
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7931  | https://doi.org/10.1038/s41598-023-35062-2

www.nature.com/scientificreports

The association 
between conjunctival and scleral 
thickness and ocular surface 
ultraviolet autofluorescence
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Ultraviolet autofluorescence (UVAF) imaging is used to visualise ocular surface changes due to 
sunlight exposure and so is considered to be a biomarker for UV damage. The conjunctival and scleral 
thicknesses of participants with and without ocular surface UVAF were measured to examine the 
UVAF associated tissue thicknesses. The presence of UVAF on the ocular surface was associated with 
significant differences in tissue thickness including thinner conjunctival epitheliums and thicker scleras 
but predominantly thickening of the conjunctival stroma. Participants were also classified into four 
groups according to the presence and absence of UVAF on both the temporal and nasal conjunctivas. It 
was noted that for those that had only nasal UVAF, the temporal conjunctival stroma was significantly 
thicker even without the presence of UVAF. Some participants with temporal UVAF had signs of 
pinguecula observed with slit lamp examination and some had OCT SLO enface imaging darkening. 
These findings highlight the potential of techniques other than slit lamp examination, including tissue 
thickness measurement and UVAF photography, in the detection of early UV-related changes to the 
ocular surface.

Fluorescence occurs when a substance is excited by radiation of a certain wavelength (often ultraviolet) and re-
emits radiation usually of a longer wavelength (often visible light). Using instrumentation based on the Wood’s 
light principle used in dermatology, Ooi, Coroneo and colleagues described the phenomenon of ocular surface 
ultraviolet autofluorescence (UVAF) associated with pterygium and found that it was correlated with ocular sun 
exposure1. An increased prevalence of pterygium has been found to be associated with a larger UVAF area2–5. 
Absorption of UV radiation is thought to cause damage to ocular structures at the cellular level, which results in 
autofluorescence6,7. There are many possible changes to the conjunctiva that have been suggested to result from 
UV radiation including changes to collagen, elastin, lysosomes, mitochondria, cytokines, NADH, tryptophan, 
lipofuscin or matrix metalloproteinases, but the exact mechanism of conjunctival autofluorescence is not known8.

There are potential implications of UVAF not only for ophthalmohelioses (sun-related ocular diseases) includ-
ing pterygium, cataract and squamous cell carcinomas of the cornea and conjunctiva, but also skin conditions 
such as sunburn, solar keratosis, basal and squamous cell carcinomas, and malignant melanomas. However, 
UVAF occurs not only with visible UV-related changes to the ocular surface such as pterygium and pinguecula, 
but also when there are not any ocular surface changes visible with white light and so it has been suggested that 
UVAF may be a precursor to clinical manifestations of damage. In these instances (without the presence of 
pterygia), the UVAF area has also been shown to be positively correlated to the time spent outdoors3,5,9–12. Con-
sequently, UVAF may be a biomarker for ocular sun exposure and an indicator of ocular surface pathology risk5.

UVAF may also be an important tool in myopia research, as outdoor light exposure has also been associated 
with slower myopia progression13–15. Several researchers have reported that UVAF area is inversely associated 
with myopia, with larger UVAF areas associated with less or no myopia16–19 and also associated with the degree 
of myopia17.

UVAF provides an objective measure of previous outdoor light exposure, rather than subjective question-
naires that rely on a participant’s recall ability2,20. Despite showing potential as a biomarker, it remains unclear 
what the UVAF specifically represents and the timeframe over which the UVAF develops. It has been suggested 
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that UVAF may be due to cumulative medium-term sun exposure over the preceding months16 or related to 
lifetime sun exposure11. While histologically pinguecula are characterized by elastotic degeneration of colla-
gen with hyalinized connective tissue21–23, to our knowledge the conjunctival and scleral thicknesses associated 
with UVAF have not previously been considered. This study aims to compare the conjunctival and scleral tissue 
thicknesses in individuals with and without UVAF and to also study corresponding UVAF images, SLO enface 
images and slit lamp examination.

Methods
Participants.  This study was conducted according to the tenets of the Declaration of Helsinki including 
written informed consent with ethics approval from the UHREC. A total of 53 participants were enrolled in this 
study, however 9 were excluded due to poor fixation during the OCT measurement, as it required maintaining 
steady peripheral fixation for approximately 3 min. A further 2 participants were excluded due to conjunctival 
pigmentation which interfered with the UVAF photography and potentially OCT tissue thickness measure-
ments. The remaining 42 participants were aged between 19 and 43 years of age (mean 28 ± 6 years), 22 were 
female and there were 25 Caucasian, 15 Asian and 2 participants of other ethnic backgrounds. Prior to the study, 
all participants underwent a screening examination to assess their ocular health, including slit lamp examina-
tion to record the presence of pinguecula (defined by both color and elevation), visual acuity and completion of 
a lifetime sun exposure questionnaire24. All participants had no significant history of ocular surgery or trauma. 
No participants wore rigid contact lenses and soft contact lens wearers discontinued contact lens wear 24 h prior 
to commencing the study to allow any substantial effect of contact lens wear on conjunctival or scleral morphol-
ogy to resolve.

Ultraviolet autofluorescence (UVAF) photography.  The right eye nasal and temporal UVAF photo-
graphs were taken with a custom-built camera system using a Nikon D90 digital camera with ISO speed 2,000 
and exposure time of 1/20 s. The UVAF system was connected to a laptop computer (qDSLRDashboard V3.5.3 
software) to provide a magnified live view of the eye during measurement. Each participant’s eye was first illu-
minated with white (incandescent) light to obtain control images (aperture size was set to f/14) and was then 
illuminated with 375 nm ultraviolet light (full width at half maximum of 13.6 nm) to obtain fluorescence images 
(aperture size was set to f/4.8). During this procedure, the participant was directed to fixate at an external target 
(red LED light) at 27° off-axis nasally and temporally. Three images of the nasal and temporal conjunctivas of the 
right eye were captured for each light source. The images were saved in RAW file format (.NEF) which allowed 
uncompressed and unprocessed images to be analysed. At the end of the procedure, an image of a millimetre 
ruler was captured to provide a scale reference for subsequent analysis. Based on the UVAF photographs, the 
participants were categorised according to the presence of UVAF (n = 25) or absence of UVAF (n = 17) on the 
temporal conjunctiva. For further analysis, the participants were split into groups based on the presence of 
UVAF in both nasal and temporal regions resulting in 4 subgroups (Table 1).

Table 1.   Participants classified into 4 subgroups depending on the presence of UVAF in the nasal and 
temporal conjunctivas.

Subgroup Temporal UVAF Nasal UVAF UVAF location (right eye)

None
(n = 10) No No

Nasal (only)
(n = 7) No Yes

Temporal (only)
(n = 8) Yes No

Both nasal and temporal
(n = 17) Yes Yes
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Anterior segment optical coherence tomography (AS‑OCT).  The temporal conjunctival and scleral 
thickness of the right eye of each participant were measured using the Heidelberg Spectralis OCT (Heidelberg 
Engineering, Heidelberg, Germany) with anterior segment imaging module. The device captures cross-sectional 
images at a scanning speed of 40,000 A scans/second, axial resolution of 3.9 µm and transverse resolution of 
14  µm using a central wavelength of 870  nm. Two scans were taken consisting of 21 horizontal lines, with 
line number 11 of the 21 horizontal line scans (i.e. the central line) positioned close to the lower edge of the 
bright corneal reflection in the SLO enface image to ensure a consistent scanning location for each participant 
(Fig. 1A). The scan pattern covered a 11.1 × 5.6 mm area and the automatic real time eye tracking (ART, 30 
images averaged) was also used to improve image quality with an average quality score of 32 ± 6 dB. The instru-
ment’s scleral imaging mode with enhance depth imaging (EDI) was activated to obtain a high-resolution cross-
sectional image of the conjunctiva and sclera. To obtain the best alignment for the temporal conjunctiva scans, 
the participants fixated using an external fixation target (a green LED) placed at a distance of 2 m from the eye 
at an angle of 40° nasal. An enface image, using the instrument’s scanning laser ophthalmoscope (SLO), was also 
captured with a 27° fixation to correspond to the UVAF photographs. A photo of a millimetre ruler was also 
captured to provide a scale reference for the analysis.

Data analysis.  The OCT images were exported and analysed with a semi-automated procedure using cus-
tom written software, where any errors in the automatic segmentation were manually corrected and the location 
of the scleral spur was marked using the ciliary muscle landmark method25. This semi-automated method was 
used to segment the anterior and posterior boundaries of the corneal epithelium and for the posterior bound-
ary of the sclera. The episcleral boundary between the conjunctival stroma and sclera was manually segmented 
by marking the posterior edge of the episcleral blood vessels. Data from the two repeated scans were averaged 
for conjunctival epithelium, conjunctival stroma, and scleral thickness for all 21 lines from each OCT image. 
Using the scleral spur as the starting location, thicknesses were compared at the scleral spur 0 mm, 0–1 mm, 
1–2 mm, 2–3 mm and 3–4 mm (measured along the arc of the curved posterior scleral boundary) according 
to the method of Read et al.25 (Fig. 1B). This method has previously been reported to be highly repeatable for 
conjunctival and scleral thickness data, with intraclass correlation coefficients greater than 0.95. Average thick-
ness maps (pseudo-coloured) were also generated and plotted on an SLO enface image for visualisation of the 
approximate location of the tissue thicknesses. For the analysis of the four subgroups, the group with no nasal or 
temporal UVAF were used as the reference to calculate the difference in tissue thickness compared to those with 
nasal UVAF, temporal UVAF and both nasal and temporal UVAF.

The UVAF photographs (Fig. 2A) were analysed by extracting the green channel of the RAW photograph 
(Fig. 2B) and processed in customised software to normalise the intensity across the image (Fig. 2C). The pro-
cessed image was then imported to ImageJ to use the freehand tool to trace around the edges of the UVAF region 
to calculate the UVAF area (Fig. 2D). The dark patch in an SLO enface image was also mapped using a similar 
method (removing the tilt and taking the negative image) so that the edges of the region could be traced to 
calculate an SLO enface area (Fig. 2 E and F).

Statistical analysis.  All data were entered into an Excel file (Microsoft Inc, Redmond, WA, USA) and 
transferred to SPSS (version 26, IBM, Armonk, New York, USA) for analysis. Tissue thicknesses for all lines and 
locations were approximately normally distributed and it was considered valid to apply parametric tests.

To examine the thickness data, a repeated measures MANOVA was used for all tissue thicknesses, with two 
within subject factors: scan line (1 through to 21) and measurement location with respect to the scleral spur 
(0 mm, 0–1 mm, 1–2 mm, 2–3 mm, 3–4 mm) and one between-subject factor (with or without UVAF groups). A 
second repeated measures MANOVA was conducted to analyse the tissue thicknesses with the between-subjects 
factor dividing the participants into 4 subgroups determined by UVAF presence in both the nasal and/or tem-
poral conjunctivas (Table 1). A MANOVA was also used to analyse the UVAF group OCT tissue thickness with 
a between-subjects factor splitting the participants into two groups determined by the presence and absence of 
pinguecula diagnosis from slit lamp examination. A further MANOVA analysed the UVAF group OCT tissue 

Figure 1.   Anterior eye OCT imaging volume scan (21 lines) captured (A), segmentation export of 1 line scan 
showing the manually segmented image with the 3 tissue layers analysed: conjunctival epithelium (pink to red 
lines), conjunctival stroma (red to blue lines) and stroma (blue to green lines) (B). This was completed for each 
of the 21 scan lines shown in A and from the scleral spur (SS) at 0 mm through to 4 mm.
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thicknesses with the between-subjects factor splitting the participants into the two groups determined by the 
presence and absence of SLO enface dark region. Post hoc analysis with multiple comparison correction was 
completed for any factors with more than two levels. Correlations between the UVAF area and tissue thicknesses 
were explored with Pearson correlations for each OCT scan line and location from the scleral spur. Other correla-
tions with tissue thicknesses investigated the effect of gender, habitual spectacle wear and lifetime sun exposure 
questionnaire score. Pearson correlation also investigated an associated between the UVAF area and SLO enface 
dark region area. For all analyses, p-values < 0.05 were considered to be statistically significant.

Results
Significant differences in tissue thickness were observed for the UVAF group compared to the no UVAF group 
for all three tissue layers: conjunctival epithelium, conjunctival stroma, and sclera (MANOVA, all p < 0.001). 
Those with UVAF had thinner conjunctival epitheliums, thicker conjunctival stromas and thicker scleras (Fig. 3). 
The conjunctival epithelium and sclera showed similar thickness differences between the two groups for nearly 
all OCT scan lines (vertical position) and locations (horizontal position), however the conjunctival stroma had 
a localised region with a larger difference between the two groups, corresponding to the approximate location 
of the UVAF (lines 1 to 11, lower half of the OCT volume scan) (Fig. 4 A to C). Considering the distance away 
from the scleral spur, the averages for the two groups show decreasing conjunctival epithelial thickness, increas-
ing conjunctival stromal thickness and decreasing stromal thickness for both the no UVAF and UVAF groups 
(Fig. 4 D to F). The age of the participants of the two groups was not statistically significant (T-test, p > 0.1) with 
mean ± SD of 26.2 ± 4.4 and 28.8 ± 6.4 years for the no UVAF and UVAF groups, respectively. There was also no 

Figure 2.   Original UVAF photograph (A), green channel image (B), processed image (C), analysed image 
with UVAF outline (D), corresponding OCT SLO enface image (E) and analysed OCT SLO enface image with 
outline (F).
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significant difference in gender between the two groups (Chi-square, p > 0.1) with 41% and 52% being male in 
the no UVAF and UVAF groups, respectively.

Further analysis was conducted with the participants split into four subgroups depending on UVAF presence 
of both temporal and nasal UVAF (refer to Table 1). Due to anatomical tissue thickness variations depending on 
location, this data was analysed as the difference compared to the group without nasal or temporal UVAF. Mean 
thickness difference maps (conjunctival epithelium, conjunctival stroma, and sclera) for the 3 groups (compared 
to the group without nasal or temporal UVAF) are shown in Fig. 5. Compared to the no UVAF group, all the 
other groups had thicker temporal conjunctival stromas, particularly for those with only temporal UVAF, but 
also for only nasal UVAF group (MANOVA posthoc analysis all p < 0.001, Fig. 6B). Similar to the two-group 
analysis (UVAF versus no UVAF groups), the conjunctival epithelium was consistently thinner for all scan lines 
(MANOVA, all p < 0.001) and sclera was consistently thicker compared to the group with neither temporal or 
nasal UVAF (Fig. 6A and C). The mean and standard deviation of tissue thickness differences for those with 
only nasal UVAF, only temporal UVAF and both nasal and temporal UVAF, compared to those without nasal or 
temporal UVAF, are presented in Table 2.

The mean UVAF area (for the UVAF group only, n = 25) was 10.8 ± 6.4 mm2 with a median of 9.2 mm2, rang-
ing from 2.5 to 25.3 mm2.

All participants that had a pinguecula on the temporal conjunctiva also had UVAF in this region (n = 12). 
However not all participants with UVAF were classified as having pingueculas from slit lamp examination 
(n = 13). Examining the OCT tissues thickness for these two groups, those with visible pinguecula signs had 
statistically thinner conjunctival epitheliums (p < 0.001) and thicker stromas (p < 0.001) for all scan lines and 
location with respect to the scleral spur. Interestingly, the group with pinguecula had thinner conjunctival 
stromal thicknesses overall, however on closer examination the scan lines outside the region of the pinguecula 
had thinner conjunctival stromas while scan lines 3 through 7 (corresponding to the pinguecula location) had 
thicker conjunctival stromas.

When capturing the OCT images it was noted that some individuals had a darker region corresponding to the 
location of UVAF (for example Fig. 2E). The UVAF group (n = 25) was split into those with SLO enface darkening 
(n = 13) and those without SLO enface darkening (n = 12) and comparisons were made between these groups. 
The corresponding UVAF area was not statistically different between these two groups, 11.0 ± 5.2 and 10.5 ± 7.7 
mm2 respectively (T test, p > 0.05). For those with an SLO enface darkening, the area of this region was signifi-
cantly positively correlated to the UVAF area (r = 0.82, p < 0.001), with the SLO enface darker area being smaller 
than the corresponding UVAF area. The participants with an SLO enface darkening had statistically significant 
differences in tissue thickness with thicker conjunctival epitheliums (p < 0.001), thicker conjunctival stromas 

Figure 3.   Mean thickness maps for No UVAF (A to C) and UVAF groups (D to F) overlayed on an SLO 
enface image to show approximate position. Group mean (± SD) tissue thicknesses (conjunctival epithelium, 
conjunctival stroma and scleral) for both groups in the adjoining table.
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(p = 0.008) and thicker scleras (p < 0.001) compared to those with UVAF but without SLO enface darkening. 
There were no significant correlations between OCT tissue thicknesses with gender, habitual spectacle wear, and 
lifetime sun exposure questionnaire score (all p > 0.05).

Discussion
This study reports the in vivo thickness of the conjunctiva and sclera using spectral domain AS-OCT and dem-
onstrates significant differences in these tissues with and without the presence of UVAF. To our knowledge this 
is the first study considering ocular surface tissue thickness changes associated with UVAF. With the presence of 
UVAF a localised, thicker conjunctival stroma was observed. Similarly, it is known that pingueculas are associ-
ated with an increased conjunctival stromal thickness with the cellular changes being hyalinised subepithelial 
collagen and elastotic degeneration21–23. In addition, a slightly thinner conjunctival epithelium was observed. 
Thinner conjunctival epitheliums have been previously reported associated with a decline or suppression of 
metabolic function26 and a similar mechanism may be involved with UVAF associated tissue changes. Specifically 
for pinguecula, any epithelial changes may include atrophy, hyperplasia, metaplasia or dysplasia21,27. It should be 
noted that the conjunctival epithelial difference between the UVAF and no UVAF groups was only 1.5 microns. 
Although the UVAF group had consistently thinner conjunctival epitheliums vertically and horizontally, this 
small difference may not be clinically significant. Along with the conjunctival epithelial and stromal changes 
with UVAF, the sclera was also thicker, which to our knowledge has not been previously reported.

Variations in tissue thickness occurred for each of the horizontal line scans and along each of these scans 
away from the scleral spur. The pattern of tissue thickness for all participant groups considered in this study was 
consistent with previous reports where the conjunctiva is thinnest close to the scleral spur and thickens away 

Figure 4.   Mean conjunctival epithelium, conjunctival stroma, and scleral thickness for the no UVAF group 
(blue) and UVAF group (orange) averaged for each scan line (A to C) and location from the scleral spur 
(D to F). Circle indicates the localised difference between the two groups for scan lines 1 to 11 in the mean 
conjunctival stromal thickness (B). Error bars ± 1 SE.
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from the scleral spur while the scleral thickness was opposite, being thickest at the scleral spur and reducing 
with distance away from this point28,29. Due to the large variation in thickness depending on the measurement 
location, it can be difficult to compare between studies. However, the average tissue thickness (conjunctival 
epithelium, stroma and sclera) for the no UVAF group in this study showed reasonable agreement with previ-
ous reports3,26,28,30,31. Changes to tissue thickness can occur with age25,26,32,33 and males on average have thicker 
conjunctivas and scleras than females25,34–37. These factors are thought to have minimal influence in this study as 
there were no significant differences between the participant groups when analysed for age or gender.

While pterygia are more likely to affect the nasal conjunctiva38, pinguecula are reported as having a similar 
prevalence on the nasal and temporal sides39,40. There is conjecture regarding the location of UVAF, with some 
reporting greater nasal prevalence11,12,41, while equal nasal and temporal prevalence has also been reported1. 
Similarly, regarding the UVAF area, the nasal conjunctiva has been reported to have greater UVAF changes 
than temporal10,12,41,42, though no statistical difference between nasal and temporal UVAF areas has also been 
reported10,11,43. In this study considering the four subgroups determined by the presence of nasal and temporal 
UVAF, there were approximately equal proportions as there were seven participants with only nasal UVAF and 
eight participants with only temporal UVAF.

An interesting finding was that the temporal conjunctival stromas of those with only nasal UVAF, while not 
as thick as those with temporal UVAF, were statistically thicker than the participants without either nasal or 
temporal UVAF. So, for eyes with UVAF on the contralateral nasal conjunctiva, there were temporal conjunctival 
tissue thickness changes even though there was no temporal UVAF. In a similar way, preclinical conjunctival 
changes due to ultraviolet light damage have been measured with confocal microscopy for eyes that were clinically 
normal when the fellow eye had a pterygium or pinguecula44. Although nasal OCT data was collected for this 
study, due to the considerable time involved in OCT segmentation and analysis, only the temporal conjunctival 
scans for each participant were analysed. It is acknowledged that analysis of the corresponding nasal data would 
provide further insight into the tissue changes associated with ocular surface UVAF and may be possible in the 
future with further development of automatic segmentation techniques. It is also acknowledged that dividing 

Figure 5.   Mean thickness difference maps for the groups Nasal only UVAF (A to C), Temporal only UVAF 
(D to F) and Both Nasal and Temporal UVAF (G to I) compared to the No UVAF group overlayed on an SLO 
enface image. Note the vertical scales were generated for each type of tissue and so the value of 0 (no difference) 
is not represented by the same color for each tissue.
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the participants into 4 subgroups resulted in some small group sizes (n = 10, 7, 8 and 17). Additionally, for the 
conjunctival epithelium and sclera, changes were small. Although significant differences in tissue thickness were 
found in the analysis, this should be investigated with larger sample sizes for confirmation.

The area of UVAF has been considered by many studies, however there is large variation in results depending 
on the age and geographic location of the participants included. The results of this study (UVAF median = 9.2 
mm2 and mean = 10.8 ± 6.4 mm2) are comparable to other Australian or Norfolk Island based studies11,18–20,45. 
Some studies report much smaller UVAF areas, less than 3 mm2, when conducted in Europe9,10,16,42 or when the 
participants were children12,17.

About half of the participants with UVAF had clinical signs (change in tissue colour and thickness) of a 
pinguecula from slit lamp examination, while the other half had no clinical signs of a pinguecula. Similarly one 
study recorded 30% of children with UVAF to have signs of a pinguecula1. In this study, the participants with 
pinguecula had greater thickness changes than those without pinguecula, with thinner conjunctival epitheliums, 
thicker conjunctival stromas and thicker scleras. While not considered in this study, it has been reported that 
the UVAF area is larger than the visible pinguecula area from slit lamp examination for 71.4% of lesions41 with 
the remainder of eyes having equal UVAF and visible pinguecula areas.

Figure 6.   Mean difference in conjunctival epithelium (A), conjunctival stromal (B) and scleral (C) thickness for 
each of the four subgroups compared to no nasal or temporal UVAF group for each scan line. Circle indicates 
the greatest localised difference between the groups for scan lines 1 to 11 (B). Error bars are ± 1 SE.
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The SLO enface darkening was an unexpected finding occurring for approximately half of the participants 
with UVAF, particularly as UVAF photography uses an excitatation wavelength of 375 nm while the Spectralis 
OCT uses 820 nm during SLO enface imaging. Some possible explanations include that the OCT is highlighting 
different cellular changes in comparison to UVAF photography, or that the increased tissue thickness also affects 
its composition increasing the scattering of light.

There are some limitations of this study that should be considered. For consistency, the OCT volume scans 
were aligned for each individual with scan line 11 at the inferior edge of the corneal reflex, as the positioning of 
an OCT scan line with the corneal reflection has been shown to have a high repeatability25. All data was taken 
for same degree of eye turn and images analysed as captured. This means that thickness was not always measured 
perpendicular to the epithelium for all locations (0 to 4 mm). However this is considered to have little bias on 
the results as reanalysis of similar data using both ‘axial’ and ‘normal’ thickness measures found small mean 
differences of 0.6 µm and 1.3 µm for the scleral and conjunctiva respectively25. Also a correction for refractive 
distortion was applied to the OCT images and the measurement location was defined based on the arc of the 
curved posterior sclera for more robust between-subject comparisons25. The conjunctiva and sclera are known 
to have diurnal variations which may have impacted the results of this study. However the greatest changes are 
known to occur after waking29 and so the effect of diurnal variations were minimized in this study by taking 
measurements between 8 am and 5 pm and at least 2 h after waking. Without reliable landmarks the individual 
variability in the exact location of the UVAF region made it impossible to directly match the UVAF photographs 
to the OCT data. However, for the majority of individuals the UVAF region was below the mid-limbus which 
approximately corresponded to the corneal reflex and line number 11 of the OCT scan.

This study has confirmed that UVAF is a precursor to clinical slit lamp visibility of sunlight associated con-
junctival changes. Furthermore, it was found that temporal conjunctival stromal thickness changes may occur 
even without temporal UVAF when the nasal conjunctival exhibits UVAF. This suggests that tissue thickness 
changes may precede UVAF. Additionally, a darkened region was evident on the SLO enface image for approxi-
mately half the individuals with UVAF. Based on these observations we propose that ocular surface UV-related 
changes would first be detectable by tissue thickness changes (measured by OCT), then by UVAF, and finally 
by clinical manifestations with slit lamp white light examination or by the detection of an SLO enface darkened 
region. These findings highlight the importance of techniques other than slit lamp examination, such as tissue 
thickness measurement and UVAF photography in the detection of early UV-related changes to the ocular 
surface.

Data availability
The data that support the findings of this study are available from the corresponding author (AS) upon reason-
able request.
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