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Abstract

Background: It is still debatable whether the mechanisms underlying photophobia are related to altered visual cortex
excitability or specific abnormalities of colour-related focal macular retino-thalamic information processing.

Methods: This cross-sectional study examined Ganzfeld blue-red (B-R) and blue-yellow (B-Y) focal macular cone flash ERG (ffERG)
and focal-flash visual evoked potentials (ffVEPs) simultaneously in a group of migraine patients with (n = 18) and without (n = 19) aura
during the interictal phase, in comparison to a group of healthy volunteers (HVs) (n =20). We correlate the resulting retinal and
cortical electrophysiological responses with subjective discomfort from exposure to bright light verified on a numerical scale.
Results: Compared to HVs, the amplitude and phase of the first and second harmonic of ffERG and ffVEPs were non-significantly
different in migraine patients without aura and migraine patients with aura for both the B-R and the B-Y focal stimuli. Pearson’s cor-
relation test did not disclose correlations between clinical variables, including the photophobia scale and electrophysiological vari-
ables.

Conclusions: These results do not favour interictal functional abnormalities in L-M- and S-cone opponent visual pathways in patients
with migraine. They also suggest that the discomfort resulting from exposure to bright light is not related to focal macular retinal-to-
visual cortex pathway.
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Introduction

Photophobia (i.e. the clinical hypersensitivity to environ-
mental light stimuli) is reported in all forms of migraine
and many neuro-ophthalmic disorders (1). It is included
as one of the major criteria for migraine in the
International Classification of Headache Disorders, 3rd
edition (ICHD-3) (2), being present during and even
between attacks (3). During the last few years, the mechan-
isms underlying photophobia have been the subject of
intense research scrutiny (1). In some studies, the mechan-
ism reported to be primarily linked to a hyperexcitability of
the visual cortex (4-6) and, in others, to a calcitonin
gene-related peptide-dependent sensitization mechanism
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(7) and/or the mediation of an intrinsically photosensitive
retinal ganglion cell population (8). The latter are preferentially
sensitive to blue light and establish direct connections with the
nuclei of the lateral geniculate complex, which receive input
from trigeminal and retinal afferents, thus being unique in per-
ceiving light as a nociceptive signal (9). Consistent impaired
colour vision-driven in outer retinal layers by cone photorecep-
tors for the blue-yellow axis (S-cones) or middle and longer
wavelength (M- and L-cones) was observed among different
psychophysical experimental tasks in migraine (10,11).
Moreover, using fast flicker (30 Hz) single-colour electro-
retinogram (ERG), a reduced ERG and flash visual evoked
potentials amplitudes with green light were described in
migraine (12). These responses reflect non-opponent, lumi-
nance post-receptorial mechanisms, which are highly variable
across individuals and presumably reflect the relative
numbers of L- and M-cones (13).

By lowering the temporal stimulation frequency
(£ 12 Hz), it is possible to record blue-red (L-M) and blue-
yellow (S-(L +M)) cone chromatic opponent isolating focal
ERGs from humans (13,14). The resulting ERG responses
are more stable and are consistent with their generation
by cone-opponent, chromatic mechanisms (15).

The present cross-sectional study examines Ganzfeld
blue-red (B-R) and blue-yellow (B-Y) focal macular cone
flash ERG (ffERG) and focal-flash visual evoked potentials
(ffVEPs) simultaneously in a group of migraine patients with
(MA) and without aura (MO) during the interictal phase
compared to a group of healthy subjects. We correlate the
resulting retinal and cortical electrophysiological responses
with subjective discomfort from exposure to bright light
verified on a numerical scale.

Methods

Based on the diagnostic criteria of the ICHD-3 (2), 40 consecu-
tive MA and MO patients consulting our headache clinic at the
“Sapienza” University of Rome Polo Pontino ICOT (Latina,
Italy) who agreed to undergo an electrophysiological study

were enrolled. Forty-five patients affected by migraine were
recorded. Recordings were performed in the between-
migraine-attack phase, defined as patients without headaches
for at least three days before and three days after the day of
the recording, checked by telephone interview. Five patients
were not included in the analysis because they experienced a
migraine attack within three days following the recording
session. As a result, recordings from forty patients affected by
migraine with (n=20; ICHD code 1.2.1) and without (n = 20;
ICHD code 1.1) aura were considered eligible for the analysis.
For comparison, we recruited and recorded a group of 20
healthy volunteers (HVs), whose inclusion criteria included
no personal or familial history of migraine, no regular medica-
tion intake except for the contraceptive pill and no other
medical conditions such as neurological or psychiatric illnesses.
Participants in the control group were recruited from university
students and hospital personnel, ensuring a diverse but demo-
graphically comparable sample in the patient cohort.

Patients aged 18-65 years were evaluated for eligibility in
this study based on specific criteria. Inclusion criteria include
having a history of migraine for at least one year with or
without aura and experiencing two to eight migraine attacks
per month. Exclusion criteria consist of receiving prophylactic
treatment in the past three months, medication overuse, preg-
nancy or lactation in women, and the presence of systemic,
neurological, including neuro-ophthalmological, or psychiatric
disorders that could impact the electrophysiological assessment
as determined by the investigators. We collected specific data
on the patient’s clinical features, including the duration of
their migraine illness in years, the number and duration of
migraine attacks per month, the severity of headaches (mea-
sured on a Visual Analogue Scale from 0 to 10) and the days
since the last migraine attack (Table 1). Moreover, all patients
were asked to answer the two following questions:

1. During your usual migraine attack, how intense, on
average, is the discomfort resulting from exposure
to bright light? (from 0 to 10, where 0 is no discom-
fort and 10 is the maximum intensity of discomfort)?

Table |I. Clinical and demographic characteristics of healthy volunteers (HV) and migraine patients without (MO) and with aura (MA)

recorded between attacks.

HV MO MA

(n=20) (n=19) (n=18)
Women (n) 14 15 14
Age (years) 29.1+7.7 310+ 111 32.1+82
Duration of migraine history (years) 144+9.3 15.6 +8.8
Attack frequency/month (n) 29+22 35+34
Attack duration (hours) 20.1 +22.0 19.6 +15.9
Days since the last migraine attack (n) 11.3+13.3 150+ 11.8
Mean severity of usual migraine attack (n) 74+12 80+1.6
Amount of visual discomfort during attacks 6.0+20 72+21
Amount of visual discomfort between attacks 29+24 39+28

Data are expressed as the mean + SD.
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2. When you have no headache, how intense, on average,
is the amount of discomfort resulting from exposure to
bright light? (from O to 10, where 0 is no discomfort
and 10 is the maximum intensity of discomfort)?

All patients completed a headache diary sent to them
upon scheduling a consultation appointment for a
minimum of one month prior to their initial visit.

Every participant in the study underwent a comprehensive
neuro-ophthalmological assessment, which involved assessing
intraocular pressure, best-corrected visual acuity, slit-lamp bio-
microscopy and binocular indirect ophthalmoscopy. Women
were studied when they were not in their premenstrual or men-
strual phases to reduce the impact of hormonal fluctuations.
Both patients and controls were observed in the same laboratory
at the same time of day. All participants provided written
informed consent to take part in the study. The study received
approval from the local ethics committee and was carried out in
compliance with the Declaration of Helsinki.

ffERG and ffVEP recordings

The electro-functional examinations were recorded using the
following set-up. For ffERG, two Ag—AgCl electrodes on the
lower eyelids (active on the right and reference on the left)

and a ground gold-cup electrode on the forehead; for ffVEP,
three electrodes, one on Oz (active), another on the forehead
(reference) and a third ground electrode on the right arm. The
electrophysiological signals were amplified by D360 pre-
amplifiers (Digitimer Welwyn Garden City, UK) (band-pass
0.05-2000 Hz, gain 1000) and sampled at 4000 Hz using a
CED power 1401 device (Cambridge Electronic Design Ltd,
Cambridge, UK) and band-pass filtered off-line (3—300 Hz)
using Signal, version 3.11 (Cambridge Electronic Design
Ltd). For each study participant, we acquired 600 repetitions
lasting 125 ms at a stimulus frequency of 8 Hz. Single sweeps
exceeding a threshold voltage (25 pV) were automatically
rejected aiming to minimize artifacts coming from blinks or
eye movements. The signals were analysed off-line by applying
a discrete Fourier transformation from which we extracted the
amplitude (in pV) and phase (in degree) of the first (1F) and
second (2F) harmonics of the ffERG and ffVEP (Figure 1).

Visual stimuli

During the same session, ffERG and ffVEP were simultan-
eously monocularly recorded from the central 18° of the right
eye in response to two chromaticity modulation uniform oppon-
ent B-R and B-Y field stimuli superimposed on an equiluminant
steady-adapting white background with a luminance of 5 cd/m?>
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Figure |. A representative S- (blue-yellow, left) and M-L- (blue-red, right) cone-driven focal-flash ERG (upper) and focal-flash visual
evoked potentials (VEP) (lower) waveforms recorded from one healthy volunteer. The simultaneous recording of ffERG and ffVEP were
obtained in response to the two-chromaticity modulation uniform opponent 8 Hz flickering colour field stimuli superimposed on an
equiluminant steady-adapting white background with luminance of 5 cd/m?. The colour ratio for the blue-yellow stimulation was
defined as Y/(Y + B) =0.72, with Michelson contrasts of 0.54, 0.80, and | for L-, M- and S-cone families, respectively. The colour ratio
for the blue-red stimulation was B/(R + B) = 0.44, with Michelson contrasts of 0.17, 0.82 and | for L-, M- and S-cone families,

respectively.
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to minimize stray light. The flickering frequency was kept at
8 Hz aiming to maximize evoked potentials. Subjects under-
went a preadaptation period of 10 minutes to the background
illuminance and fixated monocularly at a 0.25° central fixation
mark under the constant monitoring of an external observer.

Stimuli were generated by three independently controlled
ultrabright red, green and blue LED arrays (peak wavelengths
respectively at 620, 530 and 465 nm) presented on the rear of
a Ganzfeld bowl. A diffusing filter in front of the LED array
made it appear as a uniform stimulus field. The stimuli were con-
trolled by a custom-made software, which could independently
control the mean luminance, contrast, phase and waveform of a
light stimulus generated by each LED array. For this experimen-
tal setup, the diodes driver currents were square-wave modu-
lated, 180° out of phase (blue in counter-phase with red or
yellow) between zero and a maximum luminance (15.8, 16.7
and 6.9 cd/m?, respectively, for red, green and blue arrays).
International Commission on Illumination (CIE) coordinates
were (x=0.68; y=0.32) for the red LED, (x=0.24; y=0.71)
for the green LED and (x=0.13;y=0.64) for the blue LED.

The excitation of each cone type was estimated by multi-
plying each LED emission spectrum with the psychophysi-
cally based cone fundamentals based on the Stiles & Burch
10° colour-matching functions (16) and integrating over the
wavelength range (17).

For the B-R field stimuli colour ratio, defined as = B/(R + B),
was 0.44. Michelson contrasts for L-, M- and S-cone families
were 0.17, 0.82 and 1, respectively.

The B-Y field colour ratio, defined as r=Y/(Y + B), was
0.72. Michelson contrasts for the L-, M- and S-cone fam-
ilies were 0.54 0.80, and 1, respectively.

Data processing

Time-domain ffERG and ffVEP data were collected and
decomposed per group into 1F and 2F Fourier components.

Each participant’s and component’s amplitude and phase
were determined, and the mean amplitudes and phases of the
groups were acquired by descriptive statistics (Tables 2 and 3).

Sample size calculations were based on a preliminary
sample of participants (five for each group). We used the
ffERG second harmonic component by B-R visual stimulation
to compute the sample size. With 5% alpha error and 20% of
beta error (power=_80%), we obtained 19 participants for
HV (mean=0.76 pV, phase =0.51 rad; variance =0.39) and
MO (mean=0.43 pV, phase =-0.51 rad; variance =0.08)
patient groups. Moreover, we obtained 18 participants for
HV (mean=0.76 pV, phase =0.51 rad; variance =0.39) and
MA (mean=0.45 pV, phase =—-0.53 rad; variance =0.09)
patient groups.

Using T2circ, inferential statistics were carried out to
compare the ffVEP and ffERG first and second harmonics
of healthy controls and MO patients (18).

T2circ is related to an F distribution with 2 and 2M1 +
2M2 — 4 degrees of freedom, where M1 and M2 are the
number of participants for each group.

Spearman’s correlation coefficient was used to search for
correlations between clinical, discrete variables (migraine
attacks/month, mean severity of headache/month (0-10),
days since the last migraine attack and photophobia scale
between and during the attacks (0—10)) and electrophysio-
logical data.

p < 0.05 was considered statistically significant.

Results

Assessable ffERG and ffVEPs were obtained from 37 study
participants, none of whom felt discomfort during the
recording session. Three recordings were not included in
the analysis because of their poor quality.

For B-R focal stimuli, we did not find significant between
groups differences in amplitude and phase both for ffERG

Table 2. Blue-yellow opponent macular focal-flash electroretinogram (ffERG) and focal-flash visual evoked potentials (ffVEP).

HV (N =20) MO (N=19) MA (N=18)
ffERG
First harmonic
Grand-average amplitude (uV) 1.71 1.40 1.08
Grand average phase in degrees 71°.37 69°.84 47°.78
Second harmonic
Grand-average amplitude (1V) 0.45 051 0.62
Grand average phase in degrees -78°.70 =37°.11 —58°.32
ffVEP
First harmonic
Grand-average amplitude (1V) 0.52 0.55 0.55
Grand average phase in degrees -52°.97 —41°.36 89°.65
Second harmonic
Grand-average amplitude (1V) .14 .11 1.04
Grand average phase in degrees 14°.35 28°.81 30°.19

HV = healthy volunteer; MO = migraine patients without aura; MA = migraine patients with aura.
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Table 3. Blue-red opponent macular focal-flash electroretinogram (ffERG) and focal-flash visual evoked potentials (ffVEP).

HV (N =20) MO (N=19) MA (N=18)
ffERG
First harmonic
Grand-average amplitude (V) 2.02 2.16 1.89
Grand average phase in degrees 61°.28 50°.60 56°.29
Second harmonic
Grand-average amplitude (uV) 1.26 1.06 .13
Grand average phase in degrees 80°.58 -71°.77 —83°.27
ffVEP
First harmonic
Grand-average amplitude (1V) 0.64 0.18 0.64
Grand average phase in degrees -78°.70 62°.26 —83°.85
Second harmonic
Grand-average amplitude (uV) 1.13 0.83 0.98
Grand average phase in degrees 16°.40 12°.84 28°.14

HV = healthy volunteer; MO = migraine patients without aura; MA = migraine patients with aura.

(HV vs. MO first harmonic, F'=0.16, p =0.85, and second har-
monic, F=1.63, p=0.20; HV vs. MA first harmonic, F = 0.06,
p=0.94, and second harmonic F'=0.68, p=0.51) and ffVEPs
(HV vs. MO first harmonic, F'=0.92, p =0.40, and second har-
monic, F=0.58, p=0.56; HV vs. MA first harmonic, F =0.01,
p=0.99, and second harmonic, F'=0.35, p=0.70).

Similarly, we did not find significant between groups dif-
ferences for B-Y focal stimuli in amplitude and phase both
for ffERG (HV vs. MO first harmonic, F=0.75, p=0.29,
and second harmonic, F = 1.43, p=0.25; HV vs. MA first har-
monic, F=2.04, p=0.14, and second harmonic, F=0.59,
p=0.56) and ffVEPs (HV vs. MO first harmonic, F=0.10,
p=0.90, and second harmonic, F=0.43, p=0.65; HV vs.
MA first harmonic, F'=1.33, p=0.27, and second harmonic,
F=0.81, p=0.45) (Figure 2).

Pearson’s correlation test did not disclose correlations
between clinical variables, including the photophobia
scale and electrophysiological variables. Importantly, in
our sample, we did not find any significant relationship
between the time since the last migraine attack and electro-
physiological parameters or visual discomfort scale scores.

Discussion

Our study indicates no significant interictal abnormalities in
L-, M- and S-cone visual pathways in migraine patients.
The lack of correlation between photophobia and electro-
physiological measures suggests that light discomfort is
not related to these pathways.

The ERG is a retinal potential response generated by the
absorption of photons in photopigments, including several
post-receptorial processes and cells such as bipolar cells,
retinal ganglion cells and amacrine cells (15,19). ERG
signals can be utilized to investigate cone-driven responses
by manipulating L- (long wavelength sensitive), M-
(middle wavelength sensitive) and S- (short wavelength

sensitive) cones simultaneously with varying proportions.
The responses obtained indicate the involvement of the par-
vocellular pathway with L-, M- and S-cone opponency
(15,20). The macular focal cone ERG is a sensitive test
used to identify, classify and monitor the advancement of
central retinal dysfunction in various neuroophthalmologi-
cal conditions (21). The ERG signal has been suggested
to reflect certain features of cone opponent processes and
may therefore be associated with colour vision. In the
present study, we utilized two distinct colour opponent
stimuli to modulate at the 20° eccentricity macular area: a
B-R stimulus and a B-Y stimulus. The former targeted the
M-L-cones visual pathway, whereas the latter targeted the
S-cones system. We chose the B-R stimulus instead of
the red-green one because of the difficulty of distinguishing
responses induced by the overlapping absorption spectra of
the L- and M-cones. Adapting one cone will unavoidably
affect the other (21). The results of our study suggest that
both the L-M- and S-cone opponent visual pathways are
normal in migraine between attacks.

Recording full-field (Ganzfeld) ERG in response to single-
flash and 30 Hz flickering flashes of coloured light in migraine
patients, Noseda et al. (12) found a significantly smaller light-
adapted single-flash cone ERG b-wave amplitude in response
to green light than that elicited by blue and white, but a larger
blue b-wave amplitude compared to all other colours. They
also observed significantly smaller b-wave light flicker cone
ERG amplitudes elicited by green light than those elicited
by blue, red and white light. Based on these results, they
argued that activation of cone-mediated retinal pathways can
play a role in the photophobic effects of colours. These
results differ from ours and are difficult to compare with our
data and may be related to the differences in patients’ selection
criteria and/or stimulus protocol. In the study by Noseda et al.
(12), there was no direct comparison with healthy controls, so
we do not know whether their data fall within the range of
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Figure 2. The constituent component vectors (amplitude and phase) for the first and second harmonic component for S-
(blue-yellow, left) and M-L- (blue-red, right) cone-driven focal-flash ERG (upper) and focal-flash visual evoked potentials (VEP) (lower).

normality. Flashes at 30 Hz, overlaid on a background that
adapts to light, are mainly produced by cone-on and off-
bipolar cells that produce the ERG. This process relies on
the activity of L- and M-wavelength-sensitive cones, with
minimal involvement of S-wavelength-sensitive cones
because of their reduced temporal resolution (22).
Additionally, they used a full-field non-colour-opponent
single-flash colour stimulus, which contrasts with our
macular focal colour-opponent B-R and B-Y visual stimuli.
Finally, Noseda et al. (12) mixed together patients with and
without aura, episodic and chronic, without clarifying during
which phase of the migraine cycle patients were recorded and
did not in any way directly correlate patients subjective percep-
tions of light discomfort with ERG responses. In a further study
from the same research group, full-field (Ganzfeld) single-flash
and 30 Hz flickering flashes and flash VEPs obtained from a
group of migraine patients were compared against a group of
healthy controls (23). They found no significant differences
in cone ERG waves and VEP amplitudes between the migraine
patients and healthy controls in any of the examined colours of
light, whereas rod single-flash ERG b-wave amplitude was
greater in migraine patients in response to all colours except
blue. Based on the latter results, they concluded that hypersen-
sitivity to light among migraine patients may originate in the
retinal rods rather than retinal cones or the visual cortex,
despite the fact that, as in the previous study, they did not
specify the migraine phase in which patients were recorded
and did not check for a correlation between rod ERG responses
and subjective assessments of visual discomfort in response to
light (23).

Cortical hypersensitivity to light has been implicated in
migraine photophobia. Using HO'® positron-emitting tomog-
raphy, Boulloche et al. (6) showed a luminance-intensity-
dependently stronger visual cortical activation in interictal
migraine patients than in controls. Patients with episodic
migraine and interictal photosensitivity exhibit increased cor-
tical thickness in specific brain regions (the right parietaloccipi-
tal and left fronto-parietal), indicating a connection between
persistent light sensitivity and structural changes (5).
However, in these studies, the researchers did not verify if cor-
tical metabolism and thickness change according to the subject-
ive level of visual discomfort or, in other words, if they were
directly related to photophobia (5,6). The interictal visual dis-
comfort score and the ictal migraine photophobia score were
higher than controls in both MO and MA in one study, but
only in MA patients were these scores positively correlated
with BOLD activation in the visual cortex (4), suggesting under-
lying differences between groups. Although a direct comparison
with our data is not possible as a result of the intrinsic methodo-
logical differences, we did not confirm a direct relationship
between the subjective perception of light discomfort and
colour-opponent cortical flash VEP parameters or any other
migraine clinical feature in our MA patients. Considering the
relative differences in the electrophysiological techniques and
stimulus parameters, our colour-opponent cortical flash VEP
results are in line with the previous one, which also showed
no significant differences between migraine patients and
healthy controls (12,23) and may suggest that discomfort result-
ing from exposure to bright light is not related to visual cortex. In
support of this observation, bright lights in rodents enhance
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trigeminal reflex blink amplitude and spontaneous blinking rate,
even after optic nerve lesioning, bypassing the central visual
system (24). However, based on previous evidence, we
cannot exclude a visual cortical involvement secondary to a
primary thalamic (8) and/or trigeminal nucleus (9) activation.
A significant limitation of the present study is that we
only relied on self-reported photosensitivity to quantify
light-induced visual discomfort. It is unclear whetherthose
who reported photosensitivity also had aberrant visual dis-
comfort thresholds as determined through objective testing.
Macular focal cone ERG cannot capture the intricate spatial
details that can be detected by multifocal ERG and micro-
perimetry. Furthermore, as a limitation, we acknowledge
not having performed an additional recording using white
light stimulation, as in Noseda et al. (12). However, our
research focused on chromatic stimuli to specifically inves-
tigate the cone-opponent pathways that are relevant to
migraine-related photophobia. Finally, as a possible study

limitationm we recognize that, for recordings of ffERG,
active and reference electrodes were made of Ag-AgCl
material, whereas those of the ground were made of gold,
implying different electrical properties.

Conclusions

The selective combined recordings of retinal macular foveal
focal-flash ERG and cortical focal-flash VEP after B-R and
B-Y visual stimulations did not disclose significant differ-
ences between MO and MA patients between the attacks
compared to healthy controls. Future studies should be
devoted to verifying the integrity of other cellular subpopu-
lations of the retina, especially those located in the para-
macular region related to the magnocellular stream, such
as associational ganglion cells, which are more closely
interconnected with retinal trigeminal nociceptors (24).

Clinical implications

patients and healthy controls.
visual discomfort.

migraine.

e During the interictal period, there were no significant differences in ffERG and ffVEP responses between migraine
e Additionally, there were no significant correlations between electrophysiological variables and the light-induced

e Our results suggest that colour-related macular retinal function does not contribute to photophobia in interictal
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