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ARTICLE INFO ABSTRACT

Purpose: Fluorescein-labelled wheat germ agglutinin (F-WGA) acts as a marker for ocular surface mucins. This
clinical study sought to investigate whether the degree of F-WGA fluorescence observed at the ocular surface
differed between symptomatic contact lens wearers, asymptomatic contact lens wearers and non-contact lens
wearers, using a novel imaging system.

Methods: Twenty-five participants (10 symptomatic contact lens wearers, 10 asymptomatic contact lens wearers
and 5 non-contact lens wearers) attended a single study visit. Photographs of the cornea, bulbar and tarsal
conjunctiva were captured following application of F-WGA solution.

Results: The imaging system captured high-resolution images of F-WGA fluorescence at the ocular surface. The
degree of fluorescence differed between the ocular surface regions (p < 0.001). A significant difference in
fluorescence was observed between participant groups for the cornea (p = 0.01), with both the symptomatic and
asymptomatic contact lens wearers showing lower fluorescence than the non-lens wearers. F-WGA associated
fluorescence appeared diminished in the lid wiper region of the symptomatic lens wearers, compared to the
asymptomatic group (p = 0.025).

Conclusion: The use of F-WGA as a clinical marker for ocular surface mucins allows an improved understanding
of their distribution across the ocular surface. Contact lens wear appears to negatively impact mucin density
across the ocular surface, with the most marked effect on the cornea. F-WGA fluorescence appeared diminished
in the lid wiper region for the symptomatic contact lens wearing group, indicating that mechanical interaction in
this region may play a role in the aetiology of contact lens discomfort. Given the ability of F-WGA to disclose
mucin distribution across the ocular surface it is likely to be a key clinical tool in furthering our understanding of
(i) the aetiology of contact lens related discomfort, (ii) contact lens designs/materials to minimise interaction
with the ocular surface and (iii) dry eye disease and other ocular surface diseases.
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1. Introduction surface diseases including allergy, non-autoimmune dry eye, auto-

immune dry eye and infection [4].

At the interface between the tear film and the ocular surface, the
stratified epithelium expresses a range of membrane-associated mucins,
including MUC1, MUC4 and MUC16 [1]. These mucins form a dense
glycocalyx layer, which acts as a barrier to prevent the penetration of
pathogens, lubricates the motion of the eyelids, prevents adhesion of
facing cells (i.e. corneal epithelium and tarsal conjunctiva) during
blinking/sleeping and provides a wettable surface to aid tear film ad-
herence [2]. This structure is however vulnerable to damage and is
known to be altered by contact lens wear [3] and a range of ocular
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It is well documented that wheat germ agglutinin (WGA) is able to
bind to N-acetyl-p-glucosamine and sialic acid [5,6], which are found in
the human cornea [6]. By attachment of a fluorescent conjugate, the
presence of WGA can be visualised using fluorescence microscopy [7].
Recent work has shown that fluorescein-labeled WGA (F-WGA) can act
as a clinical marker for the presence of ocular surface mucins and the
glycocalyx [8-10]. However, due to the low intensity of fluorescence
observed with F-WGA, this approach has previously required the use of
a fluorophotometer (an ophthalmic instrument which measures
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fluorescent intensity across a 2mm diameter region) and thus has
lacked the spatial resolution of a conventional imaging system. In ad-
dition, previous F-WGA research has focused on the cornea and bulbar
conjunctiva, whereas recent work has highlighted the importance of the
tarsal conjunctiva and in particular the lid wiper region to ocular
comfort [11-14]. The objectives of this work were (i) to develop an
imaging system to characterise F-WGA staining at the ocular surface,
and (ii) to use this instrument to investigate whether F-WGA fluores-
cence at the ocular surface differed between symptomatic contact lens
wearers, asymptomatic contact lens wearers and non-contact lens
wearers.

2. Methods
2.1. Custom imaging system

In the development of a custom imaging system to characterise F-
WGA fluorescence at the ocular surface, a number of technical chal-
lenges had to be overcome, including the low level of fluorescence
produced by F-WGA, the curvature of the ocular surface, continuous
microscopic eye movements and photobleaching of the fluorophore
(reduction in fluorescence due to excessive light exposure). The ima-
ging system used a high sensitivity back-illuminated CMOS (com-
plementary metal-oxide-semiconductor) imaging sensor (8.4 um pixel
pitch), combined with small aperture macro optics and flash illumina-
tion to obtain the images captured in this study. A digital camera (Sony
a7S 11, Sony Europe Ltd., Weybridge, UK) was mounted on an oph-
thalmic instrument base (Takagi Ltd., Manchester, UK) incorporating a
chin rest, allowing the camera to be aligned with the participant's eye
during clinical imaging. To allow high resolution imaging across the
curved ocular surface, a macro lens was selected (Sony FE 90 mm Macro
lens and 26 mm extension tube, Sony Europe Ltd., Weybridge, UK) and
a small aperture employed (f/20) to optimise depth of field. To mini-
mise image blur whilst ensuring sufficient fluorescence from the F-
WGA, a macro flash illumination source (Canon MT-24EX, Canon
Europe Ltd., Uxbridge, UK) and a short exposure time (1/25s) were
used. Excitation optical bandpass filters (MF475-35 950 mm, Thorlabs
Ltd., Ely, UK) were positioned in front of both flash heads and an
emission optical bandpass filter (MF530-43 ¢50 mm, Thorlabs Ltd., Ely,
UK) positioned over the camera objective with custom mounts. These
optical bandpass filters were selected to match the spectral character-
istics of F-WGA (excitation of 494 nm and emission of 518 nm). The
flash was used in a manual mode (1/1), with the flash heads positioned
on each side of the objective and rotated 45 degrees inwards to ensure
even illumination. An additional low intensity LED lamp (LIU470A,
Thorlabs Ltd., Ely, UK) was mounted below the objective with an ex-
citation optical bandpass filter (MF475-35 ¢25 mm, Thorlabs Ltd., Ely,
UK) to allow camera alignment and focusing, prior to image capture. A
live video feed from the camera was displayed on a wall-mounted
monitor to aid in this process. To ensure that the illumination was
consistent, images of a fluorescent calibration slide were captured
(FSK5 Green, Thorlabs Ltd., Ely, UK). The imaging system was cali-
brated with a concentric square target (R3L3S3P, Thorlabs Ltd., Ely,
UK). Prior to the clinical study, testing was undertaken to investigate
whether use of the custom imaging system resulted in any significant F-
WGA photobleaching. In this work, F-WGA solution was dispensed
between two glass microscopy slides with a 10 pm separation to model
its distribution within the tear film. A series of 7 images of this F-WGA
film were then captured (10s between each captured image) and the
intensity of fluorescence was then assessed for each image using custom
image analysis software.

2.2. F-WGA preparation

Fluorescein labelled-wheat germ agglutinin (F-WGA) (ThermoFisher
Scientific Inc., UK) was suspended in sterile ophthalmic saline (Ami-
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dose, Albatron Ltd., UK) to form a 5% suspension (as previously de-
scribed by Mochizuki et al. [10]). This suspension was then passed
through a sterile 0.22 pm Millex syringe filter (Merck Inc., Darmstadt,
Germany) into a sterile 1.5ml microcentrifuge tube (Sigma-Aldrich
Ltd., UK). The microcentrifuge tube was stored for up to one week in a
laboratory refrigerator (5 + 3 °C). After one week the microcentrifuge
tube and contents were discarded and a new suspension prepared. This
F-WGA solution was used for both the laboratory imaging (described in
Section 2.1) and the clinical study.

2.3. Clinical study

This was a prospective, controlled, non-randomised, open-label,
parallel group clinical study which used the custom imaging system to
quantify fluorescence after the application of F-WGA. This technique
was used to compare mucin distribution at the ocular surface between a
group of symptomatic and asymptomatic contact lens wearers, in ad-
dition to a control group of non-contact lens wearing participants. In
total 25 participants were recruited, with 10 symptomatic contact lens
wearing participants (defined as a CLDEQ-8 questionnaire [15] score
>14 and a difference between contact lens wear time and comfortable
wear time >2 h), 10 asymptomatic contact lens participants (defined as
a CLDEQ-8 questionnaire score <8 and a difference between contact
lens wear time and comfortable wear time <1 h) and 5 non-contact lens
wearing participants (defined as no more than one day of contact lens
wear experience in the last 2 years and a DEQ-5 questionnaire [16]
score < 8). As this work represented the first time the custom imaging
system had been deployed for the assessment of F-WGA no a priori
power analysis was possible. These subject numbers were considered to
be reasonable to (a) determine if the imaging system could be used, (b)
to provide some initial evaluation of the utility of this system to com-
pare symptomatic and asymptomatic contact lens wearers with non-
wearers and (c) to provide a dataset for power analysis for future work
in this area.

All participants provided written informed consent before inclusion
in the study. The study was conducted in accordance with the principles
of the Declaration of Helsinki and The University of Manchester
Research Ethics Committee provided ethical approval. Individuals with
a history of ocular/systemic disorders that would normally contra-
indicate contact lens wear, history of ocular surgery, use of topical
ophthalmic medication, corneal distortion, pregnant or breastfeeding, a
history of anaphylaxis or severe allergic reaction or any infectious or
immunosupressive disease that would pose a risk to study personnel,
were excluded.

Each participant attended for a single study visit. Here, the contact
lens-wearing participants attended wearing their habitual contact
lenses, having worn them for at least 4 h. The non-contact lens wearing
participants attended clinic a minimum of 4 h after waking. Subjective
ocular comfort was assessed using a 0-100 visual analogue scale
(0 = very uncomfortable/100 = excellent comfort). If the participant
was a contact lens wearer, habitual lens fit was assessed (horizontal and
vertical centration, corneal coverage and movement), details of the
habitual lenses/care system were recorded and their contact lenses
were then removed. Corrected high contrast distance logMAR visual
acuity was then recorded. Slit lamp biomicroscopy was performed with
clinical signs graded to the nearest 0.1 unit using the Efron Grading
Scales (without sodium fluorescein assessment to avoid adversely in-
fluencing F-WGA imaging). Baseline photographs were then captured
(in a randomised order) of seven ocular surface regions (i) the cornea
(primary gaze with lids retracted using an Eyegenie external lid re-
tractor (Bernell Inc., Mishawaka, IN)), (ii to v) the bulbar conjunctiva
(in superior, inferior, nasal and temporal gaze) and (vi and vii) the
tarsal conjunctiva (following evertion of the upper and lower eyelids),
using the custom imaging setup described in Section 2.1. A 5 pl droplet
of F-WGA solution was applied to the temporal conjunctiva of one eye,
followed by the same process in the other eye 3min later
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(approximately 15 min after contact lens removal or after slit lamp
biomicroscopy in the case of a non-contact lens wearer). Approximately
5min and 30 min after F-WGA application, photographs were again
captured of the cornea, bulbar conjunctiva and tarsal conjunctiva in a
randomised order (a single image captured for each of the seven regions
previously imaged). Subjective comfort was also assessed at these two
time points using a 0-100 visual analogue scale. Following imaging at
the 30 min time point, slit lamp biomicroscopy was undertaken in-
cluding assessment with sodium fluorescein. Corrected high contrast
distance logMAR visual acuity was recorded and the participant was
exited from the clinical study.

2.4. Image analysis

During the clinical study, seven ocular surface regions were imaged
for each of the participant's eyes: cornea, bulbar conjunctiva (in su-
perior, inferior, nasal and temporal gaze) and tarsal conjunctiva (upper
and lower everted lids). Captured images were exported and coded by
the clinical investigator. Image analysis was undertaken by a different
masked investigator who analysed all clinical images in a randomised
order. For each image, custom MATLAB image analysis software was
used to isolate the region of interest and calculate the degree of fluor-
escence (assessed as the mean pixel value of the RGB image). For the
image captured of the cornea, the region of interest was the entire
visible corneal region. For the four images captured of the bulbar
conjunctiva (with the subject in superior, inferior, nasal and temporal
gaze), the region of interest was the entire visible bulbar conjunctiva in
each image (excluding the tear film meniscus and areas obscured by the
lashes). For the images captured of the everted tarsal conjunctiva, the
region of interest was the entire tarsal conjunctiva visible in each
image. To calculate the degree of fluorescence attributable to the F-
WGA, the baseline fluorescence was subtracted from the 5-min and 30-
min post-FWGA application images. This value was termed the
Background Subtracted Intensity (BSI). An image analysis algorithm
was also developed to characterise fluorescence in the lid wiper region
of the upper and lower eyelid. The masked image analysis investigator
was instructed to draw a line along the line of Marx and the custom
image analysis algorithm (MATLAB, The MathWorks, Natick, MA), then
calculated the average BSI over the lid wiper region (extending 0.6 mm
from the line of Marx as detailed by Efron et al. [17]). The BSI of a
reference region of visible tarsal conjunctiva (all of the visible tarsal
conjunctiva > 1 mm from the line of Marx) was then subtracted from
the BSI of the lid wiper region to allow an assessment of relative
fluorescence in the lid wiper region. For this metric of relative lid wiper
fluorescence, a value above 0 indicated elevated F-WGA fluorescence in
the lid wiper region, whereas a value below 0 indicated a depressed
fluorescence in the lid wiper region. A further image analysis algorithm
was developed to characterise fluorescence in the corneal limbal region.
The investigator was instructed to mark the corneal limbus on the
primary gaze image. The algorithm then performed a series of radial
pixel intensity scans centred on the cornea. The algorithm then aver-
aged these scans to produce an averaged radial scan intensity profile for
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each primary gaze image. As with the regional analysis, the baseline
fluorescence profile was subtracted from the F-WGA fluorescence pro-
file, to generate the background subtracted profile for both the lid wiper
region and the corneal limbus region.

2.5. Statistical approach

Habitual contact lens wearing time, comfortable hours of lens wear
and CLDEQ-8 data were analysed using a Student's t-test. Contact lens
fitting data were analysed using a chi-square test. Biomicroscopy data
were assessed using a linear mixed model, with participant group,
participant ID (random effect), eye (nested within participant ID) and
assessment period (pre or post-F-WGA imaging) as factors of interest.
Subjective comfort scores (0-100 VAS) were assessed using a linear
mixed model, with participant group, participant ID (random effect),
age and assessment period (pre or post-F-WGA imaging) as factors of
interest. Background-subtracted ocular surface fluorescence intensity
data were assessed using a linear mixed model, with participant group,
participant ID (random effect), age, eye (nested within participant ID),
imaging time point and ocular surface region as factors of interest.
Visual acuity data were assessed using a linear mixed model with as-
sessment period, participant group and participant ID (random effect)
as factors of interest. The difference in fluorescence between the lid
wiper region and the reference region of the tarsal conjunctiva were
assessed using a linear mixed model, with participant group, participant
ID (random effect), age, eye (nested within participant ID), imaging
time point and eyelid as factors of interest. For all linear mixed models,
interaction factors were initially included in the model, but were re-
moved if the factors were not significant at p > 0.2. Tukey post-hoc
analysis was performed where appropriate. A p-value of less than 0.05
was considered statistically significant. All data were analysed using
JMP 14, Version 14.3 (SAS Institute Inc. Cary, NC, USA).

3. Results
3.1. Clinical assessment

Table 1 details the participant demographics, habitual lens in-
formation, typical lens wear time and typical subjective ocular comfort
for the three participant groups. A statistically significant difference
was observed between the two contact lens wearing groups, for the
comfortable wear time (F = 12.4, p = 0.002) and uncomfortable wear
time (i.e. total hours per day — comfortable hours per day) (F = 44.5,
p < 0.0001). No significant difference was observed between the
subject groups for subject age (F = 3.2, p = 0.06), days per week of
contact lens wear (F = 3.2, p = 0.09) or hours per day of contact lens
wear (F = 3.0, p = 0.10). A statistically significant difference was seen
between the two contact lens wearing groups for the CLDEQ-8 score
(F =193.7, p < 0.0001). All habitual contact lenses were seen to fit
acceptably, with no difference observed between the symptomatic and
asymptomatic contact lens wearing groups for the percentage of op-
timum lens fits (y* = 1.9, p = 0.17).

Participant demographics and habitual contact lens information for the three participant groups (mean + standard deviation).

Parameter Symptomatic Asymptomatic No lens wear
Gender 9 female/1 male 7 female/3 male 3 female/2 male
Age 39.2 = 13.6 28.4 + 4.7 40.6 = 13.8
Habitual lens material 8 hydrogel/2 SiH 5 hydrogel/5 SiH -

Habitual lens modality 8 DD/2 FR 5DD/5 FR -

Days of CL wear per week 4.3 = 2.2 59 = 1.9 -

Hours of CL wear per day 10.2 = 1.8 13 £ 4.8 -

Comfortable hours of lens wear per day 6.3 = 2.4 12.6 + 5.1 -
Uncomfortable wear time (hours per day — comfortable hours per day) 39 £ 1.6 0.4 = 0.5

CLDEQ-8 (DEQ-5 for non-lens wearers) 20.7 £ 25 53 + 25 20 = 1.6
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Table 2
Visual acuity and subjective comfort scores for the three participant groups
(mean =+ standard deviation).

Parameter Symptomatic group  Asymptomatic No lens wear
group group
Entrance VA —0.07 = 0.09 —0.03 = 0.16 0.01 = 0.19
Exit VA -0.12 = 0.07 —0.06 = 0.15 0.00 = 0.17
Entrance 0-100 63.8 = 20.0 87.5 = 10.9 96.0 = 8.9
VAS comfort
Post F-WGA 0-100 72.1 * 17.4 78.2 = 18.0 68.4 = 19.5

VAS comfort

High contrast visual acuity and subjective ocular comfort scores
prior to and following the F-WGA imaging procedure are shown in
Table 2. A statistically significant improvement in visual acuity was
observed following the F-WGA imaging procedure (F = 6.1, p = 0.02),
although this did not reach the level of clinical significance. Subjective
comfort scores (0-100 VAS) prior to F-WGA application showed a sig-
nificant difference between the participant groups (F = 9.8,
p = 0.0009), with a Tukey post-hoc analysis demonstrating a sig-
nificantly lower comfort for the symptomatic group, than both the
asymptomatic and non-lens wearing group. The linear mixed model
analysis for the entire 0-100 VAS subjective comfort data set high-
lighted that the effect of participant group (F = 5.1, p = 0.02), assess-
ment period (F = 6.04, p = 0.02) and the interaction term group * as-
sessment period (F = 6.6, p = 0.006) reaching statistical significance;
with the effect of age not reaching significance (F = 3.4, p = 0.08). A
Tukey post-hoc analysis demonstrated a statistically significant reduc-
tion in comfort following F-WGA application. A Tukey post-hoc analysis
on the interaction term (group * assessment period), demonstrated that
the change in comfort between the entrance and exit measures was not
consistent between the participant groups, with the comfort of the lens
wearing groups not changing significantly prior to and following F-
WGA application, whereas the non-lens wearing group showed a sig-
nificant reduction in subjective comfort.

Slit lamp biomicroscopy grading scores were statistically similar
when assessed prior to and following the F-WGA imaging procedure
(Table 3). Due to the sensitivity of the imaging system to ocular surface
fluorescence, sodium fluorescein was applied only on completion of the
F-WGA imaging procedure, with the degree of staining observed typical
of that reported in the literature following contact lens wear and on the
bare eye for the non-contact lens wearing participants [18].

3.2. Assessment of ocular surface fluorescence

Pre-clinical laboratory testing confirmed that the series of seven
photographs (10 micron thick F-WGA solution trapped between slides)
captured using the custom imaging system, did not result in a sig-
nificant change in the intensity of the F-WGA fluorescence (a difference
in fluorescence of less than one pixel unit between all seven images —
the equivalent of less than 2% of the mean fluorescent signal for these
images).

Fig. 1 contrasts F-WGA associated ocular surface fluorescence

Table 3
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captured with a typical slit lamp imaging system and with the custom
imaging system used in this clinical study. This highlights the sensi-
tivity of the system to very low light levels and the even illumination
provided by the custom imaging system. Fig. 2 shows a typical sequence
of images of F-WGA fluorescence across the bulbar and tarsal regions of
the ocular surface at the 5 min post-F-WGA application time point. The
linear mixed model found a significant effect for time point (F = 804.5,
p < 0.0001) and ocular surface region (F = 80.8, p < 0.0001), a
borderline effect for participant group (F = 3.1, p = 0.065) and no ef-
fect for age (F = 1.1, p = 0.50). Given that a significant difference was
observed between the two time points (5-min and 30-min post F-WGA
application), a separate statistical model was undertaken for each time
point.

3.3. Ocular surface fluorescence 5-min post application of F-WGA

Fig. 3 highlights the degree of background-subtracted fluorescence
measured at the seven ocular surface regions for the three different
participant groups, at the 5 min imaging time point. The linear mixed
model found a significant effect for ocular surface region (F = 64.7,
p < 0.0001), a borderline effect for participant group (F = 3.1,
p = 0.07), whilst no effect was evident for age (F = 1.0, p = 0.50). A
Tukey post-hoc analysis indicated that the greatest ocular surface
fluorescence was observed on the nasal conjunctiva, followed by a
group containing superior, temporal and inferior conjunctiva, another
group containing both lid regions and the lowest level of fluorescence
for the cornea. Given the marked difference in fluorescence between the
ocular surface regions, a separate statistical model was run for each
region. In these models, participant group was found to be a significant
effect for the corneal region (F = 4.2, p = 0.03), and the temporal
conjunctiva (F = 3.9, p = 0.04), with the participant group ap-
proaching significance for the upper tarsal conjunctiva (F = 2.9,
p = 0.08). A Tukey post-hoc analysis showed that the significant dif-
ference was between the asymptomatic lens wearing group and the
non-lens wearing group, for both the corneal and temporal conjunctival
regions.

3.4. Ocular surface fluorescence 30-min post application of F-WGA

Fig. 4 highlights the degree of background-subtracted fluorescence
measured at the seven ocular surface regions for the three different
participant groups, at the 30-min time point. The linear mixed model
found a significant effect for ocular surface region (F = 28.6,
p < 0.0001), an effect approaching significance for participant group
(F=29, p=0.07) and no significant effect for age (F = 0.95,
p = 0.56). A Tukey post-hoc analysis was performed on the ocular
surface region effect, indicating that the greatest ocular surface fluor-
escence was observed on the nasal conjunctiva, followed by a statisti-
cally similar grouping of superior conjunctiva, inferior conjunctiva and
lower lid, with another statistically similar group (with a lower degree
of fluorescence) including the upper lid and temporal conjunctiva re-
gions and the group with the lowest level of fluorescence contained the
cornea. Given the marked difference in fluorescence between the ocular
surface regions, a separate statistical model was run for each region. In

Biomicroscopy grading scores using the Efron grading scale (mean *+ standard deviation).

Parameter Pre-imaging grading Post-imaging grading Linear mixed model
Conjunctival hyperaemia 0.64 = 0.22 0.66 = 0.26 F=10.5,p=0.51
Limbal hyperaemia 0.54 = 0.29 0.54 = 0.28 F=0.1,p=071
Corneal vascularisation 0.02 + 0.07 0.02 *= 0.07 F < 0.0001,p =1.0
Corneal oedema 0.00 = 0.00 0.00 = 0.00 F < 0.0001,p =1.0
Blepharitis 0.18 + 0.39 0.17 + 0.37 F=0.6,p = 0.56
Corneal staining - 0.57 = 0.49 -

Conjunctival staining - 0.48 = 0.65 -
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Fig. 1. Comparison of a standard slit lamp imaging system (left) and the custom imaging system (right) for visualising F-WGA fluorescence 5 min after application of

F-WGA solution.

superior bulbar conjunctiva

nasal bulbar conjunctiva

inferior bulbar conjunctiva

cornea

superior tarsal conjunctiva

temporal bulbar conjunctiva

inferior tarsal conjunctiva

Fig. 2. Typical images of F-WGA staining across the bulbar and tarsal regions of the ocular surface, captured using the custom imaging system.

these models, participant group was found to be a significant effect for
the cornea (F = 5.5, p = 0.01) and approaching statistical significance
for the lower tarsal conjunctiva (F = 2.7, p = 0.09) and temporal con-
junctiva (F = 3.2, p = 0.06). A Tukey post-hoc analysis demonstrated
that the statistically significant difference observed for the corneal re-
gion was between the non-lens wearing group and both the sympto-
matic and asymptomatic contact lens wearing groups.

3.5. Ocular surface fluorescence in the lid wiper region

Assessment of F-WGA-associated fluorescence of the tarsal con-
junctiva reported in Sections 3.3 and 3.4 was based on an average of the
pixel intensity across the entire everted lid region. Further image ana-
lysis was also undertaken to characterise fluorescence specific to the lid
wiper region (using the methodology described in Section 2.4). Fig. 5
shows the fluorescence profile across the lid wiper and tarsal con-
junctiva, for the three participant groups. The fluorescence intensity
profile for the asymptomatic group generally demonstrated a similar
pattern to the no-lens wear group, whereas the symptomatic group

appeared to exhibit decreased fluorescence in the lid wiper region. To
quantify this apparent reduction in F-WGA associated fluorescence in
the lid wiper region, the difference in fluorescence between the lid
wiper region (a region of the tarsal conjunctiva less than 0.6 mm from
the line of Marx) and a reference region on the everted eyelid (a region
of the tarsal conjunctiva at least 1 mm away from the line of Marx) was
calculated. Fig. 6 shows the difference in fluorescence between these
two regions, with the asymptomatic contact lens wearers and non-lens
wearers exhibiting similar or greater levels of fluorescence in the lid
wiper region, whereas for the symptomatic lens wearers the fluores-
cence was consistently lower in the lid wiper region (95% confidence
intervals not crossing zero for all four lid/study time point combina-
tions). A linear mixed model for difference in F-WGA associated
fluorescence between the lid wiper region and the reference tarsal
conjunctiva region, demonstrated (i) a difference between the partici-
pant groups (F = 4.1, P = 0.03), with a post-hoc analysis indicating a
relative reduction in lid wiper fluorescence for the symptomatic contact
lens participants, in comparison with the asymptomatic participants,
and (ii) a difference between the eyelids (F = 16.6, P < 0.0001), with
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Fig. 3. BSI of the seven ocular surface regions for the three participant groups at the 5-min post-F-WGA application time point (a cross represents the mean, a
horizontal line the median, the rectangles represent the 25th and 75th percentiles and the whiskers represent the 10th and 90th percentiles).

the upper lid wiper region displaying less fluorescence than the re-
ference region, whereas the lower lid showed greater relative fluores-
cence in this region. The difference in fluorescence between these two
tarsal regions did not appear to be influenced by the imaging time point
(F=122,p=0.14), eye (F=1.2,p = 0.26), age (F = 0.2, p = 0.69) or
by any of the interaction terms evaluated (p > 0.05 in all cases).

3.6. Ocular surface fluorescence in the corneal limbal region

Imaging of the bulbar conjunctiva following application of F-WGA
highlighted the presence of an annular band of hypofluoresence
(Fig. 7a) or hyperfluoresence (Fig. 7b), in the majority of contact lens
wearing participants (hypofluoresence in 60% of lens wearing eyes and
hyperfluoresence in 30% of lens wearing eyes). These observations
were not apparent in the non-lens wearing participants. To better
characterise these observations, an image analysis algorithm was

applied to the primary gaze study images (using the methodology de-
scribed in Section 2.4). Comparison of the average radial profile
(Fig. 8), showed a greater level of fluorescence observed for the non-
lens wearing participant group, in comparison with the two lens-
wearing groups in the corneal and limbal regions. Fig. 8 highlights that
the annular band of negative staining or hyper-fluorescence was not
observed on the bulbar conjunctiva of the non-lens wearing participants
(e.g. a smooth transition in fluorescence across the bulbar conjunctiva).
In contrast, both the symptomatic and asymptomatic contact lens par-
ticipant groups showed an apparent notch in fluorescence around
1.2 mm outside of the limbus. The location and depth of this notch was
broadly similar between the two participant groups and appeared to be
induced by the contact lens edge. Inspection of the individual partici-
pant radial cross-section plots, showed that the circumferential band of
negative staining was a far more typical observation than the cir-
cumferential band of hyperfluoresence. Inspection of the individual
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Fig. 4. BSI of the seven ocular surface regions for the three participant groups at the 30-min post-F-WGA application time point (a cross represent the mean, a
horizontal line the median, the rectangles represent the 25th and 75th percentiles and the whiskers represent the 10th and 90th percentiles).
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Fig. 5. The intensity of F-WGA fluorescence across the lid wiper and tarsal conjunctiva, for the upper and lower lids and the 5-min and 30-min time points, for the

604

Background Subtracted Intensity (BSI)

5 minute timepoint: Lower lid

——  Non-lens wearers (n=5)
——  Symptomatic CL wearers (n=10)
——  Asymptomatic CL wearers (n=10)

60~

40

Background Subtracted Intensity (BSI)

Distance from line of Marx (mm)

30 minute timepoint: Lower lid

——  Non-lens wearers (n=5)
——  Symptomatic CL wearers (n=10)
—  Asymptomatic CL wearers (n=10)

T T 1

1 2 3
Distance from line of Marx (mm)

60

Background Subtracted Intensity (BSI)

Contact Lens and Anterior Eye xxx (XXXX) XXX—-XXX

5 minute timepoint: Upper lid

Non-lens wearers (n=5)

Symptomatic CL wearers (n=10)

Asymptomatic CL wearers (n=10)

3

60

40

Background Subtracted Intensity (BSI)

T T 1

1 2 3
Distance from line of Marx (mm)

0 minute timepoint: Upper lid

——  Non-lens wearers (n=5)
—  Symptomatic CL wearers (n=10)
—  Asymptomatic CL wearers (n=10)

1 2 3

Distance from line of Marx (mm)

three participant groups (the solid line indicates the mean intensity profile and the shaded regions highlight the 95% confidence intervals).

Fig. 6. The difference in mean background-subtract fluorescence between the lid wiper region (up to 0.6 mm from line of Marx) and a reference region of the tarsal
conjunctiva (> 1 mm from the line of Marx) for the four imaging time point/eyelid combinations. Error bars represent the 95% confidence intervals.
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Fig. 7. Typical images of annular negative staining (a) and hyperfluorescence (b) on the bulbar conjunctiva of contact lens wearing participants.
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Fig. 8. A fluorescence intensity profile of the cornea/bulbar conjunctiva based on averaging radial scans centered on the cornea.

participant radial cross-section plots was also undertaken to investigate
the influence of lens type (lens material/modality) on this observation,
but no obvious pattern was evident.

4. Discussion

The custom imaging system was able to detect the low levels of
fluorescence emitted by F-WGA, even at the 30 min post-application
time point. The images captured demonstrate the ability of the system
to avoid motion blur and photobleaching of the fluorophore, whilst
providing increased depth of field, even illumination and consistent
image capture. It was apparent that the application of F-WGA did not
appear to influence ocular surface physiology or visual acuity sig-
nificantly; however, some study participants did report a mild transient
foreign body sensation, which appeared to be most apparent in the non-
lens wearing participants. As the suspension was micro-filtered during
preparation and centrifuged prior to application, this sensation is un-
likely to be associated with F-WGA aggregation (supported by a lack of
observable aggregation following application) and may relate to the
interaction of the dye with the ocular surface mucins or be due to a
difference in the pH or osmolarity of the solution compared with the
tear film of the participants. The installation of F-WGA solution onto the
ocular surface resulted in a fluorescent pre-corneal tear film and me-
nisci, similar in appearance to that observed after application of sodium
fluorescein (albeit with substantially weaker fluorescence). As the F-
WGA solution was gradually cleared from the tear film, it was apparent
that some of the F-WGA had bound to the bulbar and tarsal mucosal

surfaces, with a clear demarcation at the line of Marx, as would be
expected given the known binding characteristics of F-WGA [5,6,10].
WGA has been used extensively as a marker for the epithelial glycocaylx
[19-21] and has been shown to be highly specific to N-acetyl-p-gluco-
samine and sialic acid [22-24]. It has be used widely in ex vivo imaging
of corneal tissue to visualise the ocular surface glycocaylx [21,25,26]
and in tear film and worn contact lens analysis, where it acts as a
marker of mucins [27,55]. More recent clinical use of F-WGA has
highlighted that a mucolytic agent (5% N-acetylcysteine) reduced F-
WGA binding [10], whilst two topical pharmacological agents that
promote mucin production (2% rebamipide — a mucin secretagogue and
3% diquafosol tetrasodium — a P2Y2 receptor agonist) have both been
shown to increase F-WGA binding, with the rebamipide study also de-
tecting an increased sialic acid concentration in the tear film [8,28].
The literature is therefore clear that F-WGA is primarily acting as a
specific marker for ocular surface mucins, with minimal non-specific
binding anticipated. This is supported by the observation of fluorescent
strands in this clinical study, which aggregated towards the lacrimal
caruncle, in a manner classic of mucus strands. In addition, the dis-
tribution of fluorescence observed in this study was typical of that de-
scribed in the literature for mucin and goblet cell distribution across the
ocular surface [29-31]. Given that unbound F-WGA was rapidly cleared
from the tear film, as is typical following application of ocular surface
dyes [32,33], the principal source of ocular surface fluorescence at both
time points was associated with mucin-bound F-WGA. This is supported
by the clinical observation that fluorescent features were static on the
ocular surface (i.e. the features did not move/change with the blink)
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and that there was minimal fluorescence of the tear film meniscus.

At the 5-min post-application time point, the distribution of bound
F-WGA across the bulbar and tarsal surfaces appeared relatively uni-
form. Statistical analysis highlighted that fluorescence differed between
the seven ocular surface regions and was greatest across the bulbar
conjunctiva and lowest on the cornea. This appears to suggest a greater
mucin density on the bulbar conjunctiva, followed by the tarsal con-
junctiva, with the lowest concentration at the cornea; although other
factors may also influence F-WGA binding. These observations are in
agreement with previous reports of greater F-WGA fluorescence on the
bulbar conjunctiva in comparison with the cornea [10]. This previous
work relied on an analogue photo-multiplier tube to detect the fluor-
escence over a wide area (typically a 2 mm region), unlike the system
describe here which is able to capture F-WGA distribution with high
spatial resolution allowing a far greater degree of information to be
captured.

Over the 30-min study period, it was apparent that the degree of
ocular surface florescence gradually reduced over time. Although the
initial reduction in fluorescence was likely to be associated with
clearance of F-WGA solution from the tear film, the reduction in
fluorescence later in this period appeared to be associated with partial
clearance and aggregation of the surface-bound F-WGA. Typically this
aggregation occurred on a microscopic scale, with the aggregates then
cleared from the tear film via the puncta, but for many participants
(around 60% of contact lens wearers and 90% of non-lens wearers)
fluorescent mucous strands were also clearly visible (Fig. 9), which
tended to aggregate towards the lacrimal caruncle. It is interesting to
note that these strands were not obvious in white light examination of
the ocular surface. Further work is required to understand if these ob-
servations are associated with the normal turnover of the ocular surface
mucins, or whether application of the F-WGA solution influences this
turnover process.

Ocular surface fluorescence was observed to diminish between the
two study imaging time points, with the ocular surfaces with greater
fluorescence (the bulbar conjunctival surfaces) typically showing the
greatest reduction in fluorescence. Possible reasons for this may include
(i) clearance of any F-WGA solution pooling in these regions at the 5-
minute-time point, (ii) a difference in shear forces experienced by the
different ocular tissues during blinking and (iii) a difference in the
degree of F-WGA binding for the different ocular surface regions. This
observation of reducing fluorescence with time is a new finding, with
previous clinical studies using F-WGA solutions [10] finding a con-
sistent level of fluorescence over a 30-min period. These differences are
likely due to the increased sensitivity of our custom imaging system,
allowing this change in fluorescence to be more accurately monitored,
although other factors including the study participant population
(predominately white European participants in this study vs. East Asian
participants) or due to differences in the subtleties of the imaging
methodology or F-WGA preparation. Although the results observed at
the 5-min and 30-min time points appear to provide similar informa-
tion, the 5-min time point appears to capture the initial distribution of
the ocular surface mucins, whereas the 30-min time point appears to

5-minute time point
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Fig. 10. An example photograph highlighting a vertical streak of negative
staining (white arrow) across the cornea.

give an insight into mucin turnover at the ocular surface. Assessment of
mucin distribution and turnover may help to identify areas where ex-
cessive interaction between the ocular surfaces or between an ocular
surface and a contact lens surface results in mucin depletion. Future
studies should consider characterising the time course of F-WGA
binding and clearance to better understand these processes. It should be
noted that although there is substantial evidence that F-WGA acts a
marker for mucins at the ocular surface, it is not known whether F-WGA
is selectively binding transmembrane mucins (e.g. MUC1/MUC4/
MUC16 in the epithelial glycocalyx), gel forming mucins (e.g.
MUC5AC) or a combination of both. Future studies should look to
characterise the binding specificity of WGA to a range of ocular surface
mucins, to further our understanding of what is being visualised by this
technique.

Although F-WGA ocular surface florescence was generally uniform,
on two occasions a region of negative staining was observed on the
cornea (Fig. 10). The cause of this negative staining is unclear, but may
be associated with contact lens wear or the lens removal process, as no
such observations were made on the non-lens wearing participants. It is
interesting to note that such episodes of negative staining did not result
in sodium fluorescein staining in these regions, indicating that an ab-
sence of surface mucins is insufficient in itself to result in sodium
fluorescein uptake into the surface epithelial cells — an important ob-
servation.

Comparison of ocular surface fluorescence between the three par-
ticipant groups revealed consistent differences. Whilst the asympto-
matic and symptomatic contact lens wearing groups appeared to exhibit
similar F-WGA binding across the seven ocular surface regions, the
fluorescence observed for the non-lens wearing group was consistently
higher. This suggests that contact lens wear negatively impacts mucin
density across these surfaces and/or influences their structure suffi-
ciently to alter the degree of F-WGA binding. This observation appears

30-minute time point

Fig. 9. Development of mucus strands through the 30-min imaging period.
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consistent across all seven ocular surface regions and is in agreement
with that reported in the literature [9]. In addition to analysis of the
seven ocular surface regions, more specific analysis was undertaken on
two specific regions where contact lens wear is known to interact with
the ocular surface [34-36,11,37]. The bulbar conjunctiva underlying
the contact lens edge and the lid wiper region of the tarsal conjunctiva
both underwent custom image analysis in order to compare the degree
of fluorescence across the three participant groups. For the two lens-
wearing participant groups, the bulbar conjunctiva underlying the lens
edge demonstrated a reduction in F-WGA fluorescence. This reduction
in fluorescence is thought to be associated with the lens edge inter-
acting excessively with the bulbar conjunctiva and reducing the abun-
dance of ocular surface mucins in this region. This is in agreement with
the literature, where increased fluorescence is observed in this region
following application of sodium fluorescein, likely indicating cellular
disturbance in these regions. An alternative explanation for the nega-
tive staining could be flurophore quenching [38], as has been reported
clinically with sodium fluorescein [39], however due to the low fluor-
ophore concentration and the consistent hypofluorescence in this cir-
cumlimbal region over the two time points (whilst there was a sig-
nificant reduction in overall fluorescence), this likely indicates genuine
hypofluorescence in this region, rather than flurophore quenching.

Although the level of F-WGA fluorescence in this region was lower
for the contact lens wearing groups, there were no obvious differences
between the symptomatic and asymptomatic groups. This observation
suggests that contact lens edge/conjunctival surface interaction is un-
likely to be a primary driver of discomfort in the symptomatic contact
lens wearing population, in agreement with previous work which found
no association between lens-edge related conjunctival staining and
comfort [40,18,41,42]. In contrast, the level of F-WGA fluorescence
observed in the lid wiper region was not only substantially reduced for
the contact lens wearers in comparison with non-lens wearers, but also
appeared to differ between the asymptomatic and symptomatic groups.
This difference was more marked when the relative change in fluores-
cence across the lid wiper region was considered (to account for dif-
ferences in F-WGA fluorescence intensity between participants). These
observations appear to be in agreement with the literature, where
symptomatic patients are reported to experience greater levels of so-
dium fluorescein and lissamine green staining in this region [36,3].
Korb et al. [36], have suggested that an increased interaction occurs
between the contact lens and the lid wiper region in symptomatic lens
wearers, resulting in a reduction in the abundance of ocular surface
mucins in the lid wiper region. Such an observation after a relatively
short period of lens wear (on average 6 h in this study), suggests that
over more typical lens wearing periods (circa 12 h of lens wear for the
participants in this study), the ocular surface mucins could be further
diminished, resulting in increasing frictional interaction at this inter-
face. Such an interaction has the potential to result in a reduction in
subjective comfort, either by direct contact with the lid wiper tissue
(especially given the high sensitivity of this tissue [43]) or by increased
contact lens motion resulting in associated irritation of the corneal/
bulbar conjunctival tissue. Future studies should assess F-WGA fluor-
escence in the lid wiper region over more prolonged periods of lens
wear, to understand mucin distribution changes later in the lens
wearing cycle. In addition, future work could also look at the co-loca-
lisation of ophthalmic dyes across the ocular surface as the information
they provide is likely to be complementary.

As this study was designed to assess F-WGA staining following a
period of habitual lens wear, the participants presented with a range of
lens types, modalities and duration of lens wear that day. This approach
provided a good overview of the impact contact lens wear can have on
the ocular surface mucins, but it made distinguishing lens-related fac-
tors which influence mucin distribution more challenging. Future stu-
dies should therefore consider a more systematic approach to ex-
amining the impact of different lens designs and materials on ocular
surface mucins (e.g. cross-over study design with washout periods), to
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improve our understanding of the contact lens characteristics that could
be enhanced to minimise interaction with the ocular surface.

In addition to its application in investigating the aetiology of con-
tact lens discomfort and in developing contact lens materials and de-
signs that minimise their interaction with the ocular environment, there
are a number of other fields where F-WGA may be a useful research
and/or clinical tool. Given the short residency time of ophthalmic drops
on the ocular surface, there is significant interest in the development of
muco-adhesive pharmacological agents to maximise their therapeutic
effect and minimising side effect [44,45]. The use of F-WGA is likely to
be a key tool in understanding how ocular surface mucin structure
varies within the population and how this might impact on such a drug
delivery mechanism. In addition, the distribution of ocular surface
mucins is thought to be impacted in dry eye disease, keratoconus,
ocular surface disease and post-ophthalmic surgery [46-48,6]. F-WGA
is therefore likely to be a key tool in visualising ocular surface mucin
distribution and monitoring treatment strategies.

From a clinical perspective, this study gives eye care practitioners
(ECP) an insight into the normal distribution and turnover of ocular
surface mucins and how contact lens wear reduces their abundance,
particularly over the cornea. Such changes have been reported to in-
fluence ocular surface wettability [9], are associated with compromised
ocular surface friction [49-51] and may play a role in the increased risk
of infection observed with contact lens wear [52,53], although further
work is needed to understand this relationship. The work also high-
lights that the interaction of the lens edge with the ocular surface does
not appear to negatively influence ocular comfort, however increased
interaction in the lid wiper region does appear to be associated with
greater symptomotology. Clinicians should therefore look to optimise a
patient's tear film quality and quantity, along with the careful selection
of contact lens material and design (particularly in relation to tear film
wettability and lens surface friction) to minimise physical insult and
biological wear in this region. In addition, this work also opens up the
possibility of a future clinical ophthalmic dye which would allow the
ECP to grade the quality of ocular surface mucins in a more quantitative
manner than the binary-type of staining that is observe with existing
ophthalmic dyes, such as sodium fluorescein and lissamine green [54].

5. Conclusions

The use of F-WGA as a clinical ophthalmic marker has provided
useful insights into the distribution of mucins across the ocular surface.
It has highlighted that mucin concentration appears greatest on the
bulbar conjunctiva and lowest on the cornea. Contact lens wear has
been shown to reduce F-WGA ocular surface binding across the cornea,
tarsal conjunctiva and bulbar conjunctiva, which may be important in a
range of clinical issues including comfort, vision and inflammation and/
or infection. Across the bulbar conjunctiva and the cornea, no sig-
nificant differences in F-WGA binding were observed between symp-
tomatic and asymptomatic contact lens wearers in this study. However,
specific image analysis on the lid wiper regions demonstrated a dif-
ference in F-WGA distribution between symptomatic and asymptomatic
contact lens wearers, with a reduced F-WGA fluorescence in the lid
wiper region for the symptomatic contact lens wearers. This study
therefore demonstrates the utility of F-WGA as an ophthalmic dye and
details the methodology to allow its imaging in a clinical setting. Given
the ability of F-WGA to disclose mucin distribution across the ocular
surface it is likely to be a key clinical tool in furthering our under-
standing of (i) the aetiology of contact lens related discomfort, (ii)
contact lens designs/materials which minimise their interaction with
the ocular surface and (iii) dry eye disease and other ocular surface
diseases.
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