated with low-
level hypoxia.'”

The present study shows that the light scattering prop-
erties of the cornea were altered as a consequence of soft
contact lens wear. Previous research has demonstrated
that short-term hypoxic corneal stress alters proteoglycan
metabolism, which can affect the arrangement of collagen
fibres within the stroma,”® thus modifying the light scat-
tering properties of the corneal tissue. In particular, an
incremental change in «a translates to more corneal back-
scattering (i.e., a less transparent stroma), while an incre-
ment in f indicates an increase in tissue homogeneity.

Both traditional corneal densitometry® and the DDA
method used in the current work are based on the back-
scattering of light at the cornea.'’ The advantages of the
DDA over traditional densitometry are as follows: platform
independency (it can be applied to any Scheimpflug image,
independent of the instrument used'?), versatility (it allows
customisation depending on the clinical purpose®®?") and
precision (it offers information about tissue transparency
and homogeneity). The DDA has already been validated
with rotating Scheimpflug cameras (Pentacam HR)'%'*"
and Scheimpflug tonometry (Corvis ST),10.20.22 showing
a good level of agreement between devices.'” The DDA
method has shown to be repeatable when applied to
Pentacam HR Scheimpflug'/ and Corvis ST Scheimpflug
images.”® This is the first time the DDA method has been
applied to Galilei G2 Scheimpflug images. In the current
work, three measurements per participant were acquired
in each session to investigate the DDA repeatability with
Galilei G2 Scheimpflug images. Both a and f showed good
repeatability with a CoV <5.00% in all cases, as shown in
Table 3. It was also observed that CoV worsens towards the
corneal periphery. This worsening in repeatability towards
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the periphery was expected because of the influence of
the eyelids and limbal reflex, which might cause artefacts
during image acquisition and consequently increase error
probability. The ICC, a statistical measure of reliability,
ranged between 0.78 (good reliability) and 0.96 (excellent
reliability), as indicated in Table 3. Accordingly, the DDA
is a reproducible and versatile method for investigating
corneal tissue in detail and assessing tissue transparency
and homogeneity, both objectively and automatically. The
DDA can be applied to Scheimpflug corneal images, re-
gardless of the source tomographer.

The Galilei G2 incorporates a module to estimate cor-
neal densitometry manually at a single point (one pixel),
assisted by a pair of red lines, as illustrated in Figure 1b. This
is a rudimentary method to estimate corneal densitometry
compared with the Pentacam HR or the DDA, which can
automatically consider the whole cornea (thousands of pix-
els). Previous work has reported that the DDA method used
here to characterise corneal tissue correlates well with tra-
ditional corneal densitometry readings estimated with the
Pentacam HR, for both a (r=0.89, p <0.001) and  (r=—0.60,
p< 0.001)."% In the current work, contrary to the DDA results
(Table 2), no statistically significant changes were found in
corneal densitometry, either before or after contact lens
wear, when estimated with the Galilei G2 densitometry
module (Table 4). Densitometry estimated directly from
the Galilei G2 software lacked objectivity and resolution
to discriminate between before and after lens-wearing
sessions. However, as the device allows image export, it is
possible to estimate corneal densitometry objectively con-
sidering the whole cornea using alternative methods, such
as the DDA.

In addition to microscopic corneal tissue alterations,
the present study also estimated macroscopic corneal
changes by means of CCT estimates from the Galilei
G2 software. Significant changes in CCT were observed
as a consequence of soft contact lens wear (Table 4).
However, the difference in CCT varied with the lens
material (Table 4). In the case of the silicone hydrogel
lenses, corneal thickness decreased by an average of
3 um, whereas corneal thickness increased by an aver-
age of 2 pm for the hydrogel material. This is in agree-
ment with previous research.? Del Aguila et al. evaluated
the effect of daily disposable contact lens materials on
corneal thickness.” They reported that hydrogel and
silicone hydrogel lenses caused the most and least in-
crease in pachymetry, respectively, while for the latter
material, even minor thinning was observed.? While sta-
tistically significant changes in corneal thickness were
observed in the current work, they were not clinically
relevant. No significant correlation was found between
CCT and corneal tissue transparency and homogene-
ity, in agreement with previous work."”?%?"# Corneal
thickness quantifies macroscopic changes, while @ and g
quantify microscopic changes within the corneal tissue.
Several investigations have discussed the absence of a

correlation between corneal macroscopic and micro-
scopic parameters in both healthy'” and compromised
corneas.’®?" In addition, by means of bootstrap analysis,
it was noted that not only are macroscopic and micro-
scopic parameters independent from one another, but
also that corneal thickness is not a confounding factor
affecting the calculation of a and 4.%°

This work does have important limitations. Only one
eye was used to avoid correlation with the fellow eye,?*
following previous work in contact lens research."'82>2¢
Additionally, the eye not wearing a CL was not used
as a control because diurnal variation in a and g has al-
ready been investigated in previous work using the DDA
method."” The authors found that a and  remained sta-
ble during the day, when assessed in morning and eve-
ning sessions, 8 h apart.” It is expected that observed
changes in corneal homogeneity and transparency as a
consequence of 8 h of soft contact lens wear will be re-
versed after lens removal. However, it would be valuable
to investigate how long these parameters take to return to
their original values in future research. Similarly, applying
the DDA method to investigate the long-term effects of
soft contact lenses wear would also be of interest. In this
study, there was no predominance of one material over
the other (silicone hydrogel or hydrogel) to cause corneal
tissue changes. However, some participants were more
susceptible to one material than the other. The present
work does not provide enough data to analyse why an eye
behaves differently depending on the CL material. Future
research, based on a mixed model, should consider other
parameters such as demographics, the contact lens's
design, corneal biometry and biomechanics to predict
subject-material biocompatibility. In the current work, the
corneal microstructure was analysed indirectly, using pa-
rameters (@ and p) that have previously been linked with
corneal tissue integrity.>?® However, an analysis at the
cellular level was not conducted. Future work, correlating
cellular observations with the reported changes in a and
p, would be helpful.

In conclusion, following 8 h of soft contact lens wear,
significant changes in corneal tissue properties were ob-
served. These results indicate the importance of biocom-
patibility with contact lens materials. Although the clinical
implication of these changes requires further experimenta-
tion, these findings may provide a useful additional metric
to monitor subclinical corneal tissue changes as a conse-
quence of contact lens wear.
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