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Abstract 

 

Photophobia is one of the most common symptoms in migraine, and the 

underlying mechanism is uncertain. The discovery of the intrinsically-photosensitive 

retinal ganglion cells (ipRGCs) which signal the intensity of light on the retina has led 

to discussion of their role in the pathogenesis of photophobia. In the current review, 

we discuss the relationship between pain and discomfort leading to light aversion 

(traditional photophobia) and discomfort from flicker, patterns, and colour that are 

also common in migraine and cannot be explained solely by ipRGC activity. We 

argue that, at least in migraine, a cortical mechanism provides a parsimonious 

explanation for discomfort from all forms of visual stimulation, and that the 

traditional definition of photophobia as pain in response to light may be too 

restrictive. Future investigation that directly compares the retinal and cortical 

contributions to photophobia in migraine with that in other conditions may offer 

better specificity in identifying biomarkers and possible mechanisms to target for 

treatment.  
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Bullet points 
 

• photophobia in migraine includes sensitivity to spatial patterns, colour and 

flicker. 

• photophobia can be interpreted as reflecting the cortical hyperexcitability with 

which migraine is associated. 

  



Introduction 

Photophobia occurs in a wide range of ophthalmic, neurological and 

behavioural conditions, the commonest of which is migraine. This review is restricted 

to the photophobia that occurs in migraine. The literal meaning of photophobia is fear 

of light1, but this is an oversimplification of the experience of migraine sufferers.  In 

migraine, both headache and behavioural evidence of aversion can be provoked in 

response to four categories of retinal stimulation: bright light2, flickering light (even 

when the flicker is too rapid to be seen3), patterns4–6 and colour.7–9 The mechanisms 

may differ during and between acute attacks where headache is manifest. Our aim 

therefore  in this review is to suggest a mechanism for interictal migraine 

photophobia that encompasses all four categories of visual stimulation and of aversion 

to light other than headache: thereby we argue for a broadening of the concept of 

photophobia in migraine. We review the physiological mechanisms underlying the 

various types of photophobia – that from bright light, flicker, patterns, and colour - 

and provide a parsimonious explanation. 

There is a broad consensus that in migraine the cortex is hyperexcitable10 and, 

historically, photophobia in migraine has been attributed to cortical perturbations.11 

However, the relatively recent discovery of intrinsically photosensitive retinal 

ganglion cells (ipRGCs) has generated a number of studies linking retinal 

mechanisms to photophobia in migraine. The ipRGCs respond to the ambient light 

intensity rather than contrast (although some of the five subtypes of ipRGC have also 

been found to potentially respond to contrast12). Therefore, we will discuss both 

potential retinal and cortical mechanisms of migraine photophobia in turn, and argue 

that a cortical mechanism explains photophobia from all types of visual stimulation 

(bight light, flicker, colour, patterns), whereas the retinal mechanisms do not. 

Retinal Mechanisms of Migraine Photophobia 

The cones, rods, and the intrinsically-photosensitive retinal ganglion cells 

(ipRGCs) have all been implicated in photophobia, see a review by Noseda et al.13 

We begin by considering the ipRGCs.  



One of the original arguments for a retinal mechanism for photophobia in 

migraine arose from a report of an individual who did not have migraine but who was 

blind and nevertheless experienced photophobia – she could not perceive light due to 

the removal of a pituitary adenoma but reported discomfort when light was shone into 

the eyes. This case was taken as evidence for surviving ipRGCs which do not 

contribute to conscious visual perception.14 Support for non-image forming ipRGCs 

remaining active in the blind comes from a case study reporting two blind patients 

with functionally inactive rods and cones in whom short-wavelength light was able to 

reset the circadian rhythms. In one of the patients, short-wavelength light increased 

alertness. The other patient could reliably tell when short-wavelength light was being 

shown to her and her pupils responded.15 Consequently, Noseda and colleagues16 

investigated photophobia in blind individuals with migraine. They identified 20 such 

individuals and found that 14 could perceive light despite not being able to see 

images. All 14 experienced photophobia during their migraine with six experiencing 

discomfort (four individuals) or ocular pain (two individuals) in between migraine 

attacks. Cases such as these led to the hypothesis that the response to light of the 

ipRGCs might be the source of photophobia in general and more specifically in 

migraine.1 

The ipRGCs subserve entrainment of circadian rhythms,17 affect mood,18 and 

provide the afferent input for the pupillary light response.19 Although the pupil light 

reflex has been found to be abnormal in migraine, the findings have been linked to 

dysfunction of the autonomic nervous system.20 Increased ipRGC activation due to 

light stimulation has been linked to behavioural aversion in mice,21–23 although mice 

are nocturnal animals and the aversion may not be a valid model for photophobia in 

man.  In a recent haemodynamic study of individuals with migraine, the spectral 

composition of ambient light was modulated using silent substitution to selectively 

excite ipRGCs while keeping constant the activation of cones responsive to short (S), 

medium (M), and long (L) wavelengths (the metamerism method). The 

haemodynamic response in the visual cortex was measured using near infrared 

spectroscopy.  When an artificial pupil was used, the haemodynamic response to 

ipRGC-activating light was large compared to non-ipRGC-activating light, and 

selectively so in patients with migraine.24 ipRGCs contain the light sensitive opsin 

melanopsin which is sensitive to shorter wavelengths than rod and L and M cone 



opsins, being maximal at about 480nm.25 However, it is important to note that the 

dominant input to the ipRGCs is from the rod and cone photoreceptors.26,27 The time 

course of intrinsic activation differs from that of the photoreceptors28 and the ipRGCs 

may have a  role in modulating the output of photoreceptors through amacrine cell 

activity29. It remains uncertain how the intrinsic activation of ipRGCs could generate 

a cortical response different from that from rod/cone activation.  

Individuals with migraine have been shown to exhibit increased sensitivity to 

white, blue, amber or red light, but less to green light, at least during the headache 

phase, possibly implicating the cone photoreceptors.27 The lack of specific sensitivity 

to blue light and improvement with green light (compared to red, for example) seems 

to suggest that direct photoactivation of melanopsin in ipRGCs may not be solely 

responsible for photophobia in migraine. When measured using a simultaneous 

recording of the electro-retinogram (ERG) and cortical visually evoked potentials 

(VEP) in migraineurs, and multi-neuron recordings of the thalamus in rats green light 

has been shown to evoke the smallest response in cones, in the thalamus and in the 

visual cortex compared to light of other colours.27  As discussed subsequently,30,31 for 

the recordings in migraineurs, pupil diameters were not measured and background 

colours were not specified; it is possible that pupil size, and therefore retinal 

illuminance, varied between the different colours of stimuli, though they were 

matched for photopic luminance at the cornea. Also, drawing conclusions regarding 

human thalamic responses from rodent recordings is challenging due to differing 

spectral sensitivities. 

Rod-driven pathways have also been implicated in photophobia. Bernstein et 

al.32 found that both light- and dark-adapted b-wave amplitudes were larger in 

migraineurs compared with healthy control participants. Whilst the dark-adapted b-

wave derives from signals in rod-driven ON bipolar cells, the light-adapted b-wave 

derives from cone-driven bipolar cells (assuming rods are in saturation). The cone-

driven 30 Hz flicker responses did not differ in amplitude, although visual inspection 

of the traces suggests a possible difference in peak time. Abnormalities in migraine of 

the amplitude and latency of VEP components to both pattern33 and flash34 were first 

reported more than 40 years ago and have been confirmed in numerous subsequent 

studies. Although there are undoubtedly some inconsistencies in the findings, which 



may depend upon such factors as whether migraine is with or without aura, and the 

time interval since the last attack, the general conclusion that VEPs are abnormal has 

largely been confirmed. The normal VEP results in the study by Bernstein et al.32 

were therefore exceptional. Also unusual in this study was the finding that some of 

the individuals with migraine did not show a P2 in the VEP – the 25th percentile being 

close to zero in their Figure 4. In general, a rod-based mechanism could not sustain 

photophobia under photopic conditions, where the rods are presumably silent.35 We 

suggest that mechanisms of photophobia based exclusively on either rod or cone 

function cannot explain how blind migraineurs experience photophobia if their rods 

and cones are destroyed16 unless the activity of ipRGCs is well integrated with that of 

rods and cones. There is evidence this is indeed the case.26,36 Noseda et al.13 have 

recently proposed that photophobia can arise from any class of photoreceptor, which 

suggests that the basis for photophobia arises not just from the ipRGCs but may lie 

elsewhere, possibly in the visual cortex, as we will discuss later. 

The idea of a retinal basis for photophobia has been attractive partly because 

there is an indirect pathway between the optic nerve and the trigeminal nerve 

(particularly in the case of the ipRGCs37) and subcortical structures such as the basal 

ganglia, the thalamus, and the hypothalamus16,38 proposed in a review.38 Note, that 

while these studies do not focus on migraine, the mapping of the pathway generates a 

potential mechanism linking photophobia to pain in migraine. This direct subcortical 

connection has been used to explain some of the effects of photophobia on appetite 

and on mood that are associated with migraine.38 Indeed, the trigeminal nerve has 

been implicated in migraine pain more generally.39,40  

It is possible, even likely, that there are different forms of photophobia that 

have different mechanisms, with migraine photophobia differing from that in ocular 

disorders,1 given the wide range of visual stimuli apart from bright light to which 

individuals with migraine are susceptible. But even in mouse models of photophobia 

in ocular disorders, there is some discrepancy as to whether retinal mechanisms are 

the sole cause of photophobia. Matynia and colleagues41 in studies of light aversion 

induced by corneal damage in mice have shown that the behavioural response 

depends upon the presence of ipRGCs although the effect of opiates in enhancing 



aversion is independent of ipRGC activity and is more likely to be influencing a 

central mechanism.42 

Where the irradiance (ambient light level) is the sole or major component in 

the provocation of light aversion, then the ipRGC system is likely to play a major 

role, because this is the only system in the retina that can signal irradiance directly. 

However, this role is likely to be subserved not only by the melanopsin-mediated 

intrinsic activity of the ipRGCs but also the input to ipRGCs from rod and cone 

photoreceptors in scotopic and photopic conditions respectively.  

In summary, there is evidence of abnormal retinal responses to light in 

migraine, but there are inconsistencies as to which cells in the retina are implicated 

and whether abnormal retinal functioning is the sole mechanism for the photophobia. 

We will now discuss the cortical mechanisms that are associated with migraine 

photophobia, with particular emphasis on the evidence for aversion, discomfort and 

headache evoked by flickering light, colour, and spatial patterns. We argue that these 

types of photophobia are best explained by cortical mechanisms. 

Cortical Mechanisms of Migraine Photophobia 

One difficulty with the studies cited above in proposing retinal mechanisms 

for migraine photophobia is the assumption that photophobia is aversion to light 

alone. In migraine there is also aversion to, and pain from, flicker, pattern and colour. 

We will consider the evidence for each of these in turn and argue that the aversion 

and pain can only be explained by implicating cortical mechanisms.  

Aversion to Flicker: Aversion to flicker is most pronounced at frequencies at 

which the flicker is most visible at low contrast and at which it is most epileptogenic 

(10-20Hz).43 In general, visual stimulation that is epileptogenic is also 

migrainogenic,5  although even when flicker is so rapid as to be imperceptible it is 

known to cause headaches.3 There are many possible mechanisms. One possibility is 

indirect interference with the control of eye movements due to the spatial pattern 

formed on the retina during a saccade when the contours in a scene are lit 

intermittently.44 This intra-saccadic pattern is visible with flicker at frequencies as 

high as 11kHz, particularly in individuals who have visual discomfort.45 Perception 



during a saccade is used by the brain to guide eye movements,46 and the intra-saccadic 

spatial pattern from flicker may interfere with this mechanism. 

Aversion to Patterns: Even under steady lighting, patterns of stripes can have 

aversive properties. Black and white stripes of a particular size and spacing are 

generally uncomfortable, and particularly so for individuals with migraine.4,5 The 

patterns evoke illusions that are related to headaches both in terms of frequency (the 

higher the frequency of headaches, the greater the number of illusions) and any 

lateralisation of the pain (when the pain is lateralised the illusions predominate in one 

homonymous visual hemifield.)5 The patterns responsible for headaches are very 

similar to those that trigger seizures.5 For example, the spatial frequency (stripe 

spacing) at which aversion is maximal is about 3 cycles per degree (cpd) irrespective 

of viewing distance.47 Haemodynamic responses to mid-range spatial frequencies are 

larger than to other spatial frequencies in normal subjects and this effect is 

exaggerated in migraine;48,49 (the relatively low spatial frequency at which Huang et 

al obtained a maximal BOLD response is attributable to the low mean luminance 

employed.) The pattern ERG (which reflects retinal ganglion cell function) has 

maximal amplitude at a spatial frequency of about 1.5 cpd50 somewhat lower than that 

at which discomfort is maximal,5 although, interestingly, one study reported altered 

pattern ERG parameters (smaller P50, and smaller, more delayed, N95 components) 

in migraine.51 

Most of the above observations are consistent with other convergent evidence 

for cortical hyper-excitability in migraine.10,52 Indeed the illusions seen in 

epileptogenic patterns may provide a simple clinical correlate of the hyper-excitability 

- they predict the susceptibility to out-of-body experiences in the general population, 

for example.53 Pattern-related photophobia may be affected by any visual deficits in 

contrast sensitivity that sometimes occur in migraine54 and the change in sensitivity to 

peripheral targets that can follow an attack.55 Nevertheless, performance of some 

tasks such as the discrimination of grating contrast can be supra-normal interictally,7 

consistent with hyper-excitability. 

Aversion to Colour: Coloured stripes are generally aversive56 and again, 

particularly so for individuals with migraine.6 The aversion increases with the 

difference in colour between the stripes (colour contrast), even when the stripes have 



the same luminance.56 The larger the difference in colour the greater the amplitude of 

the haemodynamic56 and electrophysiological57 responses the patterns evoke in 

normal subjects. The increase in discomfort and evoked potential amplitude is greater 

in individuals with migraine than in controls.8 The simple relationship between 

discomfort, amplitude and colour difference occurs only when the colour difference is 

expressed in terms of the Commission Internationale de l’Eclairage (CIE) uniform 

chromaticity scale (UCS) diagram, and not when the difference in colour is expressed 

in terms of cone contrast.57 In other words the effect of colour differences on 

discomfort depends upon the post-processing of colour in the visual pathway58 rather 

than the amplitude of the photoreceptor response. Maps that resemble the UCS 

chromaticity diagram have been identified in Visual Area 2 (V2) of the visual cortex 

in the monkey.59 The relationship between discomfort and colour difference is 

therefore consistent with a cortical rather than a retinal mechanism.  

The sensitivity to flicker, patterns and colour can be interpreted as reflecting 

the cortical hyper-excitability with which migraine is associated. All three sources of 

stimulation have been shown to evoke a cortical response, and one that is large in 

migraine. Nevertheless, photophobia is typically thought of as a sensitivity to bright 

light. The work of Bargary and others60 suggests that this “traditional” concept of 

photophobia may also be attributed to cortical hyper-excitability.  The discomfort 

glare threshold in response to peripheral lights was measured and used to divide 

observers into those who were sensitive and those who were less so. The sensitive 

group exhibited a larger BOLD response in the cunei, the lingual gyri and the superior 

parietal lobules. The authors argued that the discomfort glare that was being measured 

might be a reflection of a hyper-excitability or saturation of visual neurons.  

Another aspect of the influence of colour is that the aversion to patterns can be 

reduced by coloured lighting although the optimal chromaticity varies from one 

observer to another.61,62 In healthy observers and those who experience migraine 

without aura the chromaticity chosen almost invariably lies close to the daylight 

locus, see Figure 1 (left column), although some individuals choose a yellowish light 

and others a blue. In patients who experience migraine with aura, however, the chosen 

chromaticity usually lies well away from the daylight locus and has a strong 

saturation,7,9 see Figure 1 (right column). The distribution of the chosen colours is not 



related to the energy captured by the ipRGCs.9 The chosen colour normalises the 

otherwise abnormally low contrast discrimination thresholds in patients with 

migraine7 and improves visual search.9 It also normalises the otherwise abnormally 

large haemodynamic response,49 possibly because of the manner in which colour is 

represented cortically.58,59,63 If photophobia is indeed a manifestation of cortical 

hyper-excitability then there is no reason to suppose that the hyper-excitability is 

uniform throughout the cortex.  In patients with pattern-sensitive epilepsy, for 

example, the seizure trigger appears to involve complex cells with a limited range of 

orientations,64 suggesting that the hyper-excitability can involve subsets of visual 

neurons differentially. The limited knowledge we have of cortical processing of 

colour suggests that in visual areas such as V2 the cells are arranged as per a 

perceptual map of colour rather similar to the CIE UCS diagram,58,59 so it is quite 

possible that changing the chromaticity of the illuminating light alters the distribution 

of activity within the visual cortex. We hypothesise that when the chromaticity is 

regarded as “comfortable”, the distribution avoids local areas of hyper-excitability. 

Early observations suggested that it is the chromaticity of light (its unchanging 

physical properties) rather than its subjective colour appearance that determines the 

clinical benefit of coloured filters.65 Colour appearance takes account of the 

illumination to provide for colour constancy, and this processing occurs in more 

anterior visual areas such as V4.66 The clinical effect of the filters may therefore 

depend on activity in earlier posterior visual areas of the cortex, such as V2.58 The 

effect of such filters would be to reduce the average chromaticity difference between 

contours in the retinal image, and this is known to reduce discomfort quite generally67 

as well as in migraine49.  

INSERT FIGURE 1 ABOUT HERE 

Cortical mechanisms of photophobia are parsimonious  

It is becoming clear why glare, flicker, patterns, and colour have these 

unfortunate effects. The human visual system evolved to process scenes from nature.  

Natural images have a particular statistical structure68 that the visual system processes 

efficiently. It uses a sparse code such that few neurons fire at any given time, 

conserving metabolic energy.69 Computational models of the visual system suggest 

that striped patterns reduce the sparseness, increasing “neural” activity.70 When 



images have an unnatural statistical structure they are aversive71–74 and patterns of 

stripes are perhaps the least natural of all visual stimuli. Measurements of images 

have been undertaken in terms of the Fourier amplitude spectrum73, the orientation 

spectrum75 and chromaticity difference67 and images with statistics outside the range 

typical of natural images have been associated with discomfort. Photophobia can 

therefore be seen as an exaggeration of this sensory discomfort, at least inter-ictally. 

The photophobia that occurs during a migraine attack may well have a wider variety 

of mechanisms and is more difficult to study.  

Attempts to separate the stimulation of the ipRGCs from the stimulation of 

other photoreceptors by use of unusual spectral power distributions76 involve atypical 

covariance in the response of the various photoreceptors and downstream neurons. As 

we have seen, un-natural stimulation is often uncomfortable, particularly so for 

individuals with migraine, and this may detract from inferences regarding the role of 

the ipRGCs in migraine.  

Light-induced damage to the retina is a well-established concept and light 

avoidance behaviour must in part be related to prevention of retinal damage.77 The 

mechanisms of pain in this context may well differ from those proposed here as 

explanations of migraine photophobia. Nevertheless, visual stimuli that give 

discomfort, pain or seizures are strong stimuli in the sense that they evoke a large 

cortical haemodynamic response in normal observers.5,48,74 Teleologically, discomfort 

and pain usually signal potential damage to the organism. It has been argued that 

visual discomfort is no different and may be a homeostatic response to reduce 

damaging hypermetabolism.78 If so, then photophobia in response to bright light, 

flicker and patterns can all be seen as a homeostatic response which is on a continuum 

of severity in the population. According to this view individuals who exhibit 

photophobia have a high rate of metabolism (consistent with other evidence of 

cortical hyper-excitability) that is then further exacerbated by visual stimulation. The 

larger BOLD response in individuals who experience discomfort glare60 and in 

patients with migraine79–81 or visual stress82 is consistent with such a viewpoint. It is 

currently accepted that small cerebral vessels and pia mater are insensitive to pain in 

humans and that intracranial pain-sensitive structures are limited to the dura mater 

and its feeding vessels, large venous sinuses and proximal parts of the large arteries of 



the circle of Willis.40,83 This view has recently been challenged by prospective 

collection of intra-operative reports of pain, demonstating that small cerebral vessels 

and/or sulcal pia mater are sensitive to mechanical stimulation.  The pain is mostly 

referred in the V1 territory of the trigeminal nerve.84 It is a small step to propose that 

the enlarged haemodynamic response to aversive stimuli observed in individuals with 

migraine provokes pain by distension of small cerebral vessels.  To quote the recent 

study: “The sensory nerve fibres around cranial vessels contain to a varying degree 

calcitonin gene-related peptide (CGRP), substance P, neurokin A and are likely to 

play an important role in head pain of a migraine attack.” 84 

Closing Remarks. The above review has considered photophobia in migraine only 

and has brought together the various components of visual discomfort that occur, 

under the assumption that cortical hyper-excitability provides a parsimonious 

common mechanism, at least for the inter-ictal photophobia. The photophobia that 

occurs during a migraine attack is more extreme and may involve extra-cortical 

mechanisms. A limitation of the studies we have cited is that they have usually 

collected inter-ictal data over relatively short time periods. Their findings may not 

reflect the performance of the visual system following hours in the dark, when longer 

term adaptive processes may ensue. Moreover, photophobia is a symptom in many 

disorders and cortical hyper-excitability is unlikely to provide a general explanation. 

Perhaps comparisons of the electroretinal and electroencephalographic response to 

light and pattern in the wide variety of conditions in which photophobia occurs will 

help to elucidate the retinal and cortical contributions to these complex symptoms and 

help identify the mechanisms specific to each condition.  

 

Acknowledgements: SMH supported by a NARSAD Young Investigator Grant from 

the Brain & Behavior Research Foundation (26282), by the National Institute of 

Mental Health (R15 AREA 122935), and by an NSF EPSCoR grant (1632849) on 

which SMH is a Co-Investigator. OAM is supported by the Wellcome Trust Grant 

206619/Z/17/Z. 

Competing interests. AJW invented the Intuitive Colorimeter upon which some the 

studies reported above are based. He has received an Award to Inventors from the 



Medical Research Council. Emoluments from the latest version of the instrument 

have been donated to the University of Essex. 

  



References 

1.  Digre KB, Brennan KC. Shedding light on photophobia. J Neuro-

Ophthalmology 2012; 68–81. 

2.  Wu Y, Hallett M. Photophobia in neurologic disorders. Translational 

Neurodegeneration; 6. Epub ahead of print 2017. DOI: 10.1186/s40035-017-

0095-3. 

3.  Wilkins AJ, Nimmo-Smith I, Slater AI, et al. Fluorescent lighting, headaches 

and eyestrain. Light Res Technol 1989; 21: 11–18. 

4.  Marcus DA, Soso MJ. Migraine and stripe-induced visual discomfort. Arch 

Neurol 1989; 46: 1129–1132. 

5.  Wilkins A, Nimmo-smith I, Tait A, et al. A neurological basis for visual 

discomfort. Brain 1984; 107: 989–1017. 

6.  Haigh SM, Karanovic O, Wilkinson F, et al. Cortical hyperexcitability in 

migraine and aversion to patterns. Cephalalgia; 32. Epub ahead of print 2012. 

DOI: 10.1177/0333102411433301. 

7.  Aldrich A, Hibbard P, Wilkins A. Vision and hyper-responsiveness in 

migraine. Vis 2019; 3: 1–9. 

8.  Haigh SM, Chamanzar A, Grover P, et al. Cortical hyper-excitability in 

migraine in response to chromatic patterns. Headache 2019; 59: 1773–1787. 

9.  Vieira A, van der Linde I, Bright P, et al. Preference for lighting chromaticity 

in migraine with aura. Headache 2020; 60: 1124–1131. 

10.  Aurora SK, Wilkinson F. The brain is hyperexcitable in migraine. Cephalalgia 

2007; 27: 1442–1453. 

11.  Tfelt-Hansen PC, Koehler PJ. One hundred years of migraine research: Major 

clinical and scientific observations from 1910 to 2010. Headache 2011; 51: 

752–778. 

12.  Sonoda T, Lee SK, Birnbaumer L, et al. Melanopsin Phototransduction Is 

Repurposed by ipRGC Subtypes to Shape the Function of Distinct Visual 

Circuits. Neuron 2018; 99: 754-767.e4. 

13.  Noseda R, Copenhagen D, Burstein R. Current understanding of photophobia, 



visual networks and headaches. Cephalalgia 2018; 0: 1–12. 

14.  Amini A, Digre K, Couldwell W. Photophobia in a blind patient: an alternate 

visual pathway. J Neurosurg JNS 2006; 105: 765–768. 

15.  Zaidi FH, Hull JT, Peirson SNN, et al. Short-Wavelength Light Sensitivity of 

Circadian, Pupillary, and Visual Awareness in Humans Lacking an Outer 

Retina. Curr Biol 2007; 17: 2122–2128. 

16.  Noseda R, Kainz V, Jakubowski M, et al. A neural mechanism for exacerbation 

of headache by light. Nat Neurosci 2010; 13: 239. 

17.  Berson D, Dunn F, Takao M. Phototransduction by retinal ganglion cells that 

set the circadian clock. Science (80- ) 2002; 8: 1070–3. 

18.  Lazzerini Ospri L, Prusky G, Hattar S. Mood, the Circadian System, and 

Melanopsin Retinal Ganglion Cells. Annu Rev Neurosci 2017; 40: 539–556. 

19.  Abbott K, Queener HM, Ostrin LA. The ipRGC-Driven Pupil Response With 

Light Exposure, Refractive Error, and Sleep. Optom Vis Sci 2018; 95: 323–331. 

20.  Cortez MM, Rea NA, Hunter LA, et al. Altered pupillary light response scales 

with disease severity in migrainous photophobia. Cephalalgia; 37. Epub ahead 

of print 2017. DOI: 10.1177/0333102416673205. 

21.  Delwig A, Logan AM, Copenhagen DR, et al. Light Evokes Melanopsin-

Dependent Vocalization and Neural Activation Associated with Aversive 

Experience in Neonatal Mice. PLoS One 2012; 7: 3–10. 

22.  Mure LS, Hatori M, Ruda K, et al. Sustained Melanopsin Photoresponse Is 

Supported by Specific Roles of b-Arrestin 1 and 2 in Deactivation and 

Regeneration of Photopigment. Cell Rep 2018; 25: 2497–2509. 

23.  Thompson S, Blodi FR, Larson DR, et al. The efemp1R345W macular 

dystrophy mutation causes amplified circadian and photophobic responses to 

light in mice. Investig Ophthalmol Vis Sci 2019; 60: 2110–2117. 

24.  Yamakawa M, Tachibana A, Tatsumoto M, et al. Hemodynamic responses 

related to intrinsically photosensitive retinal ganglion cells in migraine. 

Neurosci Res. Epub ahead of print 2019. DOI: 10.1016/j.neures.2019.11.011. 

25.  Bailes HJ, Lucas RJ. Human melanopsin forms a pigment maximally sensitive 

to blue light (λmax ≈ 479 nm) supporting activation of Gq/11 and Gi/o 



signalling cascades. Proc R Soc B Biol Sci; 280. Epub ahead of print 2013. 

DOI: 10.1098/rspb.2012.2987. 

26.  Güler AD, Ecker JL, Lall GS, et al. Melanopsin cells are the principal conduits 

for rod-cone input to non-image-forming vision. Nature 2008; 453: 102–105. 

27.  Noseda R, Bernstein CA, Nir RR, et al. Migraine photophobia originating in 

cone-driven retinal pathways. Brain 2016; 139: 1971–1986. 

28.  Do MTH, Kang SH, Xue T, et al. Photon capture and signalling by melanopsin 

retinal ganglion cells. Nature. Epub ahead of print 2009. DOI: 

10.1038/nature07682. 

29.  Hankins MW, Lucas RJ. The primary visual pathway in humans is regulated 

according to long-term light exposure through the action of a nonclassical 

photopigment. Curr Biol. Epub ahead of print 2002. DOI: 10.1016/S0960-

9822(02)00659-0. 

30.  Burstein R. Reply: Pupil area and photopigment spectral sensitivity are relevant 

to study of migraine photophobia. Brain 2017; 140: 2016–2017. 

31.  Mahroo OA. Pupil area and photopigment spectral sensitivity are relevant to 

study of migraine photophobia. Brain 2017; 140: 2016–2017. 

32.  Bernstein CA, Nir R-R, Noseda R, et al. The migraine eye: distinct rod-driven 

retinal pathways’ response to dim light challenges the visual cortex 

hyperexcitability theory. Pain. Epub ahead of print 2018. DOI: 

10.1097/j.pain.0000000000001434. 

33.  Kennard C, Gawel M, Rudolph NM, et al. Visual evoked potentials in migraine 

subjects. Res Clin Stud Headache 1978; 6: 73–80. 

34.  Gawel M, Connolly JF, Rose FC. Migraine Patients Exhibit Abnormalities in 

the Visual Evoked Potential. Headache J Head Face Pain 1983; 23: 49–52. 

35.  Aguilar M, Stiles WS. Saturation of the rod mechanism of the retina at high 

levels of stimulation. Opt Acta Int J Opt 1954; 1: 59–65. 

36.  Dacey DM, Liao HW, Peterson BB, et al. Melanopsin-expressing ganglion 

cells in primate retina signal colour and irradiance and project to the LGN. 

Nature 2005; 433: 749–754. 

37.  Okamoto K, Thompson R, Tashiro A, et al. Bright light produces Fos-positive 



neurons in caudal trigeminal brainstem. Neuroscience 2009; 160: 858–864. 

38.  Noseda R, Lee AJ, Nir R, et al. Neural mechanism for hypothalamic-mediated 

autonomic responses to light during migraine. 2017. Epub ahead of print 2017. 

DOI: 10.1073/pnas.1708361114. 

39.  Goadsby PJ, Charbit AR, Andreou AP, et al. Neurobiology of migraine. 

Neuroscience. Epub ahead of print 2009. DOI: 

10.1016/j.neuroscience.2009.03.019. 

40.  Olesen J, Burstein R, Ashina M, et al. Origin of pain in migraine: evidence for 

peripheral sensitisation. The Lancet Neurology. Epub ahead of print 2009. DOI: 

10.1016/S1474-4422(09)70090-0. 

41.  Matynia A, Parikh S, Deot N, et al. Light aversion and corneal mechanical 

sensitivity are altered by intrinscally photosensitive retinal ganglion cells in a 

mouse model of corneal surface damage. Exp Eye Res 2015; 137: 57–62. 

42.  Matynia A, Parikh S, Chen B, et al. Intrinsically photosensitive retinal ganglion 

cells are the primary but not exclusive circuit for light aversion. Exp Eye Res. 

Epub ahead of print 2012. DOI: 10.1016/j.exer.2012.09.012. 

43.  Wilkins AJ. Visual Stress. 1995. Epub ahead of print 1995. DOI: 

10.1093/acprof:oso/9780198521747.001.0001. 

44.  Roberts JE, Wilkins AJ. Flicker can be perceived during saccades at 

frequencies in excess of 1 kHz. Light Res Technol 2013; 45: 124–132. 

45.  Brown E, Foulsham T, Lee CS, et al. Visibility of temporal light artefact from 

flicker at 11 kHz. Light Res Technol 2019; 371–376. 

46.  Schweitzer R, Rolfs M. Intra-saccadic motion streaks as cues to linking object 

locations across saccades. J Vis 2020; 20: 1–24. 

47.  Monger LJ, Shah D, Wilkins AJ, et al. The effect of viewing distance on 

responses to the pattern glare test. Clin Exp Optom; 99. Epub ahead of print 

2016. DOI: 10.1111/cxo.12364. 

48.  Huang J, Cooper TG, Satana B, et al. Visual distortion provoked by a stimulus 

in migraine associated with hyperneuronal activity. Headache 2003; 43: 664–

671. 

49.  Huang J, Zong X, Wilkins AJ, et al. fMRI evidence that precision ophthalmic 



tints reduce cortical hyperactivation in migraine. Cephalalgia 2011; 31: 925–

936. 

50.  Plant GT, Hess RF, Thomas SJ. The pattern evoked electroretinogram in optic 

neuritis: A combined psychophysical and electrophysiological study. Brain. 

Epub ahead of print 1986. DOI: 10.1093/brain/109.3.469. 

51.  El-Shazly AAEF, Farweez YA, Hamdi MM, et al. Pattern Visual Evoked 

Potential, Pattern Electroretinogram, and Retinal Nerve Fiber Layer Thickness 

in Patients with Migraine during and after Aura. Curr Eye Res 2017; 42: 1327–

1332. 

52.  Chen WT, Lin YY, Fuh JL, et al. Sustained visual cortex hyperexcitability in 

migraine with persistent visual aura. Brain. Epub ahead of print 2011. DOI: 

10.1093/brain/awr157. 

53.  Braithwaite JJ, Broglia E, Bagshaw AP, et al. Evidence for elevated cortical 

hyperexcitability and its association with out-of-body experiences in the non-

clinical population: New findings from a pattern-glare task. Cortex; 49. Epub 

ahead of print 2013. DOI: 10.1016/j.cortex.2011.11.013. 

54.  Khalil NM, Nicotra A, Wilkins AJ. Asymmetry of visual function in migraine 

with aura: Correlation with lateralisation of headache and aura. Cephalalgia; 

31. Epub ahead of print 2011. DOI: 10.1177/0333102410378050. 

55.  McKendrick AM, Vingrys AJ, Badcock DR, et al. Visual field losses in 

subjects with migraine headaches. Investig Ophthalmol Vis Sci. 

56.  Haigh SM, Barningham L, Berntsen M, et al. Discomfort and the cortical 

haemodynamic response to coloured gratings. Vision Res 2013; 89: 47–53. 

57.  Haigh SM, Cooper NR, Wilkins AJ. Chromaticity separation and the alpha 

response. Neuropsychologia 2018; 108: 1–5. 

58.  Brouwer GJ, Heeger DJ. Decoding and reconstructing color from responses in 

human visual cortex. J Neurosci 2009; 29: 13992–14003. 

59.  Xiao Y, Wang Y, Felleman DJ. A spatially organized representation of colour 

in macaque cotical area V2. Nature. Epub ahead of print 2003. DOI: 

10.1038/nature01372. 

60.  Bargary G, Furlan M, Raynham PJ, et al. Cortical hyperexcitability and 



sensitivity to discomfort glare. Neuropsychologia 2015; 69: 194–200. 

61.  Wilkins A, Huang J, Cao Y. Prevention of visual stress and migraine with 

precision spectral filters. Drug Dev Res; 68. Epub ahead of print 2007. DOI: 

10.1002/ddr.20216. 

62.  Monger LJ, Wilkins AJ, Allen PM. Pattern glare: The effects of contrast and 

color. Front Psychol; 6. Epub ahead of print 2015. DOI: 

10.3389/fpsyg.2015.01651. 

63.  Nir RR, Lee AJ, Huntington S, et al. Color-selective photophobia in ictal vs 

interictal migraineurs and in healthy controls. Pain 2018; 159: 2030–2034. 

64.  Wilkins AJ, Darby CE, Binnie CD. Neurophysiological aspects of pattern-

sensitive epilepsy. Brain; 102. Epub ahead of print 1979. DOI: 

10.1093/brain/102.1.1. 

65.  Wilkins A, Milroy R, Nimmo???Smith I, et al. Preliminary observations 

concerning treatment of visual discomfort and associated perceptual distortion. 

Ophthalmic Physiol Opt 1992; 12: 257–263. 

66.  Wild H, Butler SR, Carden D, et al. Primate cortical area V 4 important for 

colour constancy but not wavelength discrimination. Nature 1985; 313: 133–

135. 

67.  Penacchio O, Haigh S., Ross X, et al. Predicting visual discomfort from 

images. In: Applied Vision Association. 2020. 

68.  Atick JJ, Redlich AN. What Does the Retina Know about Natural Scenes? 

Neural Comput 1992; 4: 196–210. 

69.  Olshausen BA, Field DJ. Natural image statistics and efficient coding. Netw 

Comput Neural Syst 1996; 7: 333–339. 

70.  Hibbard PB, O’Hare L. Uncomfortable images produce non-sparse responses 

in a model of primary visual cortex. R Soc Open Sci 2015; 2: 1–8. 

71.  Fernandez D, Wilkins AJ. Uncomfortable images in art and nature. Perception; 

37. Epub ahead of print 2008. DOI: 10.1068/p5814. 

72.  Juricevic I, Land L, Wilkins A, et al. Visual discomfort and natural image 

statistics. Perception 2010; 39: 884–899. 



73.  Penacchio O, Wilkins AJ. Visual discomfort and the spatial distribution of 

Fourier energy. Vision Res 2015; 108: 1–7. 

74.  Le ATD, Payne J, Clarke C, et al. Discomfort from urban scenes: Metabolic 

consequences. Landsc Urban Plan 2017; 160: 61–68. 

75.  Ogawa N, Motoyoshi I. Differential effects of orientation and spatial-frequency 

spectra on visual unpleasantness. Front Psychol 2020; 11: 1–8. 

76.  McAdams H, Kaiser EA, Igdalova A, et al. Selective amplification of ipRGC 

signals accounts for interictal photophobia in migraine. Proc Natl Acad Sci U S 

A 2020; 117: 17320–17329. 

77.  Hunter, Jennifer J, Morgan JW, Merigan WH, et al. The susceptibility of the 

retina to photochemical damage from visible light. Prog Retin Eye Res 2012; 

31: 28–42. 

78.  Wilkins AJ, Hibbard PB. Discomfort and hypermetabolism. Proc 50th Anniv 

Conv AISB,1st 4th April 2014 2014; 11–13. 

79.  Alvarez-Linera Prado J, Ríos-Lago M, Martín-Alvarez H, et al. [Functional 

magnetic resonance imaging of the visual cortex: relation between stimulus 

intensity and bold response]. Rev Neurol 2007; 45: 147–51. 

80.  Martín H, Del Río MS, De Silanes CL, et al. Photoreactivity of the occipital 

cortex measured by functional magnetic resonance imaging-blood oxygenation 

level dependent in migraine patients and healthy volunteers: 

Pathophysiological implications. Headache 2011; 51: 1520–1528. 

81.  Cucchiara B, Datta R, Aguirre GK, et al. Measurement of visual sensitivity in 

migraine: Validation of two scales and correlation with visual cortex activation. 

Cephalalgia 2015; 35: 585–592. 

82.  Chouinard BD, Zhou CI, Hrybouski S, et al. A functional neuroimaging case 

study of Meares-Irlen syndrome/visual stress (MISViS). Brain Topogr. Epub 

ahead of print 2012. DOI: 10.1007/s10548-011-0212-z. 

83.  Messlinger K, Strassman AM, Burstein R. Anatomy and physiology of pain 

sensitive cranial structures. In: Wolff’s headache and other head pain. New 

York: Oxford University Press, 2008, pp. 95–104. 

84.  Fontaine D, Almairac F, Santucci S, et al. Dural and pial pain-sensitive 



structures in humans: new inputs from awake craniotomies. Brain 2018; 141: 

1040–1048. 

 

  



Figure Legend 

 

 

 

 

Figure 1. Data from Aldrich et al.7 (top row) and Vieira et al.9 (bottom row). 

Each point shows the chromaticity of light chosen as comfortable for reading by 

individuals without migraine (Column 1), individuals who experienced migraine 

without aura (Column 2) and individuals who experienced migraine with aura 

(Column 3). All assessments were interictal. The continuous line shows the daylight 

locus. 
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