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Abstract 30 

 31 

Background: Anomalous phantom visual perceptions coupled to an aversion and discomfort 32 

to some visual patterns (especially grating in mid-range spatial frequency) have been associated 33 

with the hyperresponsiveness in migraine patients. Previous literature has found fluctuations 34 

of alpha oscillation (8-14 Hz) over the visual cortex to be associated with the gating of the 35 

visual stream. In the current study, we examined whether alpha activity was differentially 36 

modulated in migraineurs in anticipation of an upcoming stimulus as well as post-stimulus 37 

periods.  38 

Methods: We used EEG to examine the brain activity in a group of 28 migraineurs (17 with 39 

aura/11 without) and 29 non-migraineurs and compared their alpha power in the pre/post-40 

stimulus period relative to the onset of stripped gratings.  41 

Results: Overall, we found that migraineurs had significantly less alpha power prior to the 42 

onset of the stimulus relative to controls. Moreover, migraineurs had significantly greater post-43 

stimulus alpha suppression (i.e event-related desynchronization) induced by the grating in 3 44 

cycles per degree at the 2nd half of the experiment.  45 

Conclusions: These findings taken together provide strong support for the presence of the 46 

hyperresponsiveness of the visual cortex of migraine sufferers. We speculate that it could be 47 

the consequence of impaired perceptual learning driven by the dysfunction of GABAergic 48 

inhibitory mechanism.  49 

 50 

Keywords: migraine; pattern glare; alpha; hyperexcitability; perceptual learning 51 
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1. Introduction 53 

Patients with migraine are known to be vulnerable to intense visual stimuli such as 54 

environmental light and grating patterns interictally.[1–5] In psychophysical experiments, 55 

migraine sufferers demonstrated a significantly lower phosphene induction threshold when 56 

their visual cortex were stimulated by transcranial magnetic stimulation (TMS).[5–8] They 57 

were also less influenced by metacontrast masking effect[9] as well as having a higher 58 

predisposition to experience visual discomfort by viewing striped grating at spatial frequency 59 

around 2 to 4 cycles per degree (cpd).[10–12] Some researchers have suggested that this 60 

hyperresponsiveness could be due to a disrupted GABAergic interneuron network which 61 

weaken the suppressive function of the visual cortex. [1, 13, 14] 62 

Unlike the healthy population, migraine patients have been observed to not demonstrate 63 

a reduction of visual evoked potentials (VEP) by repetitive visual stimulations, which is also 64 

known as habituation deficit. [15–17] The neural habituation can be part of a perceptual 65 

learning mechanism and may prevent excessive neuronal stress generated at the sensory 66 

cortex.[18, 19] Interestingly, habituation deficit of migraine patients was also observed in other 67 

sensory modalities.[17, 20] Whether habituation deficit directly indicating cortical 68 

hyperexcitability in migraine pathology or being associated with their abnormal visual 69 

sensations during headache-free period remains controversial. Systematic review studies have 70 

reported normal or even attenuated VEPs for migraineurs which is not consistent with the 71 

cortical hyperexcitability hypothesis. [21–23] Amongst those empirical studies in which 72 

enhanced visual evoked potentials (VEPs) for migraineurs were reported, electrophysiological 73 

responses of the initial stimulations are not always compared with the latter stimulations. 74 

Moreover, there is considerable variability in the visual stimuli used (e.g. flash-evoked, pattern-75 
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reversed-evoked, static grating) with the psychophysical properties of the stimuli not being 76 

consistent. [3, 24–27] 77 

 Contradictory findings have also been observed in investigations focusing on the 78 

oscillatory activity of the EEG of migraine patients. The majority of the previous literature 79 

looking for aberrant patterns of oscillatory activity in migraine patients has primarily focused 80 

on task-free resting-state EEG.[28] For example, one study observed migraine patients to 81 

have increased theta, delta [29] and alpha [30] resting-state activities interictally while in 82 

another study, they appeared to show reduced resting theta, alpha, beta power.[31] Recently, 83 

the spatial coherence (functional connectivity) of different frequency band on migraine 84 

patients were also explored. [32] In addition to resting state, sensory evoked alpha rhythm of 85 

migraine sufferers had a lower coherence compared to headache-free control. 86 

To the best of our knowledge, there have been few, if any studies systematically 87 

looking at stimulus induced oscillatory changes in the EEG activity of migraine patients. In 88 

the current study, we focused on the oscillatory changed in the EEG as index of the cortical 89 

responsiveness of migraine patients in anticipation, as well as during the processing of the 90 

visual gratings. Our rationale for using visual stimulation was in-part motivated by previous 91 

work that found early VEP components (e.g. N75, P100, and N145) in migraine sufferers to 92 

enhanced relative to migraine-free controls.[3, 24–26] These enhancements were speculated 93 

to result from the lack of inhibitory control over the cortical pyramidal cells during visual 94 

stimulation cortex.[33]  95 

We examined the brain activity in a group of 28 migraineurs (17 with aura/11 96 

without) and 29 non-migraineur and compared the modulations of alpha power (8 – 12 Hz) 97 

induced by striped patterns of low, medium and high spatial frequencies (i.e. 0.5, 3, and 13 98 

cpd). Visual gratings at these three frequencies band had been previously used in a 99 
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behavioural task known as pattern-glare test and found to trigger different types and levels of 100 

visual experiences, with the 3cpd being the most discomforting to migraine sufferers.[34]  101 

We focused on the period in anticipation of a visual stimulus (i.e. post-cue to pre-102 

stimulus) as well as post-stimulus modulations of alpha (8-14 Hz) activity for the different 103 

stimuli. The alpha rhythm repeating between 8-14 Hz is the prominent (often visible in 104 

recordings with the naked eye) ongoing activity found in the EEG of wakeful participants.  105 

Alpha activity is often largest in amplitude over occipital electrode and the prevalent 106 

hypothesis is that it captures the excitability of the visual cortex and to gate sensory 107 

processing. [35–37] Specifically, alpha power can facilitate the processing of a sensory input 108 

through inhibiting sensory processing in a region when power is high.[38, 39] The pre-109 

stimulus level of alpha activity allowed us to gauge the baseline excitability of the visual 110 

cortex expecting the arrival of an upcoming stimulus. Previous studies also found that the 111 

anticipation of more painful/discomforting stimuli were associated with greater intensity of 112 

alpha suppression [40, 41] whereas the post-stimulus alpha modulation gave us an insight 113 

into the resources allocated to the processing of the visual stimuli. 114 

 115 

2. Methods 116 

2.1 Participants 117 

Our experiment included 28 self-reported female migraineurs (mean age = 20.9) and 118 

29 healthy female control (mean age = 19.4, age range = 18 - 30) with normal/corrected to 119 

normal visual acuity (20/25 or better). The participants were all part of a previously published 120 

study.[3] All healthy participants have reported no history of migraine nor any neurological 121 

and psychiatric conditions (with 3 of them reported that one of their parents have migraine 122 

history). Amongst the 28 migraine patients, 17 of them were categorised as migraine with 123 
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aura and 11 as migraine without aura according to the criteria of the International Headache 124 

Society (see Supplementary Table S1 and S2 for the sample characteristics for both groups). 125 

[42] The migraine patients in the current study were not regularly taking any prophylactic 126 

medications (and had not taken any within 2 weeks of the experiment), nor had chronic 127 

migraine, motor migraine aura symptoms or any other comorbid neurological or psychiatric 128 

conditions. The EEG sessions were taken at the interictal period of the migraineurs (no 129 

migraine attack before 1 week and after at least 2 weeks of the recordings).  130 

 131 

2.2 Stimuli, apparatus and trial sequences 132 

Achromatic gratings with Michelson contrast of 0.70 (cd/m2) in three different spatial 133 

frequencies (0.5, 3 and 13 cpd, also named as LF, MF, and HF) were used as visual stimuli in 134 

the current study. The stimuli were presented at the centre of a 20-inch Dell P2210 LCD 135 

computer screen (60 Hz refresh rate and 1680×1050 pixels screen resolution) using E-prime 136 

v2.0 software, with a background luminance of 20 cd/m2 in free-viewing condition. The 137 

stimuli all had an identical ellipse shape with the maximum height x width of 140 mm x 180 138 

mm which gave a visual angle of 9.93×12.68° when the viewing distance was fixed at 80 cm. 139 

Every trial started with a 1-second pre-fixation period followed by the presentation of 140 

a 2-second fixation cue at the centre of the screen prior to the stimuli onset. Participants were 141 

instructed to maintain their focus at the centre of the stimuli after one of the three gratings 142 

was presented. They were also asked to either hit the left-click with their index finger when 143 

their visual discomforts had reached the maximum (typically 2 to 10 seconds) or the right-144 

click with their middle finger if they did not have any forms of visual discomforts after an 8-145 

second counting in their minds. There was a 7-second inter-stimulus interval followed by the 146 

participant’s response before the onset of the fixation of the next trial (see Fig1 for the trial 147 

sequence). Each type of stimuli was presented for 50 repetitions in pseudo-random order. A 148 
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total of 150 trials were separated into 10 blocks with breaks in between. To examine the 149 

effect of repeated stimulation, trial 1- 75 and trial 76 - 150 were further coded as a 2-level 150 

independent variable: 1st half and 2nd half, and later be compared in our EEG analyses.     151 

Fig1. Trial sequence. 152 
 153 

2.3. EEG recording and preprocessing 154 

The 64-channel EEG signal was recorded at 500 Hz by an EEGO Sports amplifier 155 

(ANT Neuro) and Waveguard caps containing Ag/AgCl electrodes in which impedances 156 

were kept below 20 kΩ. AFz was used as ground while CPz was used as an on-line reference 157 

which was subsequently re-referenced off-line to average reference. Two pairs of bipolar 158 

EOG electrodes were used to capture the horizontal (located at the outer canthi of left and 159 

right eyes) and vertical (located at the left lid-cheek junction and above the left eyebrow) eye 160 

movements.   161 

The preprocessing of the data was performed in Matlab using EEGLAB (version 162 

14.1.2b).[43] First, the raw data was bandpassed at 0.5 to 40 Hz. The EEG epochs were then 163 

locked to the onset (-2 to 3 s) of the visual stimuli. Next, the ocular artefacts (e.g. eye blinks 164 

and eye movements) were removed using independent component analysis (ICA). After ICA 165 

pruning the data was once again inspected manually and trials with excessive noise rejected. 166 

Finally, Trials with responses given in less than 1000 ms were also removed to provide a 167 

motor-response free window for post-stimulus analyses.  168 

2.4. Oscillatory analysis 169 

The data was then transformed and analysed using the Fieldtrip toolbox.[44] The 170 

event-related activities were first computed by calculating the Time-frequency 171 

representations (TFRs) of power for each EEG epoch using sliding Hanning tapers with a 3-172 

cycle time window for each frequency (ΔT = 3/f). The power spectra of the epochs were 173 
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further divided into the pre-fixation cue interval (-3 to -2 s prior to onset of visual gratings), 174 

pre-stimulus (-2 to 0 prior to onset of visual gratings) and post-stimulus (0 to 1 s) intervals. 175 

The TFRs of power for the pre-fixation cue and pre-stimulus period was represented in 176 

absolute power (μV2) with no baseline being selected while the post-stimulus oscillatory 177 

activity was assessed in terms of change in power relative to the mean power in the baseline 178 

period -700 to -200 ms before the onset of the visual stimuli.[45, 46]  179 

Non-parametric cluster-based permutation analysis[47] were conducted on the two 180 

intervals separately. In this method, the neighbouring spatiotemporal sample data were 181 

clustered if the mean amplitude differences between migraine and control exceeded the 182 

threshold at 5% significance level. The electrode-time clusters with a Monte Carlo p-value 183 

less than .025 (two-tailed) was considered as significant (simulated by 5000 iterations), 184 

suggesting a between-group statistically difference. It is worth noting that the cluster-185 

permutation analysis is a mass-univariate approach in which a large number of univariate 186 

tests, are used to compare the time-course of the power of alpha activity across all the scalp 187 

locations while controlling for multiple comparisons.[47] This meant that our analysis was 188 

not restricted by prior scalp locations of interest.   189 

In addition to the direct between-group comparison, we were also interested in 190 

examining the interaction effect of prolonged aversive visual stimulation and migraine 191 

condition on oscillatory activities. Therefore, the TFRs of power for pre-stimulus and post-192 

stimulus were split into first half and second half of the experiment and compared.  193 

 194 

3. Results 195 

3.1. Behavioural data 196 

Migraine patients exhibited greater discomfort to the visual stimuli 197 
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For each participant, the number of trials indicating discomfort (i.e left mouse clicked 198 

trials) were divided by the total number of trials, which produced the “fraction of 199 

discomforting trials” as the dependent measure for each grating condition. A two-way mixed 200 

ANOVA with repeated measure on grating (migraine vs. control x HF vs. MF vs. LF) was 201 

conducted. The results revealed there were significant main effect of migraine F (1, 53) = 202 

11.6, p = .001 and grating F (2,106) = 48.1, p < .001, while the interaction effect was not 203 

significant, F < 0.2. Due to the unequal group variance and non-sphericity of the data, a non-204 

parametric Friedman’s test was also conducted which gave a consistent result with the above 205 

parametric analysis. As post-hoc measures, Welch’s t-tests showed that migraineurs had 206 

experienced visual discomfort in more trials compared to control in all three conditions 207 

(Fig2A), HF: t = 2.87, p = .006, (mean: 82.7% vs. 57.5%); MF: t = 2.95, p = .005, (mean: 208 

93.5% vs. 71.0%); LF: t = 2.24, p = .029 (mean: 44.5% vs. 23.7%) (all p-value remained 209 

significant after false-discovery rate correction).  210 

To investigate the effect of repeated visual stimulation, the dependent measure 211 

“change of fraction of discomforting trials” was calculated by subtracting the “fraction of 212 

discomforting trials” of the 1st half trials from the 2nd half trials. Another 2-way mixed 213 

ANOVA (migraine vs. control x HF vs. MF vs. LF) was then conducted based on this 214 

dependent measure. Despite showing no significant main effect of migraine (F < 1), there 215 

was a marginally significant interaction effect, F (2, 106) = 3.32, p = .04. Post-hoc tests 216 

revealed that, while not reaching significance, migraineurs did have a trend of experiencing 217 

more visual discomfort/distortions in the 2nd half of the trials for the MF condition but not HF 218 

and LF, Welch’s t = 2.00, p = .051, (Fig2B). 219 

We also extracted the discomforting trials for all participants and conducted a 220 

repeated measure ANOVA (migraine (yes or no) x grating type (LF, MF & HF) using 221 
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reaction time as dependent variable. The results showed no significant main effect nor any 222 

interaction effect (all p > 0.3).  223 

 224 

Fig2. Fraction of discomforting trials for migraineurs and controls. (A) The mean 225 
fraction (with 95% CI) of discomforting trials for migraine vs. control across 3 conditions. 226 
(B) The mean change (2nd half – 1st half) of fraction (with 95% CI) of discomforting trials for 227 
migraine vs. control across 3 conditions. 228 

 229 

2.3. EEG data  230 

Migraine patients had reduced alpha power relative to controls prior to 231 
onset of visual grating  232 

Although the main focus of the present study was the induced power changes in the 233 

alpha band (8 – 12 Hz), the oscillatory activities in theta (4–7 Hz) and beta (15–20 Hz) band 234 

were also examined. The frequency ranges of these bands were chosen and motivated 235 

according to prior studies.[39, 41–44] 236 

Our using nonparametric cluster-based permutation tests did not observe any 237 

significant differences in theta, alpha and beta power between migraineurs and controls in the 238 

pre-fixation cue interval. We did however find that post-fixation cue, in the -1.6 to 0.2 s 239 

interval relative to the onset of the visual gratings, alpha activity was significantly lower in 240 

the migraine patients relative to controls (p = .013; Fig2). The effect was most pronounced 241 

over the occipital-parietal area. While the migraine sufferers and controls did not markedly 242 

differ in their baseline level of alpha activity, the significantly reduce alpha activity prior to 243 

the onset of the visual grating showed that their visual cortex is in a more excited state prior 244 

to the onset of the visual gratings (Fig3).  245 

Fig3. Grand mean (collapsed across all electrodes) time-frequency representation of 246 
power and topography of the alpha-band power differences (migraine - control) for the 247 
highlighted interval. The electrodes with the maximum effect over the period [-1.6 0.2] were 248 
highlighted with *. 249 
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 250 

Fig4. Topographies of the alpha power for pre-fixation, pre-stimulus and post-stimulus 251 
period (collapsed 3 grating conditions). The pre-stimulus alpha power for migraineurs was 252 
significantly lower than controls at the occipital-parietal region, suggesting a more excitable 253 
visual-associated cortex.  254 

 255 
 256 
Both the migraineurs and controls have greater pre-stimulus Alpha power 257 
in the 2nd half of the experiment  258 
 259 

Next, in order to examine the effect of prolonged visual stimulation, we compared the 260 

pre-fixation cue alpha power and pre-stimulus alpha power in the first 75 trials of the 261 

experiment relative to trials 76 to 150.  262 

We found that both of the migraine group and control group had significant increase 263 

of pre-fixation (migraine: p < .001; control: p = 004; Fig4) and pre-stimulus alpha-band 264 

power in the 2nd half of the experiment (migraine: p < .001; control: p < 001; Fig6). However, 265 

the magnitude of increase was not significantly different between migraine and control 266 

groups for both pre-fixation and pre-stimulus interval (Fig4D & Fig4D). We observed that 267 

the pre-stimulus alpha power was consistently lower in the migraineurs (Fig5C) for both 1st 268 

and 2nd half of the experiment (1st half, p = .013, 2nd half p = .019).   269 

Fig5. The average pre-fixation alpha power change between 1st half and 2nd half of the 270 
experiment. (A) The voltage map showed that the pre-cue alpha was the strongest at the 271 
occipital area. (B) Cluster-based permutation analysis on the pre-fixation interval (-3 to -2s 272 
relative to the onset of stimuli) revealed an enhanced alpha power in 2nd half of the 273 
experiment for both migraine and controls. The power differences were maximum at the 274 
occipital regions (significant channels are highlighted with an asterisk (*) (migraine: p 275 
< .001; control: p = 004). (C) There was no significant difference in pre-fixation alpha 276 
between migraine and control for both 1st half and 2nd half of the experiment. (D) The alpha 277 
power increase in the 2nd half were also not significantly different between migraine and 278 
control. 279 

 280 

Fig6. The average pre-stimulus alpha power change between 1st half and 2nd half of the 281 
experiment. (A) The voltage map showed that the pre-fixation alpha was the strongest at the 282 
occipital area. (B) Cluster-based permutation analyses displayed one significant cluster for 283 
migraine (p = .0002, t = -1.8 to 0.25) and two for control (p = .0008, t = -1.8 to -0.75; p 284 
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= .002, t = -0.7 to 0.2). The significant channels are highlighted by *. (C) For the between 285 
group differences, there were one significant cluster for 1st half (p = .013) and one for 2nd half 286 
(p = .019) at the [-1.8 to 0.2] interval, with the alpha power differences mainly distributed 287 
over the parietal-occipital region. (D) The pre-stimulus alpha power increase in the 2nd half 288 
were also not significantly different between migraine and control groups. 289 

 290 

 No difference in post-stimulus alpha suppression between migraineurs and 291 
controls 292 

The visual stimuli induced a theta power (4-7 Hz) increase peaking at around 200 ms 293 

after the stimulus onset in both the migraine and control group across all three experimental 294 

conditions (HF, MF and LF; Fig6). There were also alpha and beta power decreases starting 295 

at 300 ms after the grating onset in all conditions. The cluster-based permutation analyses at 296 

the post-stimulus interval (0 – 1 s) did not find any significant differences between migraine 297 

and control in terms of the magnitude of alpha and beta power decrease and theta power 298 

increase across all conditions, all monte-carlo p > 0.05. 299 

Fig7. The post-stimulus percentage change of power (migraine vs. control) across the 300 
three experiment conditions (HF, MF and LF). The spectrogram indicated the percentage 301 
change of power using the pre-stimulus interval -700 to -200 ms before the stimulus onset as 302 
the baseline.   303 

 304 
Prolonged visual stimulation enhanced post-stimulus alpha suppression to 305 
MF gratings in migraineurs 306 
  307 

Finally, we examined the effect of prolonged visual stimulation on post-stimulus 308 

alpha modulation. We first focused our analysis on the alpha suppression to the MF grating 309 

given that it was the grating reported to be causing the most visual discomfort. 310 

We found that for the migraine patients, alpha suppression to the MF grating was 311 

significantly greater in 2nd half of the experiment 350 ms to 700 ms (p = .024) after the MF 312 

grating onset (Fig7A & Fig7B.). This enhanced suppression was maximal over the central-313 
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parietal electrodes. On the other hand, the post-stimulus alpha suppression to MF grating for 314 

controls was not significantly different between the 1st half and 2nd half of the experiment.  315 

To further evaluate the interaction effect of migraine and repeated stimulation on 316 

alpha suppression, the alpha power change of 2nd half was subtracted from the 1st half 317 

separately for migraine and the control. The resultant data was then subjected to another 318 

cluster-based permutation analysis to obtain the between-group effect (migraine vs. control). 319 

The result revealed a marginally significant cluster with the effect maximally distributed at 320 

the central areas, p = .036 around 0.6 to 1 s after the MF grating onset, indicating a stronger 321 

alpha suppression in the 2nd half of the study for migraine.  322 

We repeated the above analyses for the HF and LF gratings, however, we did not 323 

observe a significant difference in alpha suppression between 2nd and 1st half of the 324 

experiment neither in the migraineurs nor controls. We also conducted the same analyses for 325 

theta and beta activity, which also did not yield any significant differences between 326 

migraineurs and controls. 327 

Fig8. The average post-stimulus alpha power change between 1st half and 2nd half of the 328 
experiment for MF condition. (A) Cluster-based permutation analysis on the post-stimulus 329 
interval (0 to 1s after the MF grating onset) revealed an enhanced alpha suppression in 2nd 330 
half of the experiment for migraine between 350 – 700 ms after the stimulus onset. (B) The 331 
significant channels (highlighted with *) were distributed around central parietal regions. (C) 332 
There was no significant difference in alpha suppression between migraine and control for 333 
both 1st half and 2nd half of the experiment. (D) The average alpha suppression (600 – 1000 334 
ms after the stimulus onset) for migraine was stronger in the 2nd half around the central-335 
frontal region. The significant cluster (highlighted with *) indicated the maximum differences 336 
in alpha suppression between migraine and control. 337 

 338 

4. Discussion 339 

In the present study, we used modulation of the ongoing alpha activity induced by the 340 

onset of visual stimuli to assess the excitability of the visual cortex of migraine patients in 341 
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anticipation of a visual grating, as well as during its processing. We also examined how the 342 

alpha modulation during these periods changed from the 1st half of the experiment to 2nd half, 343 

allowing us to assess the impact of prolonged visual stimulation. We focused our 344 

investigation on modulations of oscillatory activity in the alpha range given that previous 345 

work has found support of this rhythm to be involved in gating of visual input.[35] There 346 

were no significant differences in baseline alpha power between the migraineurs and non-347 

migraine controls. In contrast, alpha power was reliably reduced for migraineurs in the pre-348 

stimulus period prior to the expected onset of the visual gratings. We did not observe an 349 

overall difference in the post-stimulus suppression of alpha activity between the migraineurs 350 

and non-migraineur. However, we did observe that migraineurs had significantly more alpha 351 

suppression to the visual grating associated with the greatest visual discomfort (MF grating), 352 

in the 2nd half of the experiment. We interpret the lower pre-stimulus alpha power seen in 353 

migraineurs to reflect that their visual cortex is in a more excitable state in anticipation of the 354 

arrival of the visual stimuli via a perceptual learning mechanism. Moreover, the increased 355 

alpha suppression to the MF observed in this group suggests that their visual cortex is 356 

hyperresponsive to repeated stimulation. We will now discuss these findings in greater detail.  357 

4.1. Alpha power in pre-stimulus period  358 

Migraineurs persistently showed a pre-stimulus alpha power deficit maximally 359 

covering the occipital regions of the brain. During the pre-stimulus period, participants were 360 

required to maintain their vision on a steady fixation point, which functioned as a visual cue 361 

to hint the onset of the visual stimuli. With the current setup, the visual target would always 362 

appear at the same temporal and spatial position which made the stimulus onset being 363 

completely predictable. Such dominance of alpha-band oscillations in the pre-stimulus 364 

interval was expected and also in-line with previous literature in which alpha rhythm was 365 

found to predict visual detection,[52] discrimination,[36] awareness[53] and the induction of 366 
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phosphenes.[54] In these visual experiments, researchers found that the phase angle and 367 

power of alpha oscillations preceding the missed or detected visual targets were significantly 368 

different.[52, 55] As a result, some researchers proposed that the sensory system was 369 

modulated to an ideal “excitability state” by top-down temporal prediction and therefore, 370 

alpha-band oscillations might indicate the “excitability state” of the sensory system. 371 

Functionally speaking, alpha oscillations might activate the local inhibitory neurons at the 372 

visual cortex in order to suppress/filter excessive visual input.[56–58] Therefore, with 373 

diminished alpha-band activities, more sensory neurons might be activated. Additionally, pre-374 

stimulus occipital alpha was found to indicate the enhanced excitability of the visual 375 

cortex.[59]   376 

Interestingly, in more demanding visual detection tasks, the detection of a target was 377 

associated with a decrease in pre-stimulus alpha-band power. [52, 60, 61] In our study, we 378 

used a non-cognitive demanding task together with aversive stimuli, where pre-stimulus 379 

alpha-power was instead tuned to a higher level. We speculated that such an increment of 380 

alpha power could re-adjust the sensory cortex into a suitable excitability state after the 381 

higher cortical area eventually learnt that the stimuli were irritating. We suggested that such a 382 

top-down guided perceptual learning process[62] was beneficial to the participants since 383 

inactivating the sensory system might relieve the discomforting sensation brought by the 384 

visual stimulation from the gratings.  385 

Based on the behavioural data, migraineurs manifested more visual discomfort in 386 

response to all types of gratings. An intact alpha modulated neuronal circuit should exhibit an 387 

inhibited excitability state. Therefore, it was a piece of clear evidence showing that 388 

migraineurs had an impairment with a lower ceiling of alpha-band power despite knowing 389 

that the upcoming visual stimulation would be aversive. With alpha power known to be 390 

associated with the peak amplitude of event-related potential components, for example, 391 
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P1,[63] N1-P2[64] and P3,[60] the reduced pre-stimulus alpha on migraineurs in this 392 

experiment appeared to be consistent with the abnormal increase of VEP components found 393 

in the early and recent literatures.[3, 24, 65, 66] Additionally, as we suggested, a lower peak 394 

alpha might influence the visual perceptual learning process, which could be associated with 395 

the poorer performance of migraine patients in certain visual tasks where they must learn to 396 

suppress the visual noise in order to perform.[67, 68] Another symptom of migraine - 397 

photosensitivity was also linked to decreased posterior alpha activities.[69] Collectively, our 398 

studies together with the findings in previous literatures all supported the visual 399 

hyperresponsiveness of migraineurs, which could be driven by the dysfunction of alpha-band 400 

activity regulation.  401 

4.2 The inhibitory account of alpha activity  402 

While there is currently an abundance of empirical support for the alpha inhibition, it 403 

is still currently unknown exactly how this inhibition occurs at neuronal level.  There is 404 

evidence that alpha could be inhibiting the firing rate of neurons.[70] Moreover, the phase of 405 

the ongoing alpha activity appears to be linked with the amplitude of high-frequency activity 406 

in the gamma range (30-200 Hz) across laminar layers in V1 suggesting that alpha cycle could 407 

function as a ‘gain-control’ through limiting the duty-cycle of visual processing.[71] 408 

Currently, it is widely believed that thalamus may play a critical role in generating alpha 409 

rhythms (for review see [72]). Specifically, the interaction between the lateral thalamic nuclei 410 

and the nucleus reticularis of the thalamus has been proposed to serve has a key ‘hub’ in pacing 411 

the speed of cortical alpha activity.[73, 74] There has been suggestions that alpha might serve 412 

as a feedback signal from the cortex that could modulate the neural excitability in the thalamo-413 

recipient layer.[35] While the fluctuation in alpha power could be driven by top-down task 414 

demands, they can also occur to mixture of multiple factors such as change in arousal.[75] 415 
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4.3. Hyperresponsive specifically to grating in medium frequency  416 

In the current experiment, participants had to make a behavioural response in every 417 

trial in respect of their visual experiences. Though any main effect of migraine on the extent 418 

of alpha suppression was lacking, both groups demonstrated stronger cortical activations 419 

probably due to an increase in visual gain or spatial attention starting from 400 ms after the 420 

stimulus onset.[76, 77] Such reduction of alpha might also be associated with a local change 421 

of cerebral metabolic rate.[78] As the experiment progressed, there was a general increase of 422 

baseline alpha power for both migraine and controls. Without any significant group 423 

differences, such effect might not be associated with migraine pathology (perhaps due to 424 

fatigue), [79] therefore, it was not the main focus of the present study.  425 

Apart from this, we observed that the alpha suppression/sensitisation was maximally 426 

localised at the occipital region (see Fig8A). More interestingly, migraine patients displayed a 427 

strengthened alpha suppression specifically to grating in medium frequency (3 cpd) by 428 

repeated stimulations. These findings are new and have not been reported in the literature 429 

previously. Here we make a few tentative suggestions. First, it could be indirectly caused by 430 

cognitive fatigue rather than sensitisation. Mathematically speaking, when there was an 431 

increase in baseline and pre-stimulus alpha, a similar/unchanged level of post-stimulus alpha 432 

and cortical activations at the 2nd half of the experiment would appear as a stronger alpha 433 

suppression relatively. However, we did not observe the same effect over the control group 434 

and the other experimental conditions (HF & LF), thus, it is not likely that the present finding 435 

was mainly driven by a kind of knock-on effect. Another possibility was that the “stronger” 436 

alpha suppression of 2nd half trials was indeed a disguise of the “weaker” alpha suppression 437 

in the 1st half. In other words, such a phenomenon indicated a recovery of alpha suppression 438 

of the migraine sufferers. However, if the alpha suppression in the 2nd half represented a 439 
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“back to normal” excitability state for migraineurs, we would expect to see a decrease in 440 

visual discomfort rather than an increase. Therefore, we believed that the diminished alpha 441 

suppression in the 1st half was the “better” state for migraineurs in which the excitability was 442 

selectively suppressed to reduce the aversive effect of the MF grating. Such sensory process 443 

could be a similar perceptual learning mechanism we discussed in 4.1., which was disrupted 444 

in the 2nd half of the experiment due to repeated visual stimulations leading to the elevation of 445 

alpha suppression. Since migraineurs also reported to experience visual discomfort in more 446 

trials in 2nd half, this hypothesis manifested a better coherence to both the behavioural and 447 

electrophysiological data.   448 

Additionally, it is consistent with the “habituation deficit” phenomenon found in 449 

migraine. Habituation deficit highlighted the improper perceptual learning process 450 

accompanied by neuroplasticity, where repeated visual stimulations do not produce a 451 

suppressed visual responses.[80, 81] This characteristic, which is contrary to the finding in 452 

the healthy population, can be commonly seen in migraineurs and often reflected by an 453 

unchanged/enhanced rather than a reduced VEP.[15, 23, 82, 83] Habituation, which was 454 

proposed as an adaptive cortical mechanism mediated by GABAergic inhibitory 455 

interneurons,[84, 85] in order to prevent the sensory cortex from overstimulation and lactate 456 

accumulation.[18] It is possible that grating (especially in medium frequency) might 457 

stimulate a relatively localised nerve network of the primary visual cortex (see a review of 458 

pattern glare[86]), thus, the long-term exposure to the MF grating might overload the 459 

synthesis or reuptake of the inhibitory neurotransmitter of the impaired GABAergic system of 460 

migraineurs.  461 

4.4. Limitation and Future direction 462 
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Previous literature has suggested that GABAergic feedbacks from interneurons to 463 

play a critical role in the physiological mechanism generating the alpha rhythm.[87–89]  464 

Although speculative, the rhythmic activity generating the alpha rhythm could be because of  465 

GABAergic inhibitory feedback paced by neocortical or thalamic rhythm generators.[72, 90, 466 

91] This could underly the inhibitory nature of alpha activity, where GABAergic feedback 467 

reduces excitatory input, or silences processing in pyramidal neurons.[35]  468 

The impairment of GABAergic mediated inhibitory network on migraine has been 469 

widely discussed in previous literatures.[92, 93] Apart from visual disturbances, a 470 

dysfunctional GABAergic system, is more susceptible to enhanced synaptic transmission, 471 

spreading depression[81] and the activations of trigeminal nociceptive neurons are all 472 

possible cause of the head pain of migraine attack.[94, 95] Although migraine research in 473 

GABAergic pathway facilitates prophylactic medication development targeting GABA 474 

receptors,[96, 97] some research showed that the concentration of GABA between 475 

migraineurs and healthy controls were not fundamentally different.[98] In addition, serotonin 476 

appeared to be associated with the above network since the treatment of anti-reuptake agent 477 

of serotonin was able to restore the function of habituation.[99] Being the most abundant 478 

interneurons of the cerebral cortex, GABAergic interneuron was also known to associate with 479 

most cognitive function but not unique to the pathology of migraine. Therefore, a deeper 480 

investigation at functional, anatomical and even cellular level of GABAergic interneuron 481 

might be critical to understand the cause of migraine in the future. 482 

It should be noted that visual disturbances, hyperreponsiveness and alpha-power 483 

deficit by themselves likely cannot provide a full picture of migraine pathophysiology. 484 

Moreover, the origin of the alpha-power deficit and how it is associated with the 485 

neuropathology of migraine is unknown. Nonetheless, the maximum effect of alpha power 486 

differences we found was around the parietal areas rather than localising at the occipital 487 
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regions which directly received the sensory input from the early visual pathway. It is rather 488 

not surprising since recent studies had already shown that the occipital alpha and the neural 489 

activity of the visual cortex could be modulated by both cortico-cortical (e.g. prefrontal, 490 

parietal) and thalamocortical interactions.[100, 101] Recent development on predictive 491 

coding and perceptual learning also challenged the idea of perception being a bottom-up 492 

process, but a bi-directional and hierarchical integration of information from both the higher-493 

order cortical area and lower-order subcortical area.[102, 103] In this sense, an abnormality 494 

of visual sensations such as visual disturbances do not necessarily suggest overt damage to 495 

the visual cortex, any inter-connected network could all contribute to such sensory 496 

impairment.  497 

 In the current experiment participants' eye movements were not monitored using an 498 

eye-tracker, which meant we were not able unequivocally to rule out that the participants 499 

were fixated on the stimuli on every trial. While we did use EOG electrodes to reject trials 500 

with an overt eye movement, future research employing an eye-tracker would be afford the 501 

possibility to reject trials where the participants' eyes were not fixed on the stimuli.  502 

In conclusion, our study revealed that migraine patients had pre-stimulus alpha deficit 503 

during the anticipation of the visual stimulation. They also manifested increased alpha 504 

suppression selectively to the grating with spatial frequency in 3 cpd by repeated stimulation. 505 

With alpha-band oscillation known to be an indicator and mediator of the excitability state, 506 

the present study demonstrated the hyperresponsiveness of migraine. We speculated that it 507 

could be the consequence of an improper perceptual learning process driven by the 508 

dysfunction of GABAergic inhibitory mechanism. Taken together, our study showed 509 

converging behavioural and electrophysiological evidence for the hyperresponsiveness of 510 

migraine sufferers which facilitated their experience of visual disturbances. 511 
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