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SIGNIFICANCE: Photochromic soft contact lenses contain light-sensitive additives that allow them to darken when
exposed to ultraviolet or violet light. One question, however, is whether the lenses influence vision indoors (minimally
activated). In this study, we found that theminimally activated lenses improvedmany aspects of visual function under
bright light.

PURPOSE: Photochromic contact lenses were designed to darken when exposed to outdoor sunlight. The filtering
that results improves visual function under bright light conditions. Not all bright light exposures occur outdoors. In
this study, we tested whether a photochromic contact lens improved visual function under conditions where the
lens was minimally activated (i.e., no more than it normally would be in an indoor environment).

METHODS: A subject-masked contralateral design was used comparing a photochromic contact lens random-
ized to one eye against a nonphotochromic contact in the other eye of the same subject. Sixty subjects
(mean = 34.90 ± 11.24 years) were tested. The primary endpoints consisted of four visual function outcomes:
photostress recovery, glare disability, glare discomfort, and chromatic contrast. Photostress recovery was quanti-
fied by measuring the time needed to recover visual acquisition of a grating target after 5 seconds of an intense
xenon white flash exposure; glare disability was evaluated as the energy in a surrounding xenon white annulus nec-
essary to veil a central grating target; and glare discomfort was assessed using bioimaging of the squint response.
Chromatic contrast was measured as thresholds for a green-yellow (580 nm) grating target superposed on a blue
(460 nm) background.

RESULTS: The minimally activated photochromic contact demonstrated improved visual performance compared
with the nonphotochromic control across all visual functions tested (P < .01).

CONCLUSIONS: Even under conditions of exiguous activation (e.g., as would be expected indoors or while driving
at night), a photochromic contact will improve many of the more deleterious aspects of bright light.
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A relatively recent innovation in soft contact lenses has been the
addition of a photochromic molecule. This additive, as the name
implies, will darken when exposed to ultraviolet and/or high-energy
visible light such as that encountered outdoors on a sunny day.
The basic idea behind this photolabile additive is that it helps to
modulate light entry into the eye according to ambient illumina-
tion. Hence, it is darkest in bright light and mostly clear or mini-
mally activated in dim light. A recent empirical study has shown
that the lens demonstrates reduced visual issues, such as glare
disability and discomfort, while speeding photostress recovery.1

Renzi-Hammond et al.1 used a violet activator to test the lens as
it would be expected to be darkened in a typical outdoor situation.
The photochromic lenses, however, are meant to be worn inside as
well. Hence, the question of how these lenses influence vision in-
doors (e.g., in a building or inside a motor vehicle) is also relevant.

People do encounter high-energy light in environments that are
human made. Most ordinary window glass, for instance, transmits
at least half of the incident ultraviolet-A,2,3 including the side
windows of cars.4 A number of sources of artificial light contain a
significant amount of violet wavelengths and sometimes even ultra-
violet wavelengths. Sayre et al.5 measured a variety of low-wattage
light sources that are widely used for interior lighting and found the
following:
Indoor light sources including fluorescent, quartz halo-
gen, and even tungsten filament incandescent lamps pro-
vided ultraviolet-A, ultraviolet-B, and sometimes ultraviolet-C
emissions. Intensities of some emissions were of similar
magnitude to those in sunlight.
Since the original assessment by Sayre et al.,5 blue light–
emitting diodes have been introduced and have revolutionized
the lighting industry by making light-emitting diode–based bulbs
that could yield white light. This also means that indoor illumina-
tion contains even higher levels of short-wave energy than was pre-
viously encountered with less efficient sources such as tungsten.
As white light-emitting diodes age, the polymer-epoxy coating
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TABLE 1. Sample demographics

Age (y) Sex
Racial and ethnic

background Iris color

34.9 ± 11.2 85% Female 59.3%
White/Caucasian

66.7%
Dark irides

15% Male 38.9%
Black/African American

33.3%
Light irides

1.8% Other
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degrades, and the amount of high energy short-wave light emitted
by the light-emitting diode increases.6 A number of studies have
suggested that this more energy-efficient illumination poses even
greater risk for human health including direct risk for ocular actinic
damage.7–9 Certainly, individuals who are sensitive to damage due
to ultraviolet light (e.g., patients with photosensitizing conditions
such as erythropoietic protoporphyria) are cautioned to also wear
ultraviolet blockers inside because of the prevalence of ultraviolet
sources indoors.5

Ambient light drives overall adaptive state, and what is consid-
ered bright or glaring is relative to that state, for example, the percep-
tion of intense brightness when opening a refrigerator in the middle
of the night. In fact, one of the most nonlinear psychometric func-
tions in sensory science deals with the perception of brightness.10

In a typical magnitude estimation experiment, the brightness re-
sponse is magnified at low energies. That is, its aversiveness is
amplified at low energy and is compressed at high energy.

Taken together, it seems possible that a photochromic contact
lens could activate to some degree when an individual is not out-
doors (e.g., in a building or vehicle) and that such activation, de-
spite being relatively minimal, could have a meaningful influence
on visual function when compared with a clear lens that does not
change. In this study, we used a contralateral subject-masked design
to compare visual effects across a nonphotochromic andminimally
activated photochromic lens. We selected a range of variables that
were consistent with those we previously measured on a different
sample with the photochromic activated using a violet activator1:
photostress recovery time, glare disability, glare discomfort, and
chromatic contrast.

METHODS

Ethics

The study was performed in accordance with ISO 14155:2011
(clinical investigation of medical devices for human subjects) and
followed the tenets of the Declaration of Helsinki. Written and ver-
bal informed consent was obtained from all subjects, and the pro-
tocols were approved by the Sterling Institutional Review Board,
Atlanta, GA.

Subjects

This study used a prospective, randomized, subject-masked
contralateral design. Subjects were required to be adapted wearers
of spherical silicone hydrogel soft contact lenses and be in the age
range of 18 to 65 years. All subjects were required to have vertex-
corrected spherical equivalent distance refraction in the range of
−1.00 to −4.50 D and best-corrected visual acuity of 20/25 or bet-
ter in each eye. Subjects were excluded if they reported ocular or
systemic issues that could interfere with testing or contact lens
wear, such as corneal distortion from previous hard or rigid-gas per-
meable contact lens wear. These items were evaluated by the at-
tending clinician.

Sixty-two subjects were enrolled from a single clinical site in
this study (Georgia Center for Sight, Greensboro, GA) (Table 1).
Of the 62 subjects originally enrolled, 60 subjects (96.8%) were
assigned and administered at least one study lens, whereas two
subjects (3.2%) were screen failures or not assigned. Of the total
assigned subjects, all 60 subjects (96.8%) completed the study.
Of these 60 subjects, 39 people were aged 18 to 39 years, and
21 people were 40 to 65 years old. Assessment of iris color (Table 1)
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was based on visual evaluation and comparison against a standard
scale by a single trained rater, similar to Mackey et al.11

Experimental Test and Control Contact Lenses

The photochromic test contact lenses and the nonphotochromic
control contact lens (see Fig. 1 for absorption spectra), composed of
the samepolymermatrix and senofilcon A, but with no photochromic
additive (which served as the within-subject control), were provided
by Johnson & Johnson Vision Care, Inc. (Jacksonville, FL). Differ-
ences in visual performance between the control lens and the test
lens were measured during a single clinic visit. Based on internal
data from the manufacturer, there were no differences in the lens
properties (e.g., wettability, mechanicals, water content, or oxygen
permeability), optical quality, and morphological parameters (diam-
eter, base curve, and power) because of the addition of the photochro-
mic additive or the transitioning of the photochromic compared with
the control lens, other than the transmission properties.

Apparatus

As stated previously, the primary endpoints were four visual
function outcomes: photostress recovery time, glare disability,
glare discomfort, and chromatic contrast. These specific visual
functions were selected based on our recent studies using the same
apparatus with an activated photochromic contact lens. All tests
used the same apparatus, modified for each parameter (for details,
see Renzi-Hammond et al.1). The glare source (annulus/disk; sim-
ulating noon-day sunlight) and the visual target were produced by a
1000-W xenon arc point source lamp, with a modified housing that
allowed dual-channel exit (Newport Optics, Irvine, CA). Stimuli
were presented in Maxwellian view, and the contralateral eye was
patched. Alignment of the subject's eye with the optical system
was maintained with a forehead rest and a dental impression bite
bar that was custom fit for each subject. An auxiliary optical chan-
nel with a high-resolution camera and monitor was used to monitor
the pupil during testing to ensure proper fixation and sustained
alignment and was used, along with biometric software (Amscope,
Irvine, CA), to measure glare discomfort.

All photometric calibrations (both in the visible and ultraviolet)
were performed using an ILT950 spectroradiometer (International
Light Technologies, Peabody, MA). Wedge and neutral density ra-
diometric calibrations were performed using a Graseby Optronics
United Detection Technology instrument (Orlando, FL). The same
instrument was used before every experimental session to ensure
that the total light output of the optical system remained consistent
throughout the study.

We tested subjects who habitually wore contact lenses, and
both test and control lenses were fitted by an attending clinician
in a contralateral fashion. Subjects were randomized to either wear
the test lens in the left eye and the control lens in the right eye or
0; Vol 97(7) 527



FIGURE 1. Transmission spectral for the test and control lens. These data were obtained from the manufacturer and were obtained using bench mea-
surements. The control lens used for the measurement was −1.00 D (70-μm center thickness), and the photochromic test lens was −0.25 D (85-μm
center thickness), taken through the central 6-mmportion. All the radiometric measures for the control and inactivated (indoor) photochromic state were
obtained using a PerkinElmer ultraviolet (UV)/visible (VIS) spectrophotometer with a measurement range of 200 to 780 nm in the absence of ambient
light. The radiometricmeasure for the activation photochromic state used a proprietary UV/VIS spectrophotometer with an ancillary activation source (UV
outside the measurement range) with a measurement range of 380 to 780 nanometers (nm).
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the control in the left eye and the test right eye (i.e., eye and order
were randomized).

The Test Target

The visual target was the same in all the visual function tests.
The visual target was composed of a 580-nm 2°-diameter disk that
contained a sine-wave grating with a spatial frequency of 16 lines
per inch. This target was shuttered with 1-second exposures sepa-
rated by 1-second delays, to prevent adaptation to the target.

The Background (Annulus and Solid Field)

The background channel was used to produce either an annulus
for glare disability testing (the bars of the annulus were 2°, and the
outer diameter was 16°) or a 17.7° background field for glare dis-
comfort and photostress recovery time testing. A calibrated circular
neutral density wedge was used to attenuate light in these fields
when measuring glare disability and chromatic contrast. For the
chromatic contrast test, the same 17.7° background was filtered
through a 460-nm interference filter (half-power bandwidth, 8 nm;
Edmund Optics, Barrington, NJ) to produce a monochromatic field.
For glare discomfort, glare disability, and photostress recovery time
testing, xenon was selected as the light source because of its char-
acteristic broad band emission spectrum (as assessed by the
SpectraScancolorimeter) with a chromaticity of u0 =0.25, v0 =0.53
(see Fig. 1 in Hammond et al., 201312). For photostress recovery
time and glare discomfort testing, subjects were exposed to the
solid 17.7° field at high intensity (5.3 log Trolands) for 5 seconds.

In general, the procedure was similar to that reported in the
past.1 In brief, whenmeasuring glare disability, subjects increased
the intensity of the annulus until scatter was sufficient to veil the
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target. When measuring chromatic contrast, the intensity of the
blue field surrounding the green-yellow target was increased to veil
the central target. Glare discomfort was calculated as differences
between the diameters of the vertical palpebral fissure when not
light stressed compared with the light stressed condition (mea-
sured using images analyzed with biometric software). After the
photostressor was used to measure the squint response, subjects
were also asked “How bothersome was the glare that you just expe-
rienced?” Their response was indicated as either extremely bother-
some, very bothersome, somewhat bothersome, a little bothersome,
or not at all bothersome. Photostress recovery time was determined
by measuring the amount of time necessary for the subject to indi-
cate (by pressing a buzzer) the reappearance of the target stimulus
after the 5-second photostress exposure. Three trials were collected
for each experimental condition, per eye, with the exception of
photostress recovery time and glare discomfort, for which two trials
were collected per eye.

Statistical Analysis

Photostress recovery time, glare disability, self-reported glare
discomfort, objectively measured glare discomfort, and chromatic
contrast thresholds were all analyzed separately using a linear
mixed model for repeated measures. Each model included lens
type, age group, iris category, and dominant eye indicator as fixed-
effect factors. The two-way interactions between lens type and the
remaining factors were also included in the model. A compound
symmetry covariance structure was used to model the correlation
between left eye and right eyemeasurements from the same subject.
The Kenward and Roger method13 was used for the denominator de-
grees of freedom. Comparisons between the test and control lenses
0; Vol 97(7) 528



TABLE 2. Results of visual function testing

Visual function

Control lens Test lens

Statistically significant?Mean SD LSM SE Mean SD LSM SE

Photostress recovery time (s) 17.28 15.23 — — 8.83 8.67 — — Yes, P < .01

Discomfort glare (mm) 2.90 1.57 2.83 0.27 2.26 1.25 2.18 0.24 Yes, P < .01

Disability glare (log relative energy) 0.98 0.17 0.97 0.02 1.16 0.14 1.16 0.02 Yes, P < .01

Chromatic contrast sensitivity (log relative energy) 1.03 0.18 1.03 0.02 1.21 0.15 1.22 0.02 Yes, P < .01

LSM = least square mean; SD = standard deviation; SE = standard error.
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were carried out using t tests on the least-square means (i.e., ad-
justed means) differences (test minus control). All statistical tests
were two-sided with 5% significance level. All data summaries and
statistical analyses were performed using the SAS software version
9.4 (SAS Institute, Cary, NC).

RESULTS

In general, we found that even in its minimally activated state, a
photochromic contact lens, relative to a visibly clear lens, improved
visual function. For example, as shown in Table 2, the eye with the
minimally activated photochromic (mean = 1.16 ± 0.14) was able
to withstand significantly more energy (P = .001) before losing
sight of the central grating target (glare disability) compared with
the clear comparison in the other eye (mean = 0.98 ± 0.17). Sim-
ilarly, in our measure of glare discomfort, the eye with the mini-
mally activated photochromic lens (mean = 2.26 ± 1.25 mm)
squinted significantly less (P = .001) than the eye with the
nonphotochromic control (mean = 2.90 ± 1.57 mm). The subjec-
tive responses to the photostressor are listed in Table 3.

Recovery time to the visual stressor was also reduced. The eye
with the minimally activated photochromic lens (mean = 8.83 ±
8.67 seconds) recovered significantly faster (P = .001) than the
eye with the nonphotochromic lens (mean = 17.28 ± 15.23 sec-
onds). Finally, as shown in Table 2, chromatic contrast thresholds
were significantly better (P = .001) in the eye with the minimally
activated photochromic lens (mean = 1.21 ± 0.15) compared with
the nonphotochromic control lens (mean = 1.03 ± 0.18).

DISCUSSION

In general, this study found that the inactivated photochromic
led to reduced glare disability, improved photostress recovery,
TABLE 3. Discomfort glare subjective response

How bothersome was the glare that
you just experienced?

Control raw,
n (%)

Test raw,
n (%)

Extremely 9 (16.7) 13 (24.1)

Very 18 (33.3) 20 (37.0)

Somewhat 18 (33.3) 11 (20.4)

A little 7 (13.0) 7 (13.0)

Not at all 2 (3.7) 3 (5.6)

Total 54 (100) 54 (100)
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reduced glare discomfort, and improved chromatic contrast. Glare
disability thresholds (change in log relative energy level) were mea-
sured by exposing subjects to a white-light annulus of adjustable
intensity and quantified by the log relative energy level necessary
to obscure a central grating target. Glare discomfort was assessed
by exposing subjects to a bright, homogeneous, circular broadband
light and then measuring the height of their vertical palpebral fis-
sures before and after exposure.14 After the exposure, we also asked
participants about the extent to which that light stimulus was both-
ersome (using a rating scale, shown in Table 3). Photostress recovery
timewasmeasured during the glare discomfort task by exposing sub-
jects to the intense light source and recording the time necessary to
regain site of the grating target after exposure. Chromatic contrast
thresholds (change in log relative energy level) were evaluated using
a 580-nm central grating target presented on a short-wave (460 nm)
sky-light background and was quantified as an increment threshold.
In general, we found that the improvement in glare disability, glare
discomfort, and chromatic contrast was about half of what we had
previously seen1 using similar measures but an activated photo-
chromic lens (improvements around 15% vs. around 30%).

Although reduced, the fact that we found significant improve-
ments acrossmeasures was unexpected.Unlike our previous study,
we did not use a dedicated side activator to darken the photochro-
mic during testing. We also tested visual function using an optical
system that was composed of a series of achromatic lenses and
wedges that filtered most of the ultraviolet light in the optical sys-
tem. Hence, we expected the lens to be inactive, at least as much
as one would see when in contact with the eye (body heat can
change the lability of the photochromics and result in some small
activation) and when exposed to the light actually used for ourmea-
surements. For some of the measures, this was likely significant.
For example, the light used for photostress recovery and glare dis-
comfort was exposed for about 5 seconds using intense (5.3 log
Troland) and broadband xenon white.1

As shown in Fig. 1, even when the lens is in its inactive state
(as assessed in vitro), it is still absorbing a small amount of light es-
pecially in the short-wave region (not so small, at very short wave-
lengths; light reduction is about 50% at 400 nm). There is some
evidence that short-wave light has an exaggerated effect on visual
function, especially glare,15 so absorbance at these wavelengths
is likely meaningful. Xenon light (like the sun and even some other
artificial light sources) likely contains enough energy in the low vi-
olet region of the spectrum to partially activate a photochromic
lens, presumably in a manner that would be similar to instances
of brightness one might encounter indoors, such as wearing the
lens near a window illuminated by sunlight. This interpretation
is consistent with our results for photostress recovery time. In our
previous study, we had found an improvement with the activated
0; Vol 97(7) 529
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photochromic of about 40%.1 In this study, we found a similar im-
provement but used a significantly more intense photostressor to
find a similarmagnitude of improvement. Taken together, our results
suggest that this small but strategic increment filtering, adjusted
specifically to the incident light stressor, has visual meaningful
consequences.

Does this experimental situation mimic what individuals likely
encounter in vehicles or indoors? A perusal of artificial light scenar-
ios and indoor conditions suggests that partial activation of the
photochromic lens indoors is likely under numerous human-made
circumstances. For example, in efforts to make buildings more
energy-efficient (about 14% of electricity is devoted to lighting),
many architects are now designing buildings aimed at exploiting nat-
ural sunlight (e.g.,morewindows and an increased use of skylights16).

Is partial activation the only possible reason why a photochro-
mic contact yields visual improvement indoors? For the chromatic
contrast measurement, we tested increment thresholds for a
green-yellow (580 nm) grating target on a sky blue (460 nm)
background. For this testing, the stimulus was not particularly in-
tense; nor did it contain significant energy in the low violet region
of the spectrum (the blue background, for example, was produced
by a relatively narrow interference filter). Nonetheless, we found a
16% improvement with the minimally activated photochromic
lens compared with the nonphotochromic control lens. Themech-
anism underlying this difference is unclear.

These results do suggest that a photochromic contact lens could
improve visual quality even when worn in a motor vehicle or inside
buildings. Buch et al.17 showed that, relative to a matched clear
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contact, the photochromic contact (the same control and test lens
as used in this study) improved sign recognition at a distance by 19%
during nighttime driving (i.e., conditions of minimal activation).
The question of whether it is the actual change in filtering or some
other quality of the lens is not clear.

At least part of the indoor benefits we are observing may be re-
lated to the lens' ability to aid in adapting to changes in perceived
brightness. Although sensory systems are well adapted to handling
gradual changes in the intensity of stimuli, the ability of the visual
system to quickly handle changes in brightness seems particularly
poor or at least nonlinear.10 The variation in luminance that we ex-
perience in modern life is likely quite different than we encoun-
tered for most of our evolutionary history,18 so we may be poorly
adapted to handle the constant and ever-changing nature of mod-
ern illumination. One obvious example is disruption of sleep pat-
terns by artificial light,19 but many argue that there is currently
an epidemic of disorders linked to our inability to handle variation
in light produced by human-made sources.20

CONCLUSIONS

Past studies (e.g., Stevens and Stevens, 196310) using magni-
tude estimation have found that brightness curves are very nonlinear
(a small increase in energy at the low end has a disproportionately
large effect on brightness perception). Our study suggests the re-
versemay also be true, a small amount of filteringmay have a dispro-
portionately large effect on the aversiveness of bright light.
ARTICLE INFORMATION

Submitted: October 1, 2019

Accepted: February 21, 2020

Funding/Support: Johnson & Johnson Vision Care.

Conflict of Interest Disclosure: This study was funded by a
grant from Johnson & Johnson Vision Care, Inc. The
study sponsor was involved in the data analysis and
interpretation of study data. The study sponsor also
provided oversight and clinical monitoring services, as
well as test contact lenses. The study sponsor was not
involved in any aspect of the data collection.

Study Registration Information: NCT03556579.

Author Contributions: Conceptualization: JRB, BRH; Data
Curation: LMR-H, JRB, LH; Formal Analysis: JC; Funding
Acquisition: LMR-H, JRB, BRH; Investigation: LMR-H,
JRB, LH, BRH; Methodology: LMR-H, BRH; Project
Administration: LMR-H, JRB, LH; Resources: JRB, LH,
BRH; Software: JC; Supervision: LH, BRH; Validation:
LMR-H, JC; Visualization: LMR-H, JC, BRH; Writing –

Original Draft: LMR-H, BRH; Writing – Review & Editing:
JRB, LH, JC, BRH.

REFERENCES

1. Renzi-Hammond L, Buch JR, Cannon J, et al. A
Contra-lateral Comparison of the Visual Effects of a Pho-
tochromic vs. Non-photochromic Contact Lens. Cont
Lens Anterior Eye 2019;43:250–5.

2. Parisi AV, Turnbull DJ, Kimlin MG. Dosimetric and
Spectroradiometric Investigations of Glass-filtered Solar
UV. Photochem Photobiol 2007;83:777–81.

3. Kimlin MG, Parisi AV. Ultraviolet Radiation Penetrat-
ing Vehicle Glass: A Field Based Comparative Study.
Phys Med Biol 1999;44:917–26.

4.Hampton PJ, Farr PM, Diffey BL, et al. Implication for
Photosensitive Patients of Ultraviolet A Exposure in Ve-
hicles. Br J Dermatol 2004;151:873–6.

5. Sayre RM, Dowdy JC, Poh-Fitzpatrick M. Dermatologi-
cal Risk of Indoor Ultraviolet Exposure fromContemporary
Lighting Sources. Photochem Photobiol 2004;80:47.

6. Zissis G, Dupuis P. Relative Drift towards Blue Spectral
Region ofWhite LEDsduringAgeing. In:Bertoldi P, ed. Pro-
ceedings of the 9th International Conference on Enegry Ef-
ficient Domestic Appliances and Lighting (EEDAL '17):
Part III. Luxembourg City: Publications Office of the
European Union; September 13–15, 2017:1192–202.

7. Jaadane I, Boulenguez P, Chahory S, et al. Retinal
Damage Induced by Commercial Light Emitting Diodes
(LEDs). Free Radic Biol Med 2015;84:373–84.

8. Lougheed T. Hidden Blue Hazard? LED Lighting and
Retinal Damage in Rats. Environ Health Perspect 2014;
122:A81.

9.Shang YM,WangGS, Sliney DH, et al. Light-emitting-
diode Induced Retinal Damage and Its Wavelength De-
pendency in Vivo. Int J Ophthalmol 2017;10:191–202.

10. Stevens JC, Stevens SS. Brightness Function: Ef-
fects of Adaptation. J Opt Soc Am 1963;53:375.

11.Mackey DA, Wilkinson CH, Kearns LS, et al. Clas-
sification of Iris Colour: Review and Refinement of a
Classification Schema. Clin Exp Ophthalmol 2011;
39:462–71.

12. Hammond BR, Jr., Fletcher LM, Elliott JG. Glare
Disability, Photostress Recovery, and Chromatic Contrast:

Relation to Macular Pigment and Serum Lutein and
Zeaxanthin. Invest Ophthalmol Vis Sci 2013;54:
476–81.

13. KenwardMG, Roger JH. Small Sample Inference for
Fixed Effects from RestrictedMaximum Likelihood. Bio-
metrics 1997;53:983–97.

14. Murray I, Plainis S, Carden D. The Ocular Stress
Monitor: A New Device for Measuring Discomfort Glare.
Light Res Technol 2002;34:231–9.

15. Stringham JM, Fuld K, Wenzel AJ. Action Spectrum
for Photophobia. J Opt Soc Am (A) 2003;20:1852.

16. Fontani D, Francini F, Sansoni P. Building
Glasses and Skylights: Optical Characterization. In:
Sansoni P, Mercatelli L, Farini A, eds. Sustainable In-
door Lighting. London, United Kingdom: Springer-
Verlag; 2015:167–93.

17. Buch JR, Toubouti Y, Cannon J. Randomized Cross-
over Trial Evaluating the Impact of Senofilcon A Photo-
chromic Lens on Driving Performance. Optom Vis Sci
2020;97:15–23.

18. Falchi F, Cinzano P, Duriscoe D, et al. The New
World Atlas of Artificial Night Sky Brightness. Sci Adv
2016;2:e1600377.

19. Raap T, Pinxten R, Eens M. Light Pollution Dis-
rupts Sleep in Free-living Animals. Sci Rep 2015;
5:13557.

20. Lunn RM, Blask DE, Coogan AN, et al. Health
Consequences of Electric Lighting Practices in the
Modern World: A Report on the National Toxicology
Program's Workshop on Shift Work at Night, Artificial
Light at Night, and Circadian Disruption. Sci Total En-
viron 2017;607–8:1073–84.
0; Vol 97(7)
 530


