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Photoaversion in inherited retinal diseases: clinical phenotypes, biological basis, and 
qualitative and quantitative assessment
Serena Zamana,b*, Thomas Kanea,b*, Mohamed Kattaa,b, Michalis Georgioua,b, and Michel Michaelides a,b

aMoorfields Eye Hospital, London, UK; bUCL Institute of Ophthalmology, University College London, London, UK

ABSTRACT
Severe light sensitivity is a feature common to a range of ophthalmological and neurological diseases. In 
inherited retinal diseases (IRDs) particularly, this may be accompanied by significant visual disruption. These 
symptoms are extremely debilitating for affected individuals and have significant implications in terms 
of day-to-day activities. Underlying mechanisms remain to be fully elucidated. Currently, there are many 
assessments of photoaversion (PA), however, all have limitations, with quantitative measurement in parti
cular needing further evaluation. To understand the complexities associated with photoaversion from 
different pathologies, qualitative and quantitative assessments of the light aversion response must be 
standardized. There is no treatment to date, and strategies to alleviate symptoms focus on light avoidance. 
With respect to IRDs, however, gene therapy is currently being investigated in clinical trials and promising 
and further treatments may be on the horizon. The better characterization of these symptoms is an 
important end point measure in IRD gene therapy trials.
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Introduction

Imagine going outside on a bright day. You will experience 
momentary ‘dazzle’ in response to the bright stimulus of the 
splendid sun in the great outdoors, but soon adapt to these initially 
overwhelming conditions. Imagine now that you do not recover 
and instead continue to experience discomfort or even pain. You 
might also experience significant disruption to your vision and 
subsequently prefer low light settings and may even resign to 
staying indoors for much of your time. This is the truth for many 
who suffer from symptoms caused by light, even relatively low 
levels of light. It can range from mild light sensitivity to signifi
cant disruption to vision and discomfort (1,2). Such symptoms 
are commonly termed photophobia and this is a feature com
mon to many ophthalmological (including inherited retinal dis
orders (IRDs)) and neurological diseases (Table 1) (3–6).

Photophobia is a broad term and can be taken to mean both 
avoidance of light as well as pain caused by a light stimulus (7). 
There may be benefit in subdivision by certain features. 
Photoallodynia (3,8) or photo-oculodynia (3), implies (peri)ocular 
pain or discomfort in an individual where exposure to a light 
stimulus of the same brightness would not elicit discomfort or 
pain in an unaffected individual. Disruption to vision in bright 
light can be an accompanying feature and is termed as day blind
ness. Hemeralopia as a term should be avoided, as it was often 
used incorrectly to describe both day and night blindness inter
changeably in the literature, giving rise to confusion (9). Photo- 
cephalodynia (10) is described as the headache caused by or made 
worse by light, such as that seen in migraineurs. Photoaversion 
(PA) is the light avoidance response and can be measured and is 
therefore used to quantify photoallodynia in a research setting. 
When profound, as in many IRDs, photoallodynia can be 

debilitating, with huge emotional, psychological, social, and activ
ities of daily living implications for affected individuals (11). At 
present, management largely consists of avoidance of problematic 
stimuli and/or wearing dark tinted spectacles or contact lenses 
(12,13)—which are helpful (albeit often making patients feel self- 
conscious), but do not fully address the PA, and moreover, result 
in further degrading the quality of vision in patients who already 
have severely compromised central vision.

In this review, we will discuss PA quantification approaches, 
primarily with regard to facilitating its use as a potential clini
cally meaningful and reliable endpoint for clinical trials as well 
as the underlying mechanisms contributing to light sensitivity.

Clinical phenotypes and biological basis of 
photoaversion

Here, we discuss a spectrum of ophthalmological conditions in 
brief, prioritising the presence or relative absence of PA. 
A range of pathomechanisms is introduced, which may indi
vidually or collectively, contribute to the development and 
experience of PA, including (i) perturbations in the cone path
ways, (ii) melanopsin-containing retinal ganglion cells, and (iii) 
pathways of nociception.

Cone dysfunction syndromes, cone/cone-rod dystrophies, 
rod dysfunction syndromes, and rod-cone dystrophies 
(cone vs rod input)

The cone dysfunction syndromes are so termed as they are IRDs 
with cone dysfunction being a predominant feature, including 
achromatopsia (ACHM) (14), blue cone monochromatism 
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(BCM), Bornholm eye disease (BED), and oligocone trichro
macy (OT) (1,2). The degree of cone dysfunction is variable, 
from no cone function in complete ACHM, to mild-moderately 
reduced, but present cone function in OT; with it being of note 
that the degree of photoallodynia and disruption to vision are 
worst in ACHM and least in OT (1,2,15,16).

ACHM is largely stationary and present from birth. Biallelic 
defects in six genes have been attributed to the phenotype to 
date; CNGB3, CNGA3, GNAT2, PDE6C, PDE6H, and ATF6 
(14). Signs and symptoms include significant and often dis
abling light sensitivity, visual acuity (VA) typically 6/60-6/36, 
nystagmus, central scotoma, and complete lack of colour per
ception. There may be some residual cone function if the 
condition is ‘incomplete’; and interestingly, patients often 
have a lesser degree of PA (17). Adaptive optics scanning 
light ophthalmoscopy (AOSLO) demonstrates the presence of 
cones, albeit in significantly reduced numbers, and with 
marked intra- and inter-familial variabilities (18–23).

In BCM, individuals are also light sensitive, but generally less so 
than those with ACHM. Blue cone monochromats lack functional 
L- and M-cones, resulting in a cone population (S-cones) that is 
approximately 5–25% of that of unaffected individuals (24). The 
mode of inheritance is X-linked recessive and caused by a range of 
abnormalities in the opsin array (25). As well as PA, these indivi
duals display nystagmus and reduced VA (6/24-6/36) (1,2).

In contrast, patients with BED have far less light sensitivity than 
BCM (with often better VA and usually no nystagmus), despite 
also being caused by variations in the opsin array (25). These 
patients have protanopia or deuteranopia, and thereby have access 
to both S-cones and L- (deuteranopia) or M-cones (protanopia). 
AOSLO demonstrates that their cone mosaic is significantly dis
rupted, but often to a lesser degree than BCM; albeit to a variable 
extent, with a degree of genotype correlation (1,2,26).

The cone and cone-rod dystrophies are in comparison 
slowly progressive disorders, which are present in the first 
or second decades of life, and are also characterised by PA, 
often increasing over time with increasing cone loss, albeit to 
a variable degree (27).

When we consider the other end of the spectrum of photo
receptor disorders, the clinical features are notably different. In 
those with progressive rod-cone dystrophies (including retinitis 
pigmentosa and Leber Congenital Amaurosis (LCA)/Early-onset 
severe retinal dystrophy (EOSRD)), PA may be observed only 
once cone loss is very significant (advanced disease) (28). The 
exception being LCA/EOSRD genotypes, which are characterised 
by a greater degree of cone than rod loss at early stages (thereby 
more in keeping with cone-rod dystrophies), e.g. GUCY2D- 
associated LCA (29). Those with predominantly stationary rod 
dysfunction syndromes, including congenital stationary night 
blindness, do not experience photoallodynia, or only mildly 
when there is a significant degree of loss in cone function (15).

Taking all of the above clinical conditions into account, 
rod and cone input and their relative populations appears to 
play a role in the degree of light sensitivity seen across these 
disorders (30), and that normal cone function likely plays 
a protective role. The convergent pathways ensuing from rela
tive rod and cone activity highlight a component of photoallo
dynia that is thereby retinal rather than a phenomenon arising 
from neural (e.g. cortical) circuitry. This may have important 
therapeutic implications. For example, in gene therapy clinical 
trials for ACHM, the aim is to restore cone function by addres
sing genetic defects in either CNGB3 or CNGA3. If a significant 
component of the PA response is indeed retinal, then gene 
therapy could potentially offer a measurable change in 
a relatively short timeframe. Changes that have to happen in 
neural circuitry, for example, will likely take longer or may 
potentially be less effective in older patients who would be 
anticipated to have a lesser degree of neural plasticity.

Intrinsically photosensitive retinal ganglion cells

Rods and cones are the primary photosensors in the retina. 
Mouse models deplete of all cone/rod activities (Rho−/− 

CNGA3−/− still have a preserved PA response (31). Interestingly, 
PA has been observed in patients with no light perception (32). 
An alternative neural matrix exists that detects and transmits 
light signals which offers explanation of this phenomenon 
(33). This non-image forming detection of light occurs by 
intrinsically photosensitive melanopsin-containing RGCs 
(ipRGCs) (34–38). These do not exclusively rely on rod or 
cone input for excitation and are thus termed third-order 
photoreceptors, and indeed, ipRGCs in humans are similar 
in structure to invertebrate photoreceptors (39). They repre
sent less than 1–3% of RGCs and are postulated to play a role 
in presenting the brain with an idea of overall, chronic light 
levels; being stimulated by short wavelength light and playing 
a significant role in the circadian rhythm circuit (40).

Nociceptive pathways, macular pigment, photophobia 
circuits, and their integration

Pain information from the eye is detected by the ophthalmic 
branch of the trigeminal nerve (V1). This richly innervates the 
conjunctiva, sclera, cornea, and uvea. The retina and optic nerve 
lack pain fibres in comparison to the optic nerve dura and related 
blood vessels. In rabbits and rats, these pain fibres have been 
found to be of two varieties; polymodal unmyelinated C-type 

Table 1. Causes of Photophobia.

Ophthalmological Neurological Other

Anterior segment Blepharospasm Psychiatric
Anterior uveitis Migraine Medication
Dry eye Progressive supranuclear palsy IFAP
Corneal neuropathy Traumatic Brain Injury Trisomy 18
Interstitial keratitis Meningeal irritation e.g. 

meningitis, subarachnoid 
hemorrhage

Vascular
Iris transillumination defects
Posterior segment
Vitritis chorioretinitis
Isolated Photoreceptor 

Disorders, e.g. cone 
dysfunction syndromes, 
cone and cone-rod 
dystrophies

Alström syndrome
Sjogren Larrson syndrome
Albinism
Optic nerve
Optic neuritis
Papilloedema
Chiasma
Pituitary tumor
Hypophysitis

IFAP: ichthyosis follicularis—alopecia—photophobia
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fibres and A-delta fibres. The former comprises around 70% of 
primary afferents in the cornea and uvea and responds to 
a broader range of stimuli such as thermal, noxious, and 
mechanical (41). Laser evoked potentials are able to demonstrate 
selective responses from smaller C-type and A-delta fibres as 
opposed to traditional standard nerve conduction studies, allow
ing specialised assessment. These studies have demonstrated 
alteration in responses from C-type fibres in disease states. 
Histological samples from humans with a range of disorders 
demonstrate that there may be alteration of relative proportions 
of these respective small diameter nerve populations in the 
trigeminal nerve (42). These may account for phenotypic varia
tions in post-herpetic neuralgia, for example, or even multiple 
sclerosis. It is not clear, however, whether the same might be true 
with respect to light sensitivity across disease states but may be 
interesting to consider given that relative alteration of nerve fibre 
populations may explain changes in pain threshold with respect 
to mechanical stimuli and trigeminal nerve excitement. Indeed, 
light sensitisation in patients with trigeminal neuralgia indepen
dent of a central pathway has been observed (43).

At least two and possibly three neural ‘photophobia path
ways’ have been identified. First, Okamoto et al. highlighted the 
role of V1 by means of inducing quantitative Fos-like expres
sion in the caudal brainstem following eye exposure to bright 
light in anaesthetized rats. They demonstrated that noxious 
light exposure resulted in activation of caudal trigeminal 
nucleus, cervical cord junctional region and the nucleus tractus 
solaris, resulting in ocular vasodilation and subsequent activa
tion of nociceptive neurons in blood vessels (44). Moreover, 
Moulton et al. undertook functional MRI (fMRI) imaging in 
a patient presenting with photophobia, associated lacrimation 
and involuntary blinking. This response was induced by light 
exposure to an eye with a sensitised cornea, in this case, 
following chronic hard contact lens wear. Imaging took place 
twice, once when the eyes were exposed to a bright light 
stimulus (65 lux, unpleasantness rated at 7/10 by patient) and 
once with low light exposure (0.5 lux, unpleasantness rated 0 
by patient) (45). During the intense-light exposure phase, 
activity was noted in the ipsilateral trigeminal ganglion, bilat
eral trigeminal nucleus caudalis, contralateral venteropostero
medial thalamus, and the anterior cingulate cortex.

Second, Noseda et al. identified dura sensitive neurons by 
means of single unit recording and neural tract tracing in the 
rat. These trigeminovascular neurons were found to project 
across somatosensory, visual and associated visual cortices; and 
interestingly also found to receive input from ipRGCs (16). 
Maleki et al. identified similar projections in humans by means 
of MR tractography (46). Contralateral primary somatosensory 
cortex, while considered part of the trigeminal nociceptive 
pathway, was not found to be activated in the study by 
Moulton et al.; postulated to be owing to a relatively low 
reported pain index by the patient when exposed to the light 
stimulus (3/10) (45). Perhaps primary somatosensory cortex 
recruitment is dependent upon a certain threshold being 
reached. There is evidence to suggest that summative spatial 
light exposure plays a role in eliciting PA (47). However, this 
group linked this to relative retinal photopigment density in 
different retinal quadrants (48). It is also possible that photo
phobia per se does not elicit certain observed responses and 

that instead downstream pathways are activated by resulting 
autonomic activity, e.g. lacrimation and increased involuntary 
blinking (45).

There may be value in examining melanopsin-dependent 
pathways independently. Panorgias et al. undertook fMRI ima
ging in a patient with idiopathic photophobia. This patient 
stated specifically that blue light exposure resulted in nausea 
and a general feeling of malaise and would cease immediately 
upon cessation of blue light exposure (49). Imaging was indi
cative of activity in the pulvinar nuclei which are known to 
receive ipRGC input.

A third, centrally independent pathway has been postulated 
following the findings that rats exhibit pupillary responses 
following severing of the optic nerve (50). Additionally, some 
invertebrate and vertebrate irides have been found to contain 
ipRGCs (34). Melanopsin expressing neurons have also been 
observed on the corneal surface and these have been shown to 
innervate trigeminal vascular afferents directly (51). However, 
mouse studies suggest that intraretinal melanopsin is the main 
mediator of blue light photophobia (52). Indeed, extraretinal 
melanopsin expression has thus far not been elucidated in 
humans, suggesting such a pathway may not exist in humans.

In summary, it remains unclear to what extent photoreceptor 
pathways, ipRGCs, macular pigment, and higher order path
ways, each contribute in terms of photoallodynia, and if there 
are any overriding mechanisms; although on the basis of detailed 
clinical characterisation of IRDs, abrogation/diminution of cone 
pathways appears to have a cardinal role. It may be that depend
ing on the underlying disease—trigeminal, visual, and auto
nomic pathways may contribute to a greater or lesser degree 
(16). Further elucidation of the biological basis of PA is needed.

Qualitative and quantitative assessment of 
photoaversion

Given the important nature of PA in many aforementioned 
IRDs, with it being rated as the second most important symp
tom to be addressed by any future therapy in ACHM (17), 
there is a need to accurately measure PA, both to quantify its 
impact in various different disorders but moreover to enable it 
to be a meaningful efficacy endpoint in the increasing number 
of treatment trials, including the on-going and planned gene 
therapy trials for ACHM such as CNGA3 (NCT03758404, 
NCT02610582, NCT02935517) and CNGB3 (NCT03001310, 
NCT01846052).

Measurement of PA may be pragmatically divided into 
qualitative and quantitative assessment of both the magnitude 
of the symptom, as well as its effect on (i) activities of daily 
living/mobility/emotional-psychological impacts, and also, (ii) 
visual function (e.g. VA and contrast sensitivity).

Qualitative assessments—questionnaires

A potentially effective tool to assess severity of PA is the use of 
a questionnaire. Positively impacting upon how PA affects day- 
to-day life should be a main aim of therapy, and gathering 
information on this is crucial. When determining the efficacy 
of new treatments, it is essential to understand the potential 
impact in real world situations. Rajak et al. developed the 
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Children’s Visual Function Questionnaire (CVFQ) to detect 
changes in the life of wearers of tinted lenses (13). This out
come measure facilitated the ability to determine if this treat
ment had a genuine effect on the recipient’s quality of life. 
A validated long term follow-up PA questionnaire should be 
employed in any trial for new treatments that may affect this 
symptom.

Photosensitivity questionnaires have been used by the 
medical profession, but often only in the aim of identifying 
the presence of the symptom of photophobia. The 
Photosensitivity Assessment Questionnaire was developed 
for this purpose in migraine (53) and was adapted by other 
groups for blepharospasm, other types of headache, and mul
tiple sclerosis (4,6). These questionnaires are eight questions 
long and follow a simple yes/no answer format. The Utah 
Photophobia Symptom Impact Scale is a more recently devel
oped questionnaire aimed at the impact of photophobia on 
activities of daily living (54). Twelve questions (after simpli
fication), and a six point scale response (0–5), give much 
greater resolution (a total score of 80) when compared with 
the Photosensitivity Assessment Questionnaire (a total score 
of 8), in rating the severity of photophobia. A comparison of 
these two questionnaires by Cortez et al. showed that the 
Utah Photophobia Symptom Impact Scale has a much greater 
correlation with light sensitivity thresholds (54). However, in 
the reference frame of PA as a symptom of IRD, both these 
questionnaires are unsuitable. They include multiple head
ache specific questions such as “Does light trigger your head
aches” and therefore are of little use when comparing the 
symptom of PA outside of headache disorders. The Utah 
Photophobia Symptom Impact Scale is presented as an 
impact scale suitable for comparison of photophobia in all 
conditions and is thereby an example of the migraine cen
trism on this topic in the literature.

Verriotto et al. developed the Visual Light Sensitivity 
Questionnaire-8 to measure the presence and severity of PA 
symptoms or Visual Light Sensitivity as they refer to it (55). 
A five-point scale response gives good resolution in measuring 
severity, and more generalised questions such as “Please rate 
the severity of the worst Visual Light Sensitivity you experi
enced in the past month” make this questionnaire suitable for 
all conditions that exhibit PA and a way to measure the impact 
of PA on daily life. A study using this questionnaire across 
a broad range of conditions would help to validate this as 
a general tool to measure PA. Some specific language used 
such as “glare,” and the reading grade of level 10, may make 
this questionnaire unsuitable for younger children without 
adaptation.

Quantitative assessments

Animal assessments
Mice and rats have formed the majority of light aversion 
testing in animal models. Morgan et al. tested the effects of 
continuous light exposure on the photosensitivity of rats by 
testing their PA response using a light/dark box setup (56). 
Rats were allowed to navigate between two enclosed spaces, 
one illuminated and one in darkness, and time spent in each 
compartment is monitored using video recording. A similar 

light/dark box approach with a more rigorous attention to 
controlling for potential variables has been established as 
a behavioral assay for photophobia in mice by Thiels et al 
(57). To account for the effect the mice’s level of anxiety may 
have on their preference for a specific compartment, both 
compartments were built to be identical in shape and size, 
and an extensive pre-test habituation process was used, invol
ving time spent within the apparatus under different condi
tions, until the mouse response was stable.

Another example of mice testing is set out by Chanda et al., 
who have gone to further lengths in order to control for a 
potentially anxiety driven response affecting results (58). 
A similar overall concept is used with equal sized opposing 
areas, arranged in four wings; two dark and two brightly lit. In 
this case, the brightly lit wings are fully enclosed, whereas the 
dark wings are built with clear perspex, resulting in the dark 
area to be more anxiety inducing and therefore resulting in 
mice preferring the enclosed area below a certain light 
level (58).

These mouse protocols have been used on different IRD 
models (59,60), potential therapies for migraine (61), an 
increase in light aversive behaviour (62), and have been used 
to show the first experimental proof of isolated photophobia 
pathways in the form of ipRGCs (52). The simplified psycho
logical variables of working with mice and the scale of the 
apparatus used allow for these tests to be easily replicated. 
However, PA testing in humans has many more challenges to 
produce an equally effective design.

Human assessments
There are many challenges in the effort to quantify the symp
tom of PA in a controlled environment. Even without pathol
ogy, PA induced in unaffected subjects already has many 
nuances that must be appreciated and the complex, and often 
interacting, pathophysiological pathways associated with 
photophobia lead to many more potential variables that often 
cannot currently be estimated or identified. Any attempt to test 
the PA response in human subjects will have a similar under
lying structure (Figure 1): A pre-test period of some form of 
light adaptation often used to give the subject instructions of 
the test to follow. A presentation of a light stimulus accompa
nied by a task, most often as simple as keeping the eyes open. 
A potential for test repetitions; a rest period involving some 
form of re-adaptation, followed up by a further light stimulus. 
Repetitions may involve stepwise incrementation of light level 
or be dependent on input from the previous iteration. The 
following discussion summarizes the literature for every one 
of the aforementioned human testing aspects.

Adaptation. Before delivery of any light, subjects normally 
undergo a period of adapting to a pre-determined light 
level. The main purpose of this is to ensure all subjects 
are at the same baseline level of light adaptation. Some 
earlier experiments did not use this approach (63) or 
employed it for such a short time to likely prove ineffective 
(64,65). Not accounting for subjects in variable baseline 
states, especially when paired with delivery of a short light 
stimulus, will be problematic for robust measures. The light 
levels chosen for this period vary across different tests, 
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often with limited accompanying rationale. Veriotto et al. 
use an initial adaptation at a light level of 100 lux (55), 
whereas Aboshiha et al. use a blindfold to ensure total 
darkness (17). The use of a blindfold will lead to more 
consistent baseline states, as the exact amount of light 
entering the eyes in this period can be guaranteed, com
pared with adapting in a room lit with point sources. 
However, a level of ambient background light will be 
more comparable to real world scenarios, where it is rare 
to emerge from total darkness.

Others combine these approaches using an initial dark 
adaptation period followed by a presentation of a background 
light level for a shorter time (48). Most efforts will use total 
initial adaptation periods of fixed times between 5 and 20 min, 
and some use a variable time depending on testing (47). More 
research is needed on the effects of different adaptation proto
cols on the PA response.

Light stimulus. Stringham et al. describe in detail the spatial 
properties of photophobia (47). Photophobia obeys spatial 
summation when a stimulus is viewed centrally essentially via 
Piper’s law (radiance proportional to square root of stimulus 
area). It is also a function of eccentricity when viewed periph
erally, due to decreased ganglion cell density and distribution 
of macular pigment. Point sources such as halogen bulbs 
(28,54,63,66,67) or an ophthalmoscope light (68) do not 
make for an ideal light stimulus as small deviations in fixation, 
or manipulations of the eyelids can greatly reduce the amount 
of light reaching specific parts of the retina such as the macula. 
A concave LED array such as that used on the Ocular 
Photosensitivity Analyser (55,69) and other sources that supply 
a large field evenly illuminated light source (47,48,65) ensure 
even delivery to the most sensitive areas of the retina. Aboshiha 
et al. use a uniform reflective sphere to deliver consistent 

illumination to the entire retina (17) and ensure consistency 
even with young paediatric patients who may find it difficult to 
maintain fixation.

Keeping the patient stable using either a chin rest or dental 
impression can assist in ensuring more even delivery. The 
spatial summation of photophobia results in limited compar
ison of experiments with similarly described light sources, as 
the amount of light reaching the retina can vary substantially. 
Light stimuli at consistent brightness are often delivered for an 
amount of time that ranges between 2 s (55,69) and 30 s 
(64,68), with little explanation of the time chosen. After the 
‘shock reaction’ of the initial moments upon delivery before the 
response stabilizes, the time the light stimulus is delivered for 
PA testing remains relatively arbitrary and further exploration 
of the impact of different durations would be valuable. 
Aboshiha et al. explored the use of different colored matched 
luminance light stimuli on the subject response. The results 
showed clear differences in the severity in response between 
different colours, both between unaffected and ACHM indivi
duals (17). Stimulus colour, and therefore light temperature if 
a white light source is used, is a key variable in the PA response 
and should always be controlled or measured in order to allow 
cross study comparison.

Repetitions. Delivery of the light can be repeated multiple 
times to reach a desired ‘threshold’ level where the subject is 
experiencing a suitable degree of PA for testing. Previous 
studies have increased the intensity of the light source consis
tently with time until indicated to stop by the subject 
(54,66,67). Light stimuli can also repeatedly be delivered with 
an intermission of a re-adaptation or rest period. Drummond 
et al. used steps of increasing luminance (0–19,800 lux) with 
a 30 s intermission of darkness between each 30 s stimulus (65). 
Although this allows for the measurement of the key desired 
‘threshold level’ of PA, repeated delivery of light stimuli such as 
this can negate the effects of the period of initial adaptation if 
rest periods are short. The Ocular Photosensitivity Analyser 
delivers 2 s bursts of light in a step system that results in 
delivery of the same light level multiple times as 10 reversals 
are sought (55). With catch trials included, this results in 
variable test lengths and a potential for increasing light adapta
tion as the test goes on, resulting in altered baseline states 
during stimuli in latter parts of the test.

Metrics. Various iterations of a post light stimulus question
naire have been employed. These ‘pain scale’ measurements 
normally involve the subject rating their subjective PA experi
ence in different categories such as pain (49,63–65,68,70), glare 
(64,68), unpleasantness (49), or several of these on a scale (64). 
Response options include worded responses, numerical scales, 
or a physical slider (63). Although these can give an idea of the 
patients’ experience of the test, it is difficult to compare these 
between subjects.

A common metric in measuring PA is the “photophobia 
threshold level.” The attractiveness of this metric is clear as it 
allows for an absolute measure for PA across all subjects based 
exactly on the limit of light that can be tolerated. In many tests, 
this is simply indicated by the patient either verbally (66,67) or 
using a signal (55,69). The difficulties associated with language 

Figure 1. Framework of photoaversion testing. An underlying framework for 
designing procedures for quantitative assessment of photoaversion severity.
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used with the patient are again apparent here with words such as 
“threshold,” “pain,” and “uncomfortable” suggesting a variety of 
states to different people, making cross-study (or even intra- 
study) comparison difficult. The ocular photosensitivity analyser 
is fully automated with speech delivery, including several lan
guages, which could help to minimize this issue; however, the 
subject indicated response should still be treated initially with 
caution. Stringham et al. use Electromyography (EMG) record
ings of the face to indicate a suitable squint response to the 
stimulus that contributes a ‘threshold’ level (47). They also find 
that this squint response correlates very well with the patient’s 
subjective experience giving more evidence of this as 
a potentially reliable metric.

Video recordings of the face allow visualisation of the 
patient’s response to the stimulus, and the potential for more 
quantifiable metrics to be collected. Yuhas et al. showed that, 
when watching videos of photoaversion responses, trained 
optometrists agreed with each other, but were unable to iden
tify what the patients self-reported as more difficult (71). 
However, Aboshiha et al. showed a clear distinction between 
a photophobic ACHM population and an unaffected popula
tion by using the palpebral aperture change from baseline (with 
no light stimulus) as a quantifiable measure of PA (17). Video 
analysis also allows for the extraction of many more variables 
that can be used to measure the squint response, in addition to 
palpebral aperture. Point tracking of facial features can be used 
to find the area of the eye and pupil visible to the camera, 
frequency of blinking, and pupil diameter changes, over time in 
response to the delivered light stimulus. There has been little 
analysis on the reliability of these measures over time and the 
correlation with a patient indication of PA. The Ocular 
Photosensitivity Analyser collects several such metrics 
including aperture, inter-blink interval, and pupil diameter, 
alongside the threshold level, and could be used for further 
research into the correlation of a measurable squint response 
and a patient indication of a pain threshold.

Complex tasks. The use of more complex tasks (as opposed to 
simply looking at the light stimulus) in a photoaverse state have 
also been used. These tests attempt to measure an improvement 
in attributes that have direct comparison to real world situations. 
Aboshiha et al. attempted to measure a decrease in VA in bright 
conditions in patients with ACHM (17). A standard chartbox 
was used to measure best corrected VA in two different ambient 
lighting conditions; room lights on and room lights off. 
A significant difference was not seen under these conditions, 
but a difference may be more evident in a more photoaverse 
setting similar to a sunny day; VA could then be used as an 
effective measure of functional disability due to PA. Chung et al. 
use contrast sensitivity as a measure of PA in patients with 
exotropia (72). Peripheral lights are used to increase glare, and 
any drop in the ability of the subject to perform the contrast 
sensitivity task is measured. The use of this method relies on 
a baseline level of VA and contrast sensitivity, and may be less 
reproducible in patients with underlying ocular disease leading 
to a decrease in these attributes (2). However, like reduced VA 
measurements, the use of decreased CS in the correct photoa
verse conditions holds potential as an effective measure.

A common complaint of subjects with photophobia, especially 
those with ACHM, is the difficulty in navigating their surround
ings in very bright environments. This can be in direct sunlight 
but also inside in supermarkets and other brightly lit environ
ments. In order to simulate this situation in the lab, Banin et al. 
designed a two barrier maze for sheep to navigate in very bright 
conditions (73). This was used to show efficacy of a CNGA3 gene 
therapy vector, with marked difference in both passage time and 
number of collisions between unaffected and CNGA3 sheep. 
Following treatment, both these metrics in the CNGA3 sheep 
were almost returned to that of the unaffected animals. This was 
a PA measurement tool that has allowed for a distinct difference 
to be shown following intervention, and direct comparison to 
a real world situation affecting quality of life. A similar idea would 
be worth considering in humans if a sufficiently controllable and 
complex environment could be created.

The idea of a potential light controlled maze purpose built 
for humans highlights a further issue with more accurate real 
world PA measurements; the scale and cost of experiments. As 
the environments used for testing become larger it becomes 
more difficult to account for external variables and to control 
ambient lighting. Using modern technology to simulate envir
onments and measure in more innovative ways could allow 
these hurdles to be overcome in the future. Virtual reality (VR) 
offers one such solution where mazes such as the one used in 
the aforementioned CNGA3 study in sheep, or more complex, 
could be simulated. VR would also allow for direct control of 
light levels entering the eyes, and an opportunity for video 
recordings of responses and associated metrics, and we believe 
is an avenue that should be explored in future PA testing. 
Other modern recording devices that occupy our homes 
(such as Amazon Alexa) or our pockets (smartphones) also 
present opportunities for a genuine real world photoaversion 
impact measurement. Rather than simulating environments, 
virtually or in the lab, constant monitoring could be used to 
identify behaviour changes day to day that represent changes in 
aversion to the lights we encounter in everyday life.

Psychology. A further hurdle in the search for a reliable test for 
PA is the significant potential for psychological variables. PA 
appears to be a very personal experience. It is possible to resist 
the impulsive urge to close your eyes in response to an increas
ingly bright light before the reaction becomes reflexive. It is there
fore essential to ensure language surrounding testing remains as 
consistent as possible, especially when working with children.

Other variables. Many other variables may also arise due to 
other events surrounding testing. Time after waking, the effects 
of caffeine, and tiredness and eyestrain from other ocular 
examinations/assessments may all have significant impacts on 
the PA threshold. Verriotto et al. have tried to account for 
some of these temporal factors by always scheduling their 
testing at the same time, and as the first of the day (55,69). 
Drummond et al. attempted to control for caffeine and dietary 
effects by providing a standardised breakfast before testing 
(65). Without the existence of comparable PA studies, little is 
known about the extent these psychological factors may have 
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on testing. Currently, identification and control of such vari
ables where possible, remains the most effective course of 
action.

Treatments for photoaversion

Currently most treatments fall into two categories: aiming to 
treat either the underlying condition directly or employ the use 
of visual aids to reduce light intensity entering the eye.

Sunglasses and hats are often used by photoaverse indi
viduals both inside and outside despite advice this can 
exacerbate the symptom due to continuous dark adaptation 
(13). The use of these kinds of aids can also be a detriment 
to vision in subjects with IRDs who already have decreased 
contrast sensitivity and VA such as in ACHM (1,2). Tinted 
lenses that block specific wavelengths of light allow for 
these side effects to be minimised, while blocking out the 
most debilitating components of light. Different tints have 
been used in various studies and these have shown that the 
ideal wavelengths to block vary greatly depending on the 
pathology and underlying pathways. In the cone dysfunc
tion syndromes, red tints have been shown to be most 
beneficial and indeed patients report a significant difference 
(12,13). In BCM, magenta tints allow for some blue light to 
reach the retina (1). Migraineurs report relief with rose tint, 
but not with red tint (74), and patients with blepharospasm 
have similar preferences (67). This is somewhat intuitive, as 
potentially the main pathway for photophobia is through 
ipRGCs which are stimulated by blue light (62). This is 
theorised to ensure protection of the retina by an increased 
response to higher energy, and more damaging, short wave
length light. However, some headache sufferers report relief 
with blue tint lens (67), highlighting the complexities of the 
photophobia pathways and the difficulties of treating this 
symptom. Lutein supplementation has been shown to be 
beneficial in otherwise healthy subjects in terms of lowering 
light sensitivity threshold and is sometimes suggested as 
a supplement in those with underlying pathology given 
relative low potential to cause harm (48).

Other attempts to actually reduce photophobia normally 
aim at treating the underlying condition. Blepharospasm 
patients can have Botulinum toxin injections that will often 
help to reduce photophobia (67). Gene therapy is currently 
being trialled to treat CNGA3 and CNGB3 associated ACHM, 
with a reduction in PA being a key outcome measure as it is 
often reported as one of the most debilitating symptoms of the 
disease. Similar trials for other IRDs are likely in the near 
future. Due to the evolving understanding of photophobia 
pathways leading to an increasingly complex picture, it appears 
that treatment of the underlying conditions remains the most 
likely to be successful in alleviating PA.

Conclusions

It is essential for any future therapy that aims to improve the 
symptom of photophobia to utilize both quantitative and qua
litative methods of assessment of PA. Questionnaires give us 
a window into the challenges faced by subjects in their day-to- 
day lives and allow us to observe any improvement in the most 

important outcome of any treatment; quality of life. An effec
tive universal questionnaire for the symptom of PA across all 
pathologies will prove useful for cross-study comparison. An 
adapted or targeted questionnaire with questions tailored to 
a specific disease for use in a trial will also be highly desirable.

To date, there have been several attempts at measuring PA 
objectively, though even the more rigorous protocols have lim
itations and confounders. Reliable quantitative PA assessment is 
a complex task with challenges arising in many areas including 
dark adaptation, specific pathophysiology, and psychological 
effects. More research into these areas (and others) is required 
for a universal PA measurement or device. However, attempts at 
controlling these variables with more robust protocols will allow 
for better attempts at measuring an objective difference in this 
symptom with clinical trials in mind. More efforts into objective 
metrics derived from recordings, coupled with machine learn
ing, may also allow for a more complete picture in the future 
when compared to the simpler measures by most efforts to date.

Both a questionnaire and objective assessment should be used 
concurrently to provide as complete a picture as possible. One 
would expect a significant change detected by means of a PA 
device to be reflected in questionnaire responses. In the future, 
more advanced methods of measuring impact in daily life may 
be possible. Ultimately, the goal of treatment is to have an impact 
on patients’ lives and provide real relief from light sensitivity.
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