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Introduction

Although only approximately 5% of solar ultravio-
let radiation (UVR) (electromagnetic radiation rang-
ing from 200 nm to 400 nm) reaches the earth’s sur-
face, it plays a significant biological role1. This UVR 
consists of short-wavelength, high-energy photons 
that have sufficient energy to cause photochemical 

alterations in tissues that may result in injurious bio-
logical effects2-5. Ocular UVR exposure has been as-
sociated with a range of ocular pathologies. Anterior 
ophthalmohelioses include basal cell carcinoma of 
the lids, pterygium5-7, pingueculum, photokeratitis6-9, 
climatic droplet (Labrador) keratopathy6, 7, 10, 11 and 
aqueous humour changes12. Posterior ocular changes 
include cataracts6 and solar maculopathy13-15. The most 
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common of these ophthalmohelioses is the corneal 
inflammatory condition, photokeratitis2, which can 
lead to considerable discomfort, blurring and distrac-
tion for the affected individual. It is important that 
the eyecare practitioner (ECP) understands the un-
derlying mechanisms of the corneal response to UVR 
exposure, so that appropriate recommendations can 
be made concerning UVR-protective contact lenses 
and sunglasses, particularly for outdoor natural solar 
UVR exposure conditions.  

Clinical signs and symptoms of photokeratitis

Clinical signs of photokeratitis include: conjuncti-
val and circumlimbal injection, epithelial granulation, 
irregular corneal reflex, corneal oedema, bilateral 
punctate keratitis, epithelial desquamation, pupillary 
miosis, conjunctival chemosis, anterior uveitis and 
aqueous flare6, 16, 17.  Symptoms include: pain7, 8, for-
eign body sensation, photophobia, lacrimation and 
blepharospasm.  These acute symptoms may occur in 
varying degrees and usually last six hours to 24 hours, 
but almost all of the discomfort disappears within 48 
hours1, 12, 18.  The effects of photokeratitis can cause 
the individual to be visually incapacitated for varying 
periods of time2, 19.  

The ocular discomfort and visual interference as-
sociated with the development of photokeratitis have 
potential safety implications for the individual and 
others within the outdoor environment.  They can 
also adversely affect sporting and other recreational 
performance in conditions of natural solar UVR ex-
posure17.  It is likely that many individuals frequently 
experience mild forms of this condition, but do not 
seek medical attention, as they attribute the tired, sore, 
gritty ocular feeling experienced after a day outdoors 
to general fatigue.  This could be related to the fact 
that thermal injury could result at radiant exposures 
less than those required for photochemical injury20.  
These signs and symptoms are better understood if 
the underlying principles concerning the corneal tis-
sue response to UVR are considered.

UVR absorption features of corneal tissue

The corneal tissue shows a wavelength-dependent 
absorption of UVR19. It absorbs most of UVR in the 
UVC portion (280-200 nm) of the spectrum, with less 
absorption in the UVB (320-280 nm) and UVA (400-

320 nm) wavebands.  Between 2% and 17% of ambi-
ent UVB is estimated to be incident at the anterior 
corneal surface, of which 40% to 70% is absorbed 
by the corneal tissue21. Approximately 3% to 8% of 
UVB is transmitted by the cornea to the internal ocu-
lar structures.  Of the UVA incident at the corneal sur-
face, 40% to 60% is transmitted through the cornea, to 
the anterior surface of the crystalline lens22.  Accord-
ing to the ICNIRP (The International Commission on 
Non-Ionizing Radiation) (2004)1, there is a lack of 
evidence to prove whether low levels of UVA experi-
enced in sunlight present a hazard to either the skin or 
the eye.  It is important to note that just because there 
is currently a lack of evidence for this effect, it does 
not mean that no UVA hazard exists.

Corneal UVR thresholds and action spectra

Each UVR-induced biological reaction has a de-
fined threshold dose and action spectrum23.  The cor-
neal threshold curve and associated action spectra are 
employed in dosimetric studies for the quantification 
of corneal tissue damage associated with UVR expo-
sure10, 24.  The threshold dose is the smallest dose of 
monochromatic radiation at a given wavelength that 
is sufficient to induce tissue damage3, 19 and depends 
on the wavelengths of the UVR absorbed.  Supra-
threshold corneal epithelial UVR exposure typically 
leads to the development of photokeratitis.  

Corneal tissue UVR-induced injury thresholds 
can be extrapolated from acute animal exposure ex-
periments25.  The ICNIRP 2004 guidelines state that 
extrapolations from animal, particularly primate1, 
experiments to potential or likely effects on humans 
have to be made due to ethical and practical reasons.  
Photons in the UVB range contain sufficient energy 
to cause transformations of absorbing molecules in 
short exposure times with high (relative to outdoor 
solar UVR) UVR radiation irradiances obtainable in 
the laboratory.  This has allowed laboratory studies 
to be conducted relatively quickly with animal ocular 
tissues26.  

Corneal tissue thresholds to UVR can be presented 
either as the threshold values at specific wavelengths 
within a band of UVR, or as a single peak threshold 
value.  Human, primate and rabbit corneal threshold 
values reported from previous studies are summarised 
in Figure 1 below.   
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A study carried out by Pitts and Tredici27 in 1971 
showed that the minimum of the UVR threshold curve 
is at 270 nm for both the rabbit and primate corneas. 
Threshold data by Pitts19, 28 in 1973 and 1974 are pre-
sented at the median wavelength.  That is, in these 
publications, the data are presented in wavebands of 
10 nm, for example, 205 nm to 215 nm.  These are 
plotted on the graph above showing a threshold at 210 
nm.  The corneal tissue threshold values for primates 
and rabbits are included in this plot as there are lim-
ited published data sets for human subjects after 1973 
due to more stringent ethical research restrictions be-
ing in place to prevent the irradiation of a human eye 
with potentially harmful UVR.  The published thresh-
old values for primates are therefore also considered. 
The corneal threshold data for rhesus monkeys ob-
tained by Kurtin and Zuclich29 in 1978 are presented 
for a waveband of 320 nm to 390 nm, at 10 nm inter-
vals.  Some of the references quoted were published 
during the 1970s, but the results of these publications 
still remain relevant, as shown by their inclusion in 
the 2004 ICNIRP guidelines, which is its most recent 
publication concerning the potentially harmful effects 
of UVR exposure on human tissue1.  The variability 
of data contained in these publications could be due 

to differences in experimental methodologies, in par-
ticular the total irradiance, spectral irradiance and 
waveband under investigation.  Unfortunately none 
of the references cited provided detailed methodolog-
ical descriptions to facilitate further analysis of the 
results obtained.  There is need for further systematic 
measurements in these fundamental areas.

Furthermore, published data for corneal epithelial 
thresholds are given for a variety of waveband inter-
vals and wavelength intervals.  The reason for this 
could be that the human action spectra are assumed 
to lie only within the waveband limits tested.  This is 
particularly true of early publications, such as that of 
Pitts19, 28.  Pitts studied the effects of UVR energy on 
the exposed live human eye19, 28.  The object of this 
study was to establish the UVR action spectra in the 
human cornea.  In this study, 39 human eyes were 
exposed to UVR from 220 nm to 310 nm, in 10 nm 
waveband intervals.  In the study, the human UVR 
action spectrum was compared to the previously es-
tablished rabbit and primate UVR action spectra.  The 
main limitation of the work was that the data were 
collected only in the UVC and part of the UVB bands.  
This limits the rigorous use of these data for dosimet-
ric applications in the 220 nm to 310 nm waveband.  

Figure 1.  Published corneal, conjunctival and skin UVR threshold values.
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The threshold data were collected at 10 nm intervals 
only, thus further limiting their usefulness for accu-
rate dosimetry.

Accurate dosimetry requires narrower wavelength 
intervals.  Pitts19, 28 showed the rabbit exposure thresh-
old at 270 nm to be 0.005 J/cm2.  The rabbit curve 
had two minima, at 240 nm and 270 nm.  The 270 
nm radiant exposure threshold for the primate cornea 
was quoted as 0.004 J/cm2.  The primate curve has 
three minima, at 220 nm, 240 nm and 270 nm.  Both 
the rabbit and primate curves show steep increases in 
threshold below 220 nm and above 310 nm.  Accord-
ing to Pitts, the human corneal UVR threshold curve 
is not as easily defined as are those for rabbit and 
primate corneas.  At 270 nm, the minimum corneal 
threshold value of 0.004 J/cm2 given for the human 
cornea was the same as that for the primate.  At 260 
nm and above, the human threshold curve is similar to 
that of the primate.  Below 250 nm, the human thresh-
old curve shows radiant exposure threshold values 
below that obtained for the rabbit and primate corne-
as.  Rather than showing minima, the human corneal 
threshold curve tends to be shallow.  The likely reason 
for human thresholds below 250 nm being flatter or 
shallower than those obtained for primates is that at 
wavelengths of 250 nm and below, exposure limits 
equal to that of a primate cause discomfort for a hu-
man subject.  Therefore, for those wavebands, Pitts 
used exposures of 40%, 50% or 60% of the primate 
threshold.  

Ahmedbhai and Cullen30, Australian HMRC31, 
Quesnel and Simonet32 and Quesnel et al33 specify the 
peak corneal epithelial damage threshold at 270 nm to 
be 0.003 J/cm2.  Sliney34 uses a corneal tissue thresh-
old value of 0.005 J/cm2.  Schein35 also specifies a 
value of 0.005 J/cm2, while Ambach and Blumthal-
er23 and Pitts and Lattimore36 adopt a value of 0.004 
J/cm2.  The ICNIRP1 puts the value at 0.003 J/cm2.  
Bergmanson et al37 found a corneal damage thresh-
old for the 300 nm wavelength to be 0.08 J/cm2. Ac-
cording Cullen and Perera2, corneal injury from UVA 
wavelengths requires levels exceeding 10 J/cm2.

In 2004, Čejkova et al38, Rogers et al39 and Shim-
mura et al40 demonstrated subclinical corneal physi-
ological and biochemical changes that may occur as a 
result of excess corneal UVR exposure.  The purpose 
of the study by Rogers et al39 was to establish whether 
exposing cultured rabbit corneal and epithelial cells to 

UVR equivalent to several hours under the sun would 
damage the cells.  Cells were exposed to a maximum 
dose of 6.3 J/cm2 of UVA (320 nm to 400 nm) and 
6.3 J/cm2 of UVB (290 nm to 320 nm), with levels of 
UVA and UVB irradiation increasing over the course 
of the exposure time.  Both UVA and UVB caused 
cell death in corneal epithelial cells with different 
latent periods. Minimal levels of cell death occurred 
immediately after exposure to UVB, increasing to a 
level of 46% of cell death after a period of 5 hours of 
exposure, with the irradiance reaching a level of 0.60 
J/cm2.  When corneal cells were irradiated with UVA, 
at 6.3 J/cm2 of exposure, 37% of the cells had un-
dergone physiological changes. The study concluded 
that even sub-solar levels of corneal exposure to solar 
UVR leads to corneal epithelial cell death.  Similarly, 
Podskochy et al41 showed that corneal epithelial cell 
death occurred after rabbit corneas were exposed to 
0.47 J/cm2 of 310 nm UVB irradiation.  

Threshold values for the human skin are also plot-
ted in Figure 1.  These are included because they are 
often erroneously quoted in ocular dosimetric publi-
cations.  The most common of these involve the use 
of spectroradiometers to measure UVR incident at 
the earth’s surface or ocular surface.  These spectro-
radiometers are erythemally weighted.  This means 
that they give results based on the human skin action 
spectrum42. 43. 

Blumthaler et al44 modelled threshold radiant ex-
posures based on interviewing patients presenting 
with photokeratitis, in order to accurately specify 
their exposure times.  The results of the study showed 
that the threshold for photokeratitis is 0.12 J/m2.  The 
conclusion is not quantified in terms of the UVR 
wavelength(s) at which the effect was caused. Never-
theless this is a significantly higher value than those 
published by other authors. This may be due to the 
fact that the results of other corneal studies discussed 
in this paper were obtained by means of direct irradia-
tion of the cornea in an environment simulating solar 
UVR. The result obtained by Blumthaler et al44 may 
reflect a more natural outdoors exposure condition, 
where patient movement and geometry of exposure 
would influence (and effectively reduce) the actual 
exposure of the corneal tissue.  The authors suggest 
that partial closure of the eyelids due to blinking and 
squinting would lead to an approximately 50% re-
duction of the radiant exposure of the eye.  Taking 
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such factors into account leads to an estimated cor-
neal threshold value of 0.03 to 0.06 J/cm2.  This result 
therefore shows the likelihood of a higher threshold 
value for the development of photokeratitis in re-
sponse to solar UVR in practical conditions.

The action spectrum indicates the relative bio-
logical effectiveness of monochromatic radiation of 
different wavelengths to elicit a response in tissue.  
An action spectrum is normalised to 100% at the 
minimum23, 25.  This means that the point on the cor-
neal threshold curve representing the minimum dose 
of UVR, is allocated a value of 100%, with all other 
points being plotted relative to this 100% (or 1.0) val-
ue.  Action spectra are important because they permit 
one to estimate a relative risk value on exposure to 
different sources that emit different distributions of 
UVR25.  When assessing the relative risk of develop-
ment of photokeratitis, the action spectrum is usually 
normalised to 100% (1.0) at 270 nm, the wavelength 
requiring the minimum dose to produce photokerati-
tis19, 28.  The threshold measured at that point, 0.003 
J/cm2, is given a value of 1.0 and the other thresh-
old data for the other UVR wavelengths are weighted 
accordingly.  The biological effectiveness of UVR at a 
particular wavelength is inversely proportional to the 
threshold dose at that wavelength1, 5, 7, 10, 19, 23, 28, 29, 45-50.

The 270 nm wavelength identified for normalisa-
tion for calculation of the action spectrum for human 
corneal tissue falls in the UVC range, outside the 
solar UVR spectrum423, 34, 44.  For this reason, it was 
proposed by Kurtin and Zuclich29 that the corneal epi-
thelial threshold value obtained at 320 nm should be 
used for corneal dosimetry. This recommendation is 
based on the results of their study on rhesus monkeys, 
which showed that the corneal threshold decreases 
monotonically with wavelength throughout the near 
UVR, exhibiting a pronounced shoulder in the 340 
to 350 nm.  This would be more indicative of prac-
tical outdoor exposure situations than weighting the 
corneal threshold at 270 nm, which is less indicative 
of natural solar conditions since this wavelength does 
not reach the surface of the earth.  They showed that 
the corneal tissue threshold value is 0.000096 J/cm2 at 
320 nm for the rhesus monkey cornea.  In a later pub-
lication, Schein35 proposed that at 320 nm, 10 J/cm2 
is required to produce photokeratitis.  The difference 
in the threshold values presented by these authors is 
highly significant.  The value presented by Schein 

was offered in a general discussion about ocular pho-
totoxicity and did not provide any measured data to 
support the proposal. The publication of Kurtin and 
Zuclich29, albeit older, presented supporting meas-
ured data and may therefore be regarded as having 
higher reliability and validity.

The corneal tissue action spectrum is required for 
use in the computation of the safe exposure duration 
(SEDs) and protection factors (PFs) associated with 
exposure to solar UVR and the assessment of the ef-
ficacy of soft contact lenses in providing the cornea 
with protection from the adverse effects of UVR and 
has been applied in other publications1, 2, 31, 51-54.

UVR-induced corneal cellular changes

Epithelial changes
The corneal epithelium absorbs most of the UVA 

absorbed by the cornea.  The epithelium is the most 
anterior of the corneal layers and is therefore exposed 
to UVR first.  Physical or radiation insults may lead to 
sloughing of corneal epithelial cells and an associated in-
crease in the UVR-absorption by corneal tissue8, 9, 13, 55.  If 
such damage remains isolated to the epithelial layer, then 
the damage is considered reversible, as epithelial cells 
have the ability to repair the damage to restore the origi-
nal function of the cornea6-9, 13, 16-18, 20.  Exfoliation of 
corneal epithelial cells occurs when a threshold dose 
of UVR is reached.  This manifests as shedding and 
apoptosis of cells, which is accelerated by UVR expo-
sure.  Supra-threshold UVR exposure can result in full 
thickness loss of the stratified epithelium to the base-
ment membrane.  This can cause the nerve endings to 
be exposed, manifesting as ocular pain7, 8.  This was 
also the finding of Bergmanson et al37, 56, who showed 
that in an unprotected rabbit eye exposed to light from 
a UVR lamp, there was full thickness epithelial loss, 
as well as loss of keratocytes and endothelial cells.  
The basement membrane remained intact, thus facili-
tating epithelial repair and limbal stem cells outside 
of the exposure zone slid over the basement mem-
brane to repair the epithelial defect.  

Stromal changes
The destruction of endothelium by UVR may re-

sult in marked swelling of the corneal stroma by as 
much as 200% 57.  The stromal swelling that may oc-
cur in response to UVR exposure leads to a disruption 
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of the regular arrangement of collagen fibrils within 
the cornea and the associated opacification of the cor-
nea.  This disruption of the fibril arrangements leads 
to visual blurring57.  This swelling also leads to an 
increased thickness of the cornea leads, resulting in 
a change in the refractive power of the cornea, mani-
festing as a myopic shift.  This means that it effective-
ly makes the person more short-sighted and less able 
to see objects at a distance, thus further impairing vi-
sion.  This effect is reversible if the source of stress, 
for example a contact lens or excess UVR exposure, 
is removed7, 36, 55.  Recovery of corneal thickness after 
UVR exposure takes approximately 72 hours.  It is 
generally assumed that this reversibility holds for all 
wavelengths and exposures20.

Endothelial changes
The corneal endothelial structure and function can 

be damaged due to exposure to UVB.  Endothelial 
cells are non-mitotic and therefore cannot be regen-
erated once damaged or lost.  This may lead to the 
formation of guttata, which are small nodules in De-
scemet’s membrane formed by the bulging of the en-
dothelium below.  Some eyes may develop a more se-
rious form of endothelial dystrophy if excessive UVR 
exposure occurs, called Fuch’s dystrophy.  This en-
dothelial destruction is unlikely to occur at the levels 
of UVR normally found in outdoor environments.

Cullen7 presented data on the corneal endothe-
lial response to UVR and found the threshold dose 
to be 0.125 J/cm2.  The 1977 publication by Pitts et 
al58 summarises previous findings by Verhoeff et al.  
Here, Verhoeff showed that the threshold exposure for 
wavelengths greater than 295 nm was 37.8 x 10-3 J/
cm2 for the rabbit cornea when exposed to UVR from 
a quartz mercury lamp.  This exposure threshold was 
reached in three minutes.  The study also showed that 
the corneal endothelium was destroyed when it was 
exposed to wavelengths longer than 295 nm for six 
minutes to 12 minutes.  The corresponding radiation 
exposures for these exposure times are 75.6 x 10-3 J/
cm2 and 152.0 x 10-3 J/cm2 respectively.  Pitts et al57 
also quote the results of Fischer et al who established 
a corneal threshold of 0.45 J/cm2 for the rabbit eye at 
350 nm.  

Duration of UVR exposure

It is estimated that 200 seconds of un-attenuated 
exposure to solar UVB within the 295 nm to 315 nm 
waveband may result in photokeratitis13, although the 
signs and symptoms may still go unnoticed at this 
point, as they remain sub-clinical.  A latent period 
follows the period of supra-threshold exposure.  This 
represents the length of time that occurs between ini-
tial exposure to UVR and the onset of changes in cor-
neal tissue.  The latency may last between 30 minutes 
and 24 hours, with an average of six hours to 12 hours 
in duration and is commonly assumed to describe the 
period prior to onset of clinically recognisable corneal 
changes.  More recent research38-40 shows that the la-
tent period may need to be redefined with reference 
to the onset of pre-clinical symptoms, as it has been 
illustrated that the onset of corneal cellular changes 
in response to UVR exposure occurs much earlier 
than was previously proposed by other researchers, 
that is, the latent period is much shorter than previ-
ously thought.  The safe exposure duration (SED) for 
corneal tissue in response to UVR exposure has been 
modelled52 and will form the basis of a future publica-
tion.

Long-term effects of UVR exposure
Repeated exposure of the cornea to potentially 

hazardous levels of UVR is not believed to increase 
the protective capability of the cornea, whereas skin 
tanning is known to increase the protective capability 
of the skin1, 2, 19.  The effects of repeated exposures 
tend to be cumulative only when there has been no re-
pair or replacement of the damaged tissue during the 
time between exposures59.  There remains uncertainty 
as to whether there are any long-term corneal effects 
associated with repeated episodes of photokeratitis.  
Repeated, severe episodes of photokeratitis may in-
crease the risk of delayed corneal pathologies such as 
pterygium and droplet keratopathies46.  

Photoconjunctivitis

Photokeratitis is generally accompanied by pho-
toconjunctivitis.  When this occurs, the individual is 
said to be manifesting photokeratoconjunctivitis23.  
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Anatomical and physiological differences between 
the cornea and conjunctiva may result in different 
patient symptoms and signs associated with UVR-in-
duced changes in these structures.  The same degree 
of discomfort was not produced by photoconjunctivi-
tis as by photokeratitis.  Photoconjunctivitis produc-
es chemosis and damage only to superficial epithe-
lial cells2.  The data published by Cullen and Perera2 

provides thresholds for the range 250 nm to 330 nm, 
which excludes the UVA portion of the spectrum.  The 
data of Pitts33 give conjunctival tissue values from 
270 nm to 310 nm.  Cullen and Perera2 irradiated the 
inferior bulbar conjunctivae of 64 human volunteers.  
This irradiation encompassed the waveband 250 nm 
to 330 nm at 10 nm intervals.  An irradiance level 
of 125 mJ/cm2 produced no biological response at 
330 nm.  The time of exposure needed to produce a 
higher radiation exposure was considered too long for 
the subjects to maintain a steady fixation.  The action 
spectrum for conjunctival tissue was found to closely 
follow that of the cornea, with a maximum response 
at about 270 nm.  This study found threshold radiant 
exposures for a conjunctival response to be slightly 
lower than those reported for the human cornea at all 
wavebands up to 310 nm.   

Ocular protection from corneal UVR exposure

Attenuation of the UVR incident at the anterior 
ocular surface is the main technique used to prevent 
absorption of UVR by ocular tissues, thus reducing 
the risk of development of some sunlight-related 
eye diseases.  The two most common forms of oph-
thalmic attenuators of UVR radiation are sunglasses 
and contact lenses.  Spectacles with UVR-block-
ing lenses offer limited ocular protection.  The hu-
man eye receives 10 to 25% of the UVR dose when 
wearing lenses opaque to the UVR compared to the 
eye without the lens.  This applies even when a lens 
with complete UVR absorption is worn60.  The UVR 
is incident at the ocular surface either after transmit-
tance through the lens itself, or by being obliquely 
incident around the edge of the lens.  This oblique 
incidence is termed a ‘non-lens pathway’.  The eye is 
therefore exposed to UVR from the side (laterally), 
behind (light is reflected off the back surface of the 
lens and into the eye) and below, leaving the lateral 
cornea and conjunctiva exposed.  Relative contri-

butions of these pathways depend on lens mate-
rial, size and vertex distance5. 10-13. 30. 34. 55. 60-64.  
The wearing of dark sunglass lenses reduces aversion 
strategies such as squinting, thereby exposing the eye 
to more incoming radiation.  It is for this reason that 
sunglasses should not only have sufficient UVR filtra-
tion, but should also be of a wrap-around design to 
prevent UVR being incident at the ocular surface due 
to these non-lens pathways.  

The wearing of a soft contact lens UVR-absorbing 
material helps to ensure absorption of most ambient 
UVR that might otherwise enter the eye by bypassing 
sunglasses or being reflected from the inner surface of 
sunglasses, through as ‘non-lens pathways’6, 65.  This 
is because of the large diameter of a soft contact lens 
covering the limbal region and the intimate place-
ment of the lens on the cornea.  The amount of UVR 
irradiance absorbed and transmitted by a lens varies 
between brands and materials and there is a wide vari-
ability between those of different manufacturers.  The 
UVR transmittance curves have been published else-
where33, 51. 58. 63-70.  

Understanding the corneal response to UVR radia-
tion and the UVR-protective eyewear that can be used 
to protect the cornea from the effects of this natural 
radiation encountered in outdoor recreational envi-
ronments forms an important basis for ECPs when 
recommending and prescribing such UVR-protective 
eyewear for their patients.
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