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Abstract 

Migraine is associated with altered sensory processing and cortical responsivity that 
may contribute to susceptibility to attacks by changing brain network excitability 
dynamics. To gain better insight into cortical responsivity changes in migraine we 
subjected patients to a short series of light inputs over a broad frequency range 
(“chirp” stimulation), designed to uncover dynamic features of visual cortex 
responsivity. 

EEG responses to visual chirp stimulation (10–40 Hz) were measured in controls (n 
= 24) and patients with migraine with aura (n = 19) or migraine without aura (n = 
20). Average EEG responses were assessed at (i) all EEG frequencies between 5 and 
125 Hz, (ii) stimulation frequencies, and (iii) harmonic frequencies. We compared 
average responses in a low (10–18 Hz), medium (19–26 Hz) and high (27–40 Hz) 
frequency band. 

Responses to chirp stimulation were similar in controls and migraine subtypes. 
Eight measurements (n = 3 migraine with aura; n = 5 without aura) were assigned as 
“pre-ictal”, based on reported headache within 48 hours after investigation. Pre-
ictally, an increased harmonic response to 22–32 Hz stimulation (beta band) was 
observed (p < 0.001), compared to interictal state measurements. 

We found chirp responses to be enhanced in the 48 hours prior to migraine 
headache onset. Visual chirp stimulation proved a simple and reliable technique 
with potential to detect changes in cortical responsivity associated with the onset of 
migraine attacks. 
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Introduction 

Migraine is a common paroxysmal brain disorder characterized by recurrent 
disabling attacks of severe headache with associated features such as nausea, 
vomiting, and enhanced sensitivity to sound and light.1 It remains an enigma exactly 
why and when attacks strike. It has been suggested that the initiation of an attack 
may involve variations in cortical responsivity to sensory inputs such as light,2,3 
presumably as result of fluctuations in cortical excitability.4 Such dynamics in 
cortical responsivity may provide functional biomarkers of relevance for attack 
prediction. There is evidence pointing to the visual cortex as an area of the brain 
where changes in cortical responsivity in migraine are most apparent. Responsivity 
to light in migraineurs was particularly enhanced for the visual cortex as assessed in 
neuroimaging studies,5,6 and in some was reported to be most pronounced for 
migraine with aura.7,8 

Cortical responsivity to light can be assessed by frequency-specific steady-state 
stimulation, using a series of flash light stimulation.9 When combined with 
electroencephalography (EEG), the phenomenon of ‘photic driving’ is observed, 
which is the frequency-following response measured by EEG at the visual cortex. 
Photic driving is not only evident as the EEG response in the range of the stimulated 
frequencies, but also occurs at multiples of these frequencies, the so called higher-
order ‘harmonics’.9 Using steady-state visual stimulation in between attacks, some 
studies (but not all10) reported enhanced photic driving for different stimulation 
frequencies in migraine patients,6,11–14 and displayed enhanced harmonic activity 
that could result from altered cortical excitability.15,16  

Changes in photic driving may relate to attack initiation, since frequency-following 
responses to flash light stimulation at 12 Hz were found to increase prior to the 
headache phase.10 The use of relatively long stimulation series at different 
frequencies, however, make steady-state stimulation less suitable for assessing 
dynamic changes in frequency-dependent cortical responsivity over the migraine 
cycle. To this end, we set out to investigate responses in migraine patients to a short 
‘visual chirp’ stimulation paradigm, from which the visual cortex EEG response at 
driving and harmonic frequencies can be assessed within a very short time period. 
Visual chirp stimulation is a quick and easy-to-apply paradigm to assess photic 
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driving which uses a single, short-duration, flash light stimulation paradigm 
consisting of increasing stimulation frequencies within a 6-second period.17 When 
visual chirp stimulation was applied interictally in migraine patients without aura, 
responses were found to be more pronounced compared to controls, for stimulation 
frequencies between 18 and 26 Hz.18 Given the association between migraine with 
aura and visual cortex responsivity,7,8 we here aimed to assess visual chirp responses 
in the two main migraine subtypes. High-density EEG was used to test the specificity 
of cortical responses to chirp stimulation by determining the optimal recording 
location above the visual cortex. In addition, we compared interictal and pre-ictal 
recordings to investigate whether cortical responsivity to chirp stimulation may 
change towards an upcoming attack.  

Methods 

Participants, aged 18 to 65 years, were recruited from our Leiden University Medical 
Center Migraine Neuro Analysis (LUMINA) database.19 Pre-screened non-headache 
controls and patients with migraine with aura or migraine without aura were 
included in the study. Exclusion criteria for all participants were: (i) psychiatric or 
neurological disorder (except migraine for participants with migraine); (ii) use of 
chronic medication (other than oral contraceptives), including migraine 
prophylactics, in the four weeks preceding the measurements; (iii) a history of 
malignancy. Patients with migraine were diagnosed according to the ICHD-III-beta 
criteria,1 and were to have an attack frequency of at least one attack per month, for 
the six months prior to the measurement day. Controls, and their first-degree 
relatives, were not allowed to have migraine or any form of trigeminal autonomic 
cephalalgia. In addition, controls were not allowed to have any other form of 
headache on more than one day per month. Patients were contacted by telephone 
interview at least three days after the experiment to verify migraine status at the time 
of measurement. A measurement was considered interictal in case the participant 
was measured at least three days after the last migraine attack and three days before 
the next attack. A measurement was a priori defined as pre-ictal (i.e., before the onset 
of headache) when the measurement was performed within 72 hours before the next 
migraine attack. In the actual measurements, the pre-ictal group had received EEG 
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recordings between 0.5 to 48 hours prior to the migraine attack. The Medical Ethics 
Committee of the Leiden University Medical Center approved this study and all 
participants provided written informed consent. 

Experimental protocols 

All participants underwent EEG recordings during visual flash stimulation. Two 
experimental setups (occipital and cortex-wide) were used to record potentials in 
different experiments. Occipital responses were recorded with seven Ag-AgCl 
electrodes placed at 10-20 locations; that is, Fz, Cz, C3, C4, Oz, O1 and O2, and 
online referenced to electrodes at C3 and C4 (EEG-1200; Nihon Kohden, Tokyo, 
Japan). Data were sampled at 1,000 Hz and online band-pass filtered between 0.08 
and 300 Hz. Cortex-wide responses were recorded with high-density-EEG cap using 
126 Ag/AgCl electrodes (WaveGuard; ANT, Enschede, The Netherlands) arranged 
according to the 10-5 system. Data were recorded with a common average reference 
and sampled at 2,048 Hz using the 126-channel Refa system (TMSi, Oldenzaal, The 
Netherlands). A separate ground electrode was placed at the left mastoid, while cap 
mastoid electrodes at M1 and M2 were left unconnected. All recordings were 
performed at the Department of Clinical Neurophysiology of the Leiden University 
Medical Center between 9 a.m. and 5 p.m. 

Participants lay on a bed with their eyes closed in a darkened room. Spontaneous 
EEG was recorded for ~10 minutes before visual stimulation started. Binocular red-
light LED goggles (Synergy Plinth; Medelec International, Pleasanton, CA, USA) 
with a light intensity of 2.64 log cd/m2 (438 lux) at wavelength 654 nm were 
controlled via custom-written scripts in Matlab (Mathworks, Natick, MA, USA). 
Goggles were placed on both eyes and taped to the temples on both sides of the 
head. Chirp stimulation consisted of single-flash stimuli with an increasing 
frequency between 10 and 40 Hz in 1-Hz incrementing steps, according to 
Gantenbein et al.18 At each frequency, four flashes were presented, resulting in 124 
flashes and stimulation duration of 5.7 seconds (Figure 1A). In total, 10 repetitions 
were presented at inter-repetition intervals of 10 to 15 seconds. Trigger pulses at the 
start of each chirp repetition were simultaneously recorded for post-processing. 
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Figure 1. (A) The chirp stimulus consisting of four light flashes per frequency between 10 and 
40 Hz resulting in a total duration of ~6 seconds. (B) Example trace of an averaged EEG 
response (average of 10 responses) at electrode Oz of a control subject. (C) Time-frequency 
representation of the averaged response with baseline correction, displayed as decibel (dB) 
change from baseline. Distinct responses at the driving frequency (between 10 and 40 Hz) 
and at the harmonic frequencies (between 20 and 80 Hz) are present. (D) Example trace of 
the mean dB change in overall power (response at 5–125 Hz; black line), driving frequencies 
(response at stimulation frequency; blue line) and harmonic frequencies (responses at twice 
the stimulation frequency; red line) from baseline per stimulation frequency. Responses are 
analyzed with respect to EEG power per frequency for the duration of the four flashes plus 
100 milliseconds afterwards, for the overall response, driving and harmonic frequencies. 
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Data pre-processing and analysis 

All data analyses were performed in Matlab (Version R2013b), performed 
independently by two researchers that were blinded to group assignment. The EEG 
response to chirp stimulation was processed per repetition, from 2 seconds before 
to 8 seconds after stimulation onset. Time-frequency (TF) spectra were calculated 
using morlet wavelets between 5 and 125 Hz in 1-Hz incrementing steps with 
wavelet cycles logarithmically increasing between 3 and 10 cycles for the lowest and 
the highest frequency as time-frequency accuracy trade-off. Spectra were averaged 
over repetitions and mean baseline power per frequency was calculated between 1.6 
and 0.1 seconds before stimulation onset (Figure 1C). The stimulation response per 
participant was dB-converted with respect to mean baseline power. For each 
stimulation frequency between 10 and 40 Hz (31 frequencies), response power over 
all frequencies (between 5 and 125 Hz) was averaged in a predefined time window, 
resulting in 31 total power values per participant (Figure 1D). The time window 
used depended on the stimulation frequency, and consisted of the time period 
between the starts of subsequent four flashes plus 100 milliseconds, to take into 
account possible after-effects. The distinct response components at driving 
frequencies (EEG responses between 10 and 40 Hz) and harmonic frequencies 
(responses between 20 and 80 Hz) were analysed separately by averaging the TF 
response power at the frequencies between –1 and +1 Hz of the driving frequency, 
and at the stimulation frequency times two (‘harmonic frequency’). 

Three frequency bands of interest were defined based on previous work18: (i) 
stimulation frequencies between 10 and 18 Hz (low frequencies); (ii) frequencies 
between 19 and 26 Hz (medium frequencies); and (iii) frequencies between 27 and 
40 Hz (high frequencies). Averages were calculated within these bands based on 
overall power (5–125 Hz) and for driving and harmonic frequencies separately. 

To determine the electrode showing the strongest response relative to noise level, 
the signal-to-noise ratio of the high-density EEG recordings was calculated for each 
of the 126 electrodes. Per electrode, the power between 5 and 45 Hz of the averaged 
chirp response (calculated by Fast Fourier Transform) was divided by the variance 
of the frequency domain response, and scaled by the number of repetitions,20 to 
study the distribution of the overall response power over the cortex. The specific 
topographic distribution of the response at driving and harmonic frequencies was 
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also studied. For each electrode, the overall response amplitude was calculated 
separately for the driving frequency and the harmonic frequencies by summation of 
the photic driving response per frequency. 

Statistical analysis  

Test-retest reliability was calculated using the intraclass correlation coefficient (ICC; 
model ICC(2,1)) per outcome variable. Spearman’s correlations examined the 
shared association between repeated experimental sessions. Between-group 
differences per outcome variable (mean dB-change from baseline, for low, medium 
and high frequencies) were analyzed using one-way Analyses of Variance (ANOVA) 
with three groups: (i) controls, migraine with aura (interictal), and migraine without 
aura (interictal); or (ii) controls, interictal migraine, and pre-ictal migraine. To 
examine a possible effect of time of day and gender on the results of the two 
interictal migraine groups (with and without aura) and controls, a three-way 
ANOVA was conducted additionally, including interactions between the three main 
factors (time of day (am/pm), gender (male/female) and group (control, migraine 
with aura interictal, and migraine without aura interictal). As each frequency band 
was analyzed independently, results were considered significant after compensating 
for multiple comparisons (p = 0.05/3 = 0.017). Post hoc analyses with respect to 
specific frequency responses were carried out with Bonferroni correction, with 
results considered significant at the 5% level (p < 0.05). The relationship between 
specific frequency responses – determined using post hoc analyses – and the number 
of days between the measurement and attack onset was tested using linear regression 
with four groups: interictal migraine, and three pre-ictal migraine groups (measured 
either 2 days before, 1 day before, or on the same day as the migraine attack). 
Statistical analyses were conducted in SPSS version 25 for Windows (IBM, Armonk, 
NY, US). 

Results 

EEG responses to visual chirp stimulation (Figure 1A) were measured in controls 
and migraine patients to investigate visual cortex responsivity to light inputs over a 
broad frequency range. A total of 100 measurements with chirp stimulation were 
conducted in 63 participants (controls (n = 24), migraine without aura (n = 20), 
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migraine with aura (n = 19)) (Table 1). All participants showed clear EEG photic 
driving in response to chirp stimulation (see example in Figure 1B).  

 

Table 1. Baseline characteristics of controls and migraine subgroups. 

 7-channel recordings 126-channel recordings 

Variable 

Controls 

(n = 17) 

Migraine  
without 
aura  

(n = 20) 

Migraine  
with aura 

(n = 19) 

Controls 

(n = 15) 

Migraine  
without 
aura  

(n = 9) 

Migraine  
with aura 

(n = 6) 

Female (N (%)) 14 (82) 16 (80) 15 (75) 12 (80) 8 (89) 5 (83) 

Age (years) 38.4 ± 13.7 38.9 ± 10.2 38.7 ± 12.0  42.7 ± 11.3 39.3 ± 12.0 40.2 ± 12.4 

Age at onset 
migraine 

- 18.6 ± 6.9 16.0 ± 9.0 - 18.4 ± 6.5 12.7 ± 2.3 

Migraine 
duration (years) 

- 20.4 ± 10.5 22.7 ± 14.3 - 20.9 ± 12.1 27.5 ± 11.8 

Migraine attacks 
per month  

- 2.2 ± 1.7 1.5 ± 1.0 - 2.1 ± 1.1 1.7 ± 1.1 

Migraine days 
per month 

- 3.3 ± 2.3 2.1 ± 1.9 - 3.7 ± 2.3 1.8 ± 1.0 

Use of triptans 
(N (%)) 

- 10 (50) 9 (47) - 6 (67) 1 (17) 

Attacks with aura 
(%) 

- - 75 ± 34 - - 79 ± 39 

Duration of aura 
(min) 

- - 49 ± 53 - - 60 ± 33 

Note: Values are presented as mean with standard deviations, or number with percentage. 

 

Test-rest reproducibility using 7-channel EEG 

To study reproducibility of the chirp responses we performed retest measurements 
in 13 participants, that is, controls (n = 7), migraine without aura (n = 3, of whom 
one was measured in the pre-ictal phase during both measurements), and migraine 
with aura (n = 3). Retest measurements were conducted 1 to 42 days (median 11 
days) after the initial experiment. Repeatability of responses at electrode Oz in the 
bands of interest was good (ICC  0.68, significant rs) for EEG power at the driving 
frequencies between 10–40 Hz (Table 2). The response at harmonic frequencies 
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showed moderate repeatability (ICC 0.41–0.62), with significant rs for stimulation 
at low (10–18 Hz) and medium (19–26 Hz) frequencies, but not for stimulation at 
high frequencies (27–40 Hz) (Figure 2).  EEG response power over all frequencies 
(between 5 and 125 Hz) showed no significant reproducibility, indicating low 
reliability (all ICC < 0.52, no significant rs). 

 

Table 2. Test-retest reliability parameters for overall response power, and power 
at driving and harmonic frequencies, grouped per stimulation band of interest. 

 10–18 Hz 19–26 Hz 27–40 Hz 

 ICC rs p ICC rs p ICC rs p 

Overall 
response 0.51 0.51 0.08 0.34 0.18 0.55 0.10 0.21 0.49 

Driving 
frequencies 0.77 0.79 0.002 0.68 0.74 0.006 0.72 0.74 0.005 

Harmonic 
frequencies 0.62 0.72 0.008 0.55 0.68 0.013 0.41 0.18 0.57 

ICC: Intraclass correlation coefficient; rs: Spearman’s rho. Note: Boldfaced values indicate 
significant association between measurements, with moderate to good repeatability. 

Interictal occipital recordings of chirp responses in migraine with and 
migraine without aura 

Occipital responses following chirp stimulation were recorded using 7-channel EEG 
in 56 participants; that is, controls (n = 17), migraine without aura (n = 20), and 
migraine with aura (n = 19). Eight measurements (five in four migraine without aura 
patients; three in three migraine with aura patients) were classified as pre-ictal since 
patients were retrospectively identified to have experienced a migraine headache 
within 72 hours from the time of investigation. In those cases, the time to the start 
of the headache ranged between 0.5 to 48 hours (median 24 hours). The other 32 
measurements were classified as interictal (16 migraine without aura and 16 
migraine with aura patients). No differences with respect to age, gender, migraine 
years, attack frequency or migraine days were present between interictal and pre-
ictal measurements (independent t-tests; all p > 0.05).  
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To examine the interictal photic driving response between migraine subtypes, we 
compared interictal chirp responses for migraine without aura, migraine with aura 
and control groups in the pre-defined frequency bands based on Gantenbein et al.18 
Responses to low (10–18 Hz), medium (19–26 Hz) and high (27–40 Hz) frequency 
stimulation were not different (Figure 3) for: (i) overall EEG response power 
(between 5 and 125 Hz; low: F(2,46) = 0.34, p = 0.71; medium: F(2,46) = 0.05, p = 
0.95; high: F(2,46) = 0.16, p = 0.85); (ii) EEG power at driving frequencies (low: 
F(2,46) = 1.78, p = 0.18; medium: F(2,46) = 0.77, p = 0.47; high: F(2,46) = 0.29, p = 
0.75); nor (iii) EEG power at harmonic frequencies (low: F(2,46) = 2.08, p = 0.14; 
medium: F(2,46) = 0.16, p = 0.86; high: F(2,46) = 1.44, p = 0.25).  

 

 
Figure 2. Test-retest reliability of chirp responses (based on 7-channel EEG, electrode Oz) in 
control and migraine groups is moderate to good at driving and harmonic frequencies. (A) 
Overall response power in the three bands of interest (red circles: 10–18 Hz; blue crosses:  
19–26 Hz; black squares: 27–40 Hz) for measurement 1 and measurement 2 (1 to 42 days after 
measurement 1). Intraclass correlation coefficients (ICC) are between 0.10 and 0.51, indicating 
low to moderate reproducibility for the overall power. Dashed line indicates a perfect 
reproducibility between measurements. (B) Idem for the response at driving frequencies  
(10–40 Hz), with ICC between 0.68 and 0.77, indicating good reproducibility. (C) Idem for the 
response at harmonic frequencies (20–80 Hz), with ICC between 0.41 and 0.62, indicating 
moderate reproducibility. 
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Figure 3. Overall response power (between 5 and 125 Hz), assessed per stimulation 
frequency as mean (± standard error) decibel (dB) change from baseline, for the different 
chirp stimulation frequencies. No differences in EEG power at electrode Oz (7-channel EEG) 
are present between controls and migraine with and without aura subjects, measured 
interictally, in the three pre-defined bands-of-interest (10–18 Hz, 19–26 Hz and 27–40 Hz; 
borders indicated by dashed lines). 

An additional analysis was performed to assess possible effects of gender and the 
time of day at which the measurements were performed. Gender (controls: n = 3 
male, n = 14 female; migraine with aura: n = 5 male, n = 11 female; migraine without 
aura: n = 3 male, n = 13 female) or time-of-day (controls: n = 9 a.m., n = 8 p.m.; 
migraine with aura: n = 7 a.m., n = 9 p.m.; migraine without aura: n = 10 a.m., n = 6 
p.m.) did not have a significant effect on overall EEG response power, EEG power 
at driving frequencies or at harmonic frequencies  (main effects for group all p > 
0.14, time-of-day all p > 0.22 and gender all p > 0.04; interaction group and time-of-
day all p > 0.02, interaction group and gender all p > 0.05, interaction time-of-day 
and gender all p > 0.11, interaction group, time-of-day and gender all p > 0.07). 
Female migraine patients with aura showed a tendency to a more pronounced 
response to chirp stimulation compared to males with respect to overall EEG power, 
while this distinction was not evident in the migraine without aura and control 
groups (Figure 4). However, as indicated above, gender differences in response 
across groups were not statistically significant. 
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Figure 4. Gender effect within the overall response power, assessed per stimulation 
frequency as mean (± standard error) decibel (dB) change from baseline, for controls (A), 
migraine with aura (B) and migraine without aura (C) subjects. Female migraine patients with 
aura showed a tendency to more pronounced response to chirp stimulation compared to 
males. However, this difference did not reach statistical significance (interaction group and 
gender with respect to low, medium and high frequency windows, all p > 0.06). 

 

Topographic distribution of cortical responses 

As no interictal differences in the photic driving response to chirp stimulation were 
found between migraine and control groups, contrary to Gantenbein et al,18 we 
assessed the optimal recording location at the visual cortex for measuring responses 
to chirp light stimulation. Cortex-wide responses were determined using high-
density 126-channel EEG in a number of participants from the various groups. Chirp 
stimulation was performed in 30 participants; that is, in controls (n = 15), of which 
seven did not undergo the occipital recordings; migraine without aura (n = 9), and 
migraine with aura (n = 6), who all underwent the occipital recordings. Nine frontal 
electrodes (i.e. channels Fp1, Fpz, Fp2, AF7, AF8, FT9, FT10, AFp3h and AFp4h) 
were discarded from further analyses due to excessive noise in most participants. 
Cortical activation patterns (topoplots in Figure 5) did not show differences between 
the migraine and control groups, neither in signal-to-noise (SNR) ratio over the 
complete chirp response, nor in location of driving or harmonics responses. The 
response pattern was clustered at the occipital lobe, with highest SNR for both 
groups at Oz and POz. Maximum response amplitude showed a slight parietal shift 
for harmonic (maximum at POz) compared to driving responses (maximum at Oz). 
Responses at Oz to low, medium and high frequency bands were not different 
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between combined migraine (with and without aura) and control groups for these 
recordings, comparable to the interictal recordings with seven electrodes. 

 

 
Figure 5. Topographical distribution of signal-to-noise ratio (SNR) of 126-channel EEG 
responses between 5 and 45 Hz (A) and summed responses at driving (B) and harmonic 
frequencies (C) as change from baseline in decibel (dB). Highlighted channel (white dot) 
indicates the channel with maximum response per group and parameter (Oz for SNR and 
driving frequencies, POz for harmonic frequencies). 

Photic driving response in the pre-ictal phase 

To assess the photic driving response to chirp stimulation in the pre-ictal phase, 
comparisons were made between the migraine group (n = 8 pre-ictal and n = 32 
interictal) and control group (n = 17). Because we found no interictal difference 
between migraine subtypes, the interictal data from migraine with and without aura 
patients were combined. Overall EEG response power was not different between 
controls, interictal and pre-ictal migraine patients (low: F(2,54) = 0.36, p = 0.70; 
medium: F(2,54) = 0.56, p = 0.57; high: F(2,54) = 0.38, one-way ANOVA p = 0.68; 
Figure 6A), neither was the power at driving frequencies (low: F(2,54) = 1.10, p = 
0.34; medium: F(2,54) = 0.74, p = 0.48; high: F(2,54) = 0.34, p = 0.72; Figure 6B). 
Instead, response power between groups was divergent for the harmonics of the high 
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stimulation frequencies (F(2,54) = 5.74, p = 0.005). The difference in harmonic 
response power for medium stimulation frequencies just failed to reach significance 
after compensating for multiple comparisons (F(2,54) = 4.33, p = 0.02). The 
harmonic responses to the low stimulation frequencies did not differ between 
groups (F(2,54) = 2.17, p = 0.12). Post hoc analyses for the high frequency response 
harmonics revealed higher power in the pre-ictal compared to the interictal state in 
migraine patients as well as to controls (all p < 0.02, Bonferroni-corrected; Figure 
6C). The most pronounced increase in power in the pre-ictal period was found for 
the harmonics of stimulation frequencies between 22 and 32 Hz. An additional one-
way ANOVA for this 22–32 Hz frequency band revealed a significant effect of the 
group (F(2,54) = 7.37, p = 0.001), with post hoc analysis demonstrating a statistically 
significant difference between pre-ictal measurements and both the interictal and 
control measurements (all p < 0.004, Bonferroni corrected). Harmonic response 
power in this frequency band increased from interictal responses to pre-ictal 
responses as the time (in days) to the next migraine attack onset decreased (R2 = 0.21, 
F(1,38) = 10.58, p = 0.002). 

 

 
Figure 6. Response at electrode Oz (7-channel EEG) for the different chirp stimulation 
frequencies for control, interictal and pre-ictal migraine groups, showing an increase of EEG 
power for the harmonics of the stimulation frequencies between 22–32 Hz during the pre-
ictal phase. (A) Overall response power (between 5 and 125 Hz), assessed per stimulation 
frequency as mean decibel (dB) change from baseline, was not different between groups for 
the defined EEG bands of interest. (B) Similarly, EEG responses at driving frequencies showed 
no differences between groups. (C) For the harmonics of the stimulation frequencies, an 
increased power was present for the pre-ictal group for high frequency band (27–40 Hz). A 
one-way ANOVA confirmed group differences across frequency bands (between 22–32 Hz), 
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with post hoc analyses showing an increase in power in the pre-ictal measurement compared 
to the interictal and control measurements (significance indicated: **p < 0.004 for all 
frequencies, Bonferroni corrected). Shown per line: mean ± standard error. Note the different 
y-axis scaling for panel B and C compared to panel A. 

Discussion 

Here we used visual ‘chirp’ stimulation as a tool to measure the photic driving 
response and to assess cortical responsivity dynamics in migraine patients with and 
without aura compared to controls. Chirp responses showed good test-retest 
reliability over days within participants and could be measured with a few scalp 
electrodes over the occipital cortex. Interictally, no differences in cortical responses 
were observed between migraine patients, regardless of migraine subtype, and 
controls. However, in a group of migraine patients that were measured in a pre-ictal 
time window, 1 to 48 hours before an attack, the harmonic EEG response to 
stimulation in the higher beta band (22–32 Hz) was enhanced compared to 
measurements outside an attack or compared to controls.  

Our high-density EEG recordings indicated the specificity of visual cortex activation 
by chirp light stimulation. This result is in line with earlier visual chirp recordings 
performed in healthy controls using 32-channel EEG.17 Using 7-channel EEG, we 
demonstrated in the present study that interictal chirp-induced photic driving 
responses in subgroups of migraine patients with or without aura were not different 
from responses in controls. This contrasts with a previous report using chirp 
stimulation interictally in migraine patients without aura showing an increased 
overall response power between 18 and 26 Hz,18 as well as the enhanced ‘H-response’ 
between 18 and 24 Hz reported interictally for migraine with and without aura.13,14 
An enhanced response in the 18–24 Hz range has not been a consistent finding, as 
migraine patients were also shown to have attenuated EEG responses in this 
frequency window.10,12 In earlier studies into the H-response, controls seemed to 
have a lack of EEG response instead of an attenuated response compared to 
migraineurs,13,14 while healthy subjects have been reported to be able to respond to 
flashing light stimulation up to 100 Hz.14 It thus remains unclear if the responses of 
controls in the present study are particularly enhanced. Differences in migraine 
attack frequency between studies may contribute to this discrepancy, as we only 
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included patients with at least one headache per month, or could be due to 
variations in stimulation paradigm in e.g. length, waveform and used device in those 
studies. With respect to the use of chirp stimulation there also is a methodological 
difference as we used red light whereas Gantenbein et al.18 used white light for chirp 
stimulation. However, as the color of flash light stimulation was shown to have little 
effect on visual evoked potentials in migraine patients,21 we would not expect the 
color difference to explain the absence of an enhanced interictal chirp response in 
our study. Although the visual cortex was suggested to show particularly enhanced 
excitability in migraine with aura patients,7,8 our data did not reveal differences in 
the chirp response between migraine with and without aura in the interictal phase.  

In patients with migraine, in a pre-ictal time window less than 48 hours prior to 
reported headache, we observed increased power of the harmonic EEG responses to 
chirp stimulation. Based on previous literature,18 initial analysis was performed with 
respect to three driving frequency bands (10–18 Hz, 19–26 Hz and 27–40 Hz). Only 
the harmonic responses to stimulation in the highest frequency window showed a 
statistically significant difference. Harmonic responses to the medium stimulation 
frequencies just failed to reach significance, possibly due to the small number of pre-
ictal measurements, and inherent variance between measurements as well as within 
the frequency bands. The pre-ictal increase of harmonic EEG responses was largest 
for stimulation in the higher beta band, for frequencies between 22–32 Hz, and 
increased when the number of days to the next attack onset decreased. This 
frequency band overlaps and extends the 18–26 Hz frequency band reported in 
relation to interictal hyperresponsivity of the visual cortex.13,14,18 A longitudinal EEG 
study in migraine with and without aura patients was the first to report enhanced 
pre-ictal photic driving responses within 72 hours before the migraine attack, 
showing an increased response to steady-state stimulation at 12 Hz, but not at beta 
band frequencies.10 Discrepancy between enhanced H-responses reported 
interictally in earlier studies and changes at 12 Hz in pre-ictal patients was attributed 
to possible inclusion of pre-ictal patients in the interictal studies.10 

Enhanced cortical responsivity towards a migraine attack as observed in our chirp 
data is suggestive of cortical hyperexcitability underlying attack initiation, a concept 
largely supported by preclinical findings.22 In transgenic models of familial 
hemiplegic migraine type 1 (FHM1) in which cortical excitation-inhibition balance 
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is disturbed,23–25 susceptibility to cortical spreading depolarization (CSD, the 
correlate of the migraine aura) is enhanced.26–28 Our (preliminary) observation that 
overall EEG responsivity in between attacks appeared larger for females than males 
in the migraine with aura group is of interest given the female preponderance of 
migraine,29 and in line with data from FHM type 1 mutant mice that show most 
pronounced CSD susceptibility in females.28 Photic driving to flash light 
stimulation was reported to be variably enhanced for female migraineurs.30 As we 
did not design our study to investigate gender differences, a follow-up study with 
more participants of both genders should assess whether visual responsivity towards 
an attack may indeed be more pronounced in females. 

The chirp visual stimulation paradigm was quickly applicable within an 
experimental timeframe of less than three minutes. This will reduce bias that may 
be caused by habituation to long-duration steady-state visual stimulation 
paradigms,31,32 which is of particular relevance when comparing migraine patients 
for whom habituation to visual stimulation has been reported to be abnormal.2 Our 
test-retest measurements indicated that predominantly responses at driving 
frequencies and harmonic responses, but not the overall EEG power, were 
reproducible over days to weeks. Responses to steady-state visual stimulation are 
mainly expressed at the driving and harmonic frequencies,9,16 and not at other 
frequencies. Therefore, to increase the reproducibility of the visual chirp response, 
outcome measures based on responses at driving and harmonic frequencies are 
preferential over the overall EEG response.  

Our results are supportive of the hypothesis that in migraine patients, cyclic changes 
in cortical excitability result in higher harmonic frequency output before an attack.33 
Our dataset did not allow for a pair-wise comparison between interictal and pre-ictal 
phases. As a next step, within-patient longitudinal studies should substantiate 
whether the chirp-induced photic driving response can be a suitable marker of an 
impending migraine attack. The reliable chirp readouts from repeated 
measurements on different days support implementation of visual chirp stimulation 
in patients to assess day-to-day fluctuations in photic driving response over the 
migraine cycle. With a short-duration paradigm like chirp stimulation and using a 
minimum of two occipital EEG electrodes, longitudinal tests of visual cortex 
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responsivity seem feasible and may eventually lead to a predictive measure of an 
impending migraine attack. 
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