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�  ‘Excitability’ is a sematic paradox 
�  Interpretations of research too 

straightforward 
� Synaptic modulation and plasticity 

disregarded 
� Hyper- and hypoexcitability labels 

may coexist in unifying model 
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Who cares? 



Leão’s original illustration of spreading depression.  
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MEG 

� Prolonged DC shifts comparable to SD-
eperimental MEG-changes  

� Prolonged attenuation of spontaneous 
activity  

�  Large amplitude waves representing 
spontaneous neural depolarizations 
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Summary 

Current psychophysical studies are unable 
to catch enhanced visual responsiveness 

under one header of hyper- or 
hypoexcitability, or impaired inhibition  



Narrow-band tuning 



Broad-band tuning 



Regional excitability differences 
& predicted outcomes 

 
 
Affected population  

Hyperexcitable Hypoexcitable 

SNR Outcome SNR Outcome 

Proportional change  - - - - 

Non-target > target  < DET: < 
DISC: <  

> DET: > 
DISC: <  

Target > non-target  > DET: > 
DISC: <  

< DET: < 
DISC: <  



Conclusion 

� Psychophysics does not allow solid 
inferences on excitability without 
knowing the differential effects on the 
various neuronal populations 

� Short-term and long-term dynamics of 
synaptic function needs to be taken into 
account 



Neurophysiology 



Evoked potentials 

Averaging 
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Reduced cortical pre-activation 
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Increased short-range lateral inhibition 

dynamic regions (central disc and 2nd annulus) of both
stimuli were sinusoïdally reversed in contrast at a rate of
4 Hz (steady-state VEP [SS-VEP]). At the viewing dis-
tance of 114 cm the stimulus display subtended a visual
angle of 8°. In the W-D pattern, the black and white
segments of the 1st and the 3rd annuli had a fixed con-
trast of 45%, so that the overall stimulus pattern
alternated between the windmill and dartboard forms
(Figure 1 top). Conversely, in the P-W pattern, the
segments of the 1st and the 3rd annuli were set at a 0%
contrast, forming a uniform field at the mean luminance
level (Figure 1 top).

Recordings
During all stimulations, subjects were instructed to
fixate a red dot in the middle of the screen with the
left eye covered by a patch to maintain stable fixation.
VEPs were recorded from the scalp through gold-cup
electrodes positioned at Oz (active electrode) and Fz
(reference electrode, 10/20 system). A ground electrode
was placed on the right forearm. The evoked potential
signals were amplified with a Digitimer D360 amplifier
(band-pass 0.05–2000 Hz, Gain 1000) and recorded
with a CED™ power 1401 device (Cambridge Electronic
Design Ltd, Cambridge, UK). For each of the three
stimulation paradigms a total of 600 consecutive sweeps
of 240 ms were collected and sampled at 512 Hz. Cor-
tical responses were partitioned in 6 sequential blocks of
100, consisting of at least 95 artefact-free sweeps.
Responses in each block were averaged off-line (“block
averages”) using the Signal™ software package version
4.08 (CED Ltd).

All recordings were collected in the morning (between
09.00 and 12.00 a.m.) by the same investigators (V.P. & M.S.)
and off-line analysed blinded for subjects’ diagnosis.
Checkerboard TR-VEP components were identified

according to their latencies: N1 as the most negative
peak between 60 and 90 ms, P1 as the most positive
peak following N1 between 80 and 120 ms, and N2 as
the most negative peak following P1 between 125 and
150 ms (Figure 1). We measured peak-to-peak amplitude
of the N1-P1 component.
SS-VEP (W-D and P-W patterns, Figure 1) were analysed

in the frequency domain. After a discrete Fourier trans-
formation (Figure 1), we measured amplitude of the funda-
mental harmonic (1H, at 4 Hz) for the W-D stimulus
condition and of the 2nd harmonic (2H, double the stimulus
frequency, i.e. 8Hz) for both W-D and P-W stimulus condi-
tion [16]. To assess long-range lateral interactions, we
calculated attenuation of the second harmonic component
in the W-D respective to the P-W pattern.

Statistical analyses
We used the Statistical Package for the Social Sciences
(SPSS) for Windows, version 19.0 for all analyses. For
each stimulus condition, we constructed a repeated ana-
lysis of variance (ANOVA) taking as within-subject fac-
tor “block” and as between-subject factors “Groups”
(HV, MO, MA, MI). A regression analysis was used to
disclose linear trends in VEP amplitude across blocks
(slope) in each stimulus condition and group. Fisher’s
least significant difference (LSD) test was used for post
hoc analysis. Pearson’s correlation test was used to
search for correlations among the VEP amplitude slopes
and clinical variables.
P values ≤ 0.05 were considered to indicate statistical

significance.

Results
VEP recordings from all participants yielded analysable
data. VEP traces recorded with the three different visual
patterns in a healthy volunteer, a MO and a MA patient
are illustrated in Figure 2. The clinical and demographic
characteristics of recorded subjects are shown in Table 1.

Transient-VEP (TR-VEP)
ANOVA for N1-P1 amplitude in averaged TR-VEP
blocks disclosed a main effect of factor block (F(5,410) =
2.69, p=0.021) and a significant two-way interaction of
group by block (F(15,410) = 3.74, p<0.001) (Figure 3,
upper row). N1-P1 amplitude in block 1 and 6 did not
differed significantly between groups (F(3,88) = 0.58,
F(3,88) = 1.43, p>0.05). Linear regression analysis of TR-
VEP amplitudes recorded over all 6 blocks differed be-
tween groups (F(3,80) = 9.66, p<0.001). Post hoc analysis
showed that the slope of TR-VEP amplitudes from block

Figure 1 Illustrative traces of visual evoked potentials obtained
by checkerboard (left column), windmill-dartboard (middle
column) and partial-windmill (right column) stimulation in a
healthy volunteer (upper row) and a migraine without aura
patient between attacks (lower row).
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Thalamo-cortical dysrhythmia 

functional thalamo-cortical disconnection due to a defi-
cient serotoninergic innervation of thalamus and cortex.
This may help to reconcile the controversy between ab-
normal excitation and deficient inhibition in interictal mi-
graine. Indeed, some authors have proposed that the
deficient habituation is due to a basal cortical lack of in-
hibition or increase of glutamatergic excitation [61-64]. At
first glance, the fact that in our patients the amplitude of
the short-range lateral inhibition was increased in the first
block compared to healthy volunteers (see Figure 3) does
not favour these hypotheses. Whereas, the observation
that, after the early increase, the short-range inhibitory
mechanisms abnormally decreased during long-term vis-
ual stimulation seems to fit better with the results
provided by modulating rTMS studies, i.e. a reduced in-
hibition at long-term allowing excitatory connections to
dominate [61-63]. Therefore, we propose that reduced in-
hibition and thalamo-cortical hypoactivity, i.e. low cortical
preactivation, may coexist, since the latter can promote
the former via reduction of lateral inhibition during the
stimulus repetition. The final common pathway of both
dysfunctions is a heightened cortical response to repeated
stimuli, i.e. a lack of habituation.
Further studies are needed to confirm the present

functional abnormalities and to determine their precise

mechanisms, including its relation with changes in
thalamo-cortical rhythms and in activity of subcortico-
(thalamo-) cortical aminergic pathways. It will also be
of uttermost importance to gather more data on the pos-
sible genetic basis of these functional abnormalities
and their responsiveness to preventive anti-migraine
interventions. The better insight into the nature of the
interictal cortical hyperresponsivity paves the way for
novel acute and preventive therapeutic strategies and may
allow a better understanding of the mode of action of
available pharmacological therapies and promising non-
invasive neurostimulation methods such as repetitive
transcranial magnetic or direct current stimulations [65].

Abbreviations
EEG: Electroencephalography; FS: Fast-Spiking; H: Harmonic; HV: Healthy
Volunteer; MA: Migraine with Aura; MI: Migraineur recorded during the attack
(Ictal); MO: Migraine Without aura; PW: Partial-Windmill; RTMS: Repetitive
Transcranial Magnetic Stimulation; SS: Steady-State; TCD: Thalamo-cortical
dysrhythmia; TR: Transient; VEP: Visual Evoked Potential; WD: Windmill-
Dartboard.
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Figure 6 Schematic representation of visual information processing pathway describing the neural network model that can
encompass the present findings in both healthy volunteers and migraineurs. In the normal condition (left panel), in presence of a regular
brainstem and thalamic activation, visual information travels normally across subcortical areas, then at the cortical level increases the firing rate of
excitatory pyramidal cells at the beginning and of fast-spiking (FS) inhibitory interneurons during stimulus repetition. The latter leads to a normal
inhibition in adjacent cortical columns manifesting as a decrement in short-range lateral inhibition (LI) followed by its recovery with increasing
inhibition of pyramidal cell (modified from [59]). In the thalamo-cortical dysrhythmia model (right panel), used to explain our findings in migraine,
the presence of an anatomical or functional disconnection of the thalamus from subcortical areas, causes a change of rhythmic thalamocortical
activity that favour low frequency activity which at the cortical level will reduce firing rates of excitatory pyramidal cells at the beginning and of
FS inhibitory interneurons during stimulus repetition. The latter leads to a disinhibition in adjacent cortical columns manifesting as a progressive
increase in short range LI, the so-called “edge effect”, which, in our migraineurs, is followed by its recovery with increasing excitation of pyramidal
cells (modified from [60]).

Coppola et al. The Journal of Headache and Pain 2013, 14:20 Page 9 of 11
http://www.thejournalofheadacheandpain.com/content/14/1/20



Motor cortex stimulation 

•  Threshold -/> 
•  Amplitide > (FHM) 
•  Intracortical inhibition <? 



Phosphenes 

•  Threshold </-/> 
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•  1Hz (-):   PT < 
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Suppression of perception 

•  Letter recognition 



Conclusion 

Neurophysiology research: 
� Differences are not unidirectional 
� Results are not uniform 
� Result of dynamic shifts in neuronal 

physiology  



Neurobiology 



Functional genetics 

GLUTAMATE 



Conclusions 

�  cellular ≠ functional dysexcitability  
� é glutamate = é excitability 
�  generic/uniform or regional/differential? 
�  hyperexcitability and reduced pre-

activation may co-exist 
� mind the 5 dimensions: 3-D network, 

synaps and plasticity 
�  don’t forget the glia! 
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Fig 2.—The relationship between glutamate, calcium channel, astrocytes, and the sodium potassium pump suggest how gain-of-
function and loss-of-function mutations in specific genes may increase susceptibility toward CSD (from Moskowitz et al. Ann Neurol.
200418 with permission). Cav2.1 channels are mainly located in presynaptic glutamatergic terminals and regulate neurotransmitter
release as well as dendritic excitability. Presynaptic Ca-influx increases glutamate release and mutated calcium channels in FHM-1
show enhanced opening of Cav2.1 and increased glutamate release. Increased excitability in FHM-2 arises from sodium pump failure
particularly in the astrocytic Na-K ATPase leading to augmented extracellular levels of potassium and glutamate. Both increased
potassium and glutamate initiate cortical spreading depression.

Although the precise mechanism(s) remain for study,
these results may enable future research to identify
specific cellular and molecular targets important in the
design of more effective and safe prophylactic drugs.

Historically, there have been 2 hypotheses regard-
ing the pathogenesis of migraine. One is that migraine
originates in the brainstem and the other is that it orig-
inates in the cortex. The 2 are not mutually exclusive.
The brainstem hypothesis is supported by the concept
of a key role for descending modulation, and a change
in modulation from rostral structures, activating the
brainstem leading to initiation of a migraine attack. Al-
ternatively (or perhaps in addition), migraine may be
initiated, at least in some, via a change in susceptibility
to CSD. It may turn out that CSD can be modified by
rostrally projecting pathways arising from the brain-
stem. The challenge is to establish this experimentally.

There is strengthening evidence to suggest that
CSD is a noxious event. Twelve years ago we reported
that following CSD, the early immediate response gene
c-Fos was activated in lamina I, II of the trigeminal
nucleus caudalis.24 With the development of new opti-
cal imaging technology, we recently established a link

between cortical spreading depression and activation
of the trigeminal system. During CSD, blood flow and
vessel caliber significantly increased within the middle
meningeal artery, and this increase was due to a trigem-
inal autonomic brain stem-dependent reflex. This re-
flex is initiated by intense neuroglial depolarization
that appears sufficient to drive trigeminal afferents
terminating within the meninges and trigeminal nu-
cleus caudalis.25 To block this afferent autonomic re-
flex arc, we sectioned the trigeminal innervation and
the efferent parasympathetic projections to the cor-
tex. This autonomic loop may be one of the expla-
nations for parasympathetic activation during cluster
headache.26

The precise cause for pain is not known. We
postulated that a wave of CSD moves slowly along
cortex releasing potassium, arachidonic acid, hydro-
gen ions, and nitric oxide. This leads to depolariza-
tion of the trigeminal afferent loop of the reflex arc
(Fig. 3). This in turn leads to brainstem activation.
Parasympathetic efferents and trigeminal activation
cause vasodilation, and plasma leakage within the dura
mater.21
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AD?A 

1 to block 6 was negative (−0.15 ± 0.20) in HV and in
MI (−0.24 ± 0.23) whereas it was positive in patients
recorded interictally (MO +0.11 ± 0.32, MA +0.02 ±
0.18; Figure 2 upper traces). When all patient groups
(MO, MA, MI) were combined, there was a negative
correlation on Pearson’s test between the amplitude
slope of TR-VEP N1-P1 and duration of the migraine
disease in years (r= −0.356, p=0.008) on the one hand,
and monthly number of days with headache (r= −0.290,
p=0.03) on the other. The amplitude slope was, however,

positively correlated with the number of days since the
last migraine attack (r= 0.275, p=0.05) (Figure 4).

Windmill-Dartboard Steady-State-VEP (short-range lateral
inhibition)
In the W-D condition ANOVA for 1H amplitude in
averaged SS-VEP blocks disclosed a significant two-way
interaction of group by block (F(15,410) = 2.48, p=0.002),
but not a main effect of group (F(3,82) = 2.50, p=0.06)
and block (F(5,410) = 1.54, p= 0.17) separately. 1H

Figure 2 Steady-state waveforms are converted into the frequency domain by Discrete Fourier Transformation in order to measure the
amplitude at the first harmonic (4Hz, 1H) in the windmill-dartboard (W-D) stimulation, and of the second harmonic (8Hz, 2H) in both
the windmill-dartboard and partial-windmill (W-D) stimulations. To assess long-range lateral interactions, we calculated attenuation of the
2nd harmonic component in the W-D respective to the P-W pattern.

Table 1 Clinical and demographic characteristics of healthy volunteers (HV) and migraine patients without (MO), with
aura (MA), and those recorded ictally (MI)
Characteristics HV (n = 21) MO (n = 21) MA (n = 22) MI (n = 22)

Women (n) 16 17 19 15

Age (years) 28.1 ± 7.6 27.3 ± 6.5 30.8 ± 9.7 33.6 ± 11.9

Duration of migraine history (years) 13.8 ± 9.5 15.1 ± 8.8 19.7 ± 11.3

Attack frequency/month (n) 1.8 ± 1.1 2.1 ± 2.3 2.8 ± 2.5

Attack duration (hours) 27.3 ± 25.2 29.4 ± 23.7 33.1 ± 29.1

Days with headache/month (n) 3.3 ± 2.8 3.1 ± 3.2 4.2 ± 2.5

Days from the last migraine attack (n) 16.0 ± 23.4 17.0 ± 15.6

Data are expressed as means ± SD.
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functional thalamo-cortical disconnection due to a defi-
cient serotoninergic innervation of thalamus and cortex.
This may help to reconcile the controversy between ab-
normal excitation and deficient inhibition in interictal mi-
graine. Indeed, some authors have proposed that the
deficient habituation is due to a basal cortical lack of in-
hibition or increase of glutamatergic excitation [61-64]. At
first glance, the fact that in our patients the amplitude of
the short-range lateral inhibition was increased in the first
block compared to healthy volunteers (see Figure 3) does
not favour these hypotheses. Whereas, the observation
that, after the early increase, the short-range inhibitory
mechanisms abnormally decreased during long-term vis-
ual stimulation seems to fit better with the results
provided by modulating rTMS studies, i.e. a reduced in-
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of uttermost importance to gather more data on the pos-
sible genetic basis of these functional abnormalities
and their responsiveness to preventive anti-migraine
interventions. The better insight into the nature of the
interictal cortical hyperresponsivity paves the way for
novel acute and preventive therapeutic strategies and may
allow a better understanding of the mode of action of
available pharmacological therapies and promising non-
invasive neurostimulation methods such as repetitive
transcranial magnetic or direct current stimulations [65].
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Figure 6 Schematic representation of visual information processing pathway describing the neural network model that can
encompass the present findings in both healthy volunteers and migraineurs. In the normal condition (left panel), in presence of a regular
brainstem and thalamic activation, visual information travels normally across subcortical areas, then at the cortical level increases the firing rate of
excitatory pyramidal cells at the beginning and of fast-spiking (FS) inhibitory interneurons during stimulus repetition. The latter leads to a normal
inhibition in adjacent cortical columns manifesting as a decrement in short-range lateral inhibition (LI) followed by its recovery with increasing
inhibition of pyramidal cell (modified from [59]). In the thalamo-cortical dysrhythmia model (right panel), used to explain our findings in migraine,
the presence of an anatomical or functional disconnection of the thalamus from subcortical areas, causes a change of rhythmic thalamocortical
activity that favour low frequency activity which at the cortical level will reduce firing rates of excitatory pyramidal cells at the beginning and of
FS inhibitory interneurons during stimulus repetition. The latter leads to a disinhibition in adjacent cortical columns manifesting as a progressive
increase in short range LI, the so-called “edge effect”, which, in our migraineurs, is followed by its recovery with increasing excitation of pyramidal
cells (modified from [60]).
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Figure 3 Left panel: transient N1-P1 [upper], steady-state windmill-dartboard 1H [middle] and partial-windmill 2H [lower] mean
amplitudes in the first block of 100 averaged responses; Right panel: Visual evoked potential (VEP) amplitude block averages in each
study group and for the three types of visual stimuli: transient (TR-)VEP [upper], steady state windmill-dartboard (W-D) [middle] and
partial-windmill (P-R) [lower] VEPs (HV, healthy volunteers; MO, migraine without aura interictally; MA, migraine with aura interictally;
Ictal, migraine without aura ictally); data expressed as mean ± SD).
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Increased short-range lateral inhibition 

dynamic regions (central disc and 2nd annulus) of both
stimuli were sinusoïdally reversed in contrast at a rate of
4 Hz (steady-state VEP [SS-VEP]). At the viewing dis-
tance of 114 cm the stimulus display subtended a visual
angle of 8°. In the W-D pattern, the black and white
segments of the 1st and the 3rd annuli had a fixed con-
trast of 45%, so that the overall stimulus pattern
alternated between the windmill and dartboard forms
(Figure 1 top). Conversely, in the P-W pattern, the
segments of the 1st and the 3rd annuli were set at a 0%
contrast, forming a uniform field at the mean luminance
level (Figure 1 top).

Recordings
During all stimulations, subjects were instructed to
fixate a red dot in the middle of the screen with the
left eye covered by a patch to maintain stable fixation.
VEPs were recorded from the scalp through gold-cup
electrodes positioned at Oz (active electrode) and Fz
(reference electrode, 10/20 system). A ground electrode
was placed on the right forearm. The evoked potential
signals were amplified with a Digitimer D360 amplifier
(band-pass 0.05–2000 Hz, Gain 1000) and recorded
with a CED™ power 1401 device (Cambridge Electronic
Design Ltd, Cambridge, UK). For each of the three
stimulation paradigms a total of 600 consecutive sweeps
of 240 ms were collected and sampled at 512 Hz. Cor-
tical responses were partitioned in 6 sequential blocks of
100, consisting of at least 95 artefact-free sweeps.
Responses in each block were averaged off-line (“block
averages”) using the Signal™ software package version
4.08 (CED Ltd).

All recordings were collected in the morning (between
09.00 and 12.00 a.m.) by the same investigators (V.P. & M.S.)
and off-line analysed blinded for subjects’ diagnosis.
Checkerboard TR-VEP components were identified

according to their latencies: N1 as the most negative
peak between 60 and 90 ms, P1 as the most positive
peak following N1 between 80 and 120 ms, and N2 as
the most negative peak following P1 between 125 and
150 ms (Figure 1). We measured peak-to-peak amplitude
of the N1-P1 component.
SS-VEP (W-D and P-W patterns, Figure 1) were analysed

in the frequency domain. After a discrete Fourier trans-
formation (Figure 1), we measured amplitude of the funda-
mental harmonic (1H, at 4 Hz) for the W-D stimulus
condition and of the 2nd harmonic (2H, double the stimulus
frequency, i.e. 8Hz) for both W-D and P-W stimulus condi-
tion [16]. To assess long-range lateral interactions, we
calculated attenuation of the second harmonic component
in the W-D respective to the P-W pattern.

Statistical analyses
We used the Statistical Package for the Social Sciences
(SPSS) for Windows, version 19.0 for all analyses. For
each stimulus condition, we constructed a repeated ana-
lysis of variance (ANOVA) taking as within-subject fac-
tor “block” and as between-subject factors “Groups”
(HV, MO, MA, MI). A regression analysis was used to
disclose linear trends in VEP amplitude across blocks
(slope) in each stimulus condition and group. Fisher’s
least significant difference (LSD) test was used for post
hoc analysis. Pearson’s correlation test was used to
search for correlations among the VEP amplitude slopes
and clinical variables.
P values ≤ 0.05 were considered to indicate statistical

significance.

Results
VEP recordings from all participants yielded analysable
data. VEP traces recorded with the three different visual
patterns in a healthy volunteer, a MO and a MA patient
are illustrated in Figure 2. The clinical and demographic
characteristics of recorded subjects are shown in Table 1.

Transient-VEP (TR-VEP)
ANOVA for N1-P1 amplitude in averaged TR-VEP
blocks disclosed a main effect of factor block (F(5,410) =
2.69, p=0.021) and a significant two-way interaction of
group by block (F(15,410) = 3.74, p<0.001) (Figure 3,
upper row). N1-P1 amplitude in block 1 and 6 did not
differed significantly between groups (F(3,88) = 0.58,
F(3,88) = 1.43, p>0.05). Linear regression analysis of TR-
VEP amplitudes recorded over all 6 blocks differed be-
tween groups (F(3,80) = 9.66, p<0.001). Post hoc analysis
showed that the slope of TR-VEP amplitudes from block

Figure 1 Illustrative traces of visual evoked potentials obtained
by checkerboard (left column), windmill-dartboard (middle
column) and partial-windmill (right column) stimulation in a
healthy volunteer (upper row) and a migraine without aura
patient between attacks (lower row).
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1 to block 6 was negative (−0.15 ± 0.20) in HV and in
MI (−0.24 ± 0.23) whereas it was positive in patients
recorded interictally (MO +0.11 ± 0.32, MA +0.02 ±
0.18; Figure 2 upper traces). When all patient groups
(MO, MA, MI) were combined, there was a negative
correlation on Pearson’s test between the amplitude
slope of TR-VEP N1-P1 and duration of the migraine
disease in years (r= −0.356, p=0.008) on the one hand,
and monthly number of days with headache (r= −0.290,
p=0.03) on the other. The amplitude slope was, however,

positively correlated with the number of days since the
last migraine attack (r= 0.275, p=0.05) (Figure 4).

Windmill-Dartboard Steady-State-VEP (short-range lateral
inhibition)
In the W-D condition ANOVA for 1H amplitude in
averaged SS-VEP blocks disclosed a significant two-way
interaction of group by block (F(15,410) = 2.48, p=0.002),
but not a main effect of group (F(3,82) = 2.50, p=0.06)
and block (F(5,410) = 1.54, p= 0.17) separately. 1H

Figure 2 Steady-state waveforms are converted into the frequency domain by Discrete Fourier Transformation in order to measure the
amplitude at the first harmonic (4Hz, 1H) in the windmill-dartboard (W-D) stimulation, and of the second harmonic (8Hz, 2H) in both
the windmill-dartboard and partial-windmill (W-D) stimulations. To assess long-range lateral interactions, we calculated attenuation of the
2nd harmonic component in the W-D respective to the P-W pattern.

Table 1 Clinical and demographic characteristics of healthy volunteers (HV) and migraine patients without (MO), with
aura (MA), and those recorded ictally (MI)
Characteristics HV (n = 21) MO (n = 21) MA (n = 22) MI (n = 22)

Women (n) 16 17 19 15

Age (years) 28.1 ± 7.6 27.3 ± 6.5 30.8 ± 9.7 33.6 ± 11.9

Duration of migraine history (years) 13.8 ± 9.5 15.1 ± 8.8 19.7 ± 11.3

Attack frequency/month (n) 1.8 ± 1.1 2.1 ± 2.3 2.8 ± 2.5

Attack duration (hours) 27.3 ± 25.2 29.4 ± 23.7 33.1 ± 29.1

Days with headache/month (n) 3.3 ± 2.8 3.1 ± 3.2 4.2 ± 2.5

Days from the last migraine attack (n) 16.0 ± 23.4 17.0 ± 15.6

Data are expressed as means ± SD.
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1 to block 6 was negative (−0.15 ± 0.20) in HV and in
MI (−0.24 ± 0.23) whereas it was positive in patients
recorded interictally (MO +0.11 ± 0.32, MA +0.02 ±
0.18; Figure 2 upper traces). When all patient groups
(MO, MA, MI) were combined, there was a negative
correlation on Pearson’s test between the amplitude
slope of TR-VEP N1-P1 and duration of the migraine
disease in years (r= −0.356, p=0.008) on the one hand,
and monthly number of days with headache (r= −0.290,
p=0.03) on the other. The amplitude slope was, however,

positively correlated with the number of days since the
last migraine attack (r= 0.275, p=0.05) (Figure 4).

Windmill-Dartboard Steady-State-VEP (short-range lateral
inhibition)
In the W-D condition ANOVA for 1H amplitude in
averaged SS-VEP blocks disclosed a significant two-way
interaction of group by block (F(15,410) = 2.48, p=0.002),
but not a main effect of group (F(3,82) = 2.50, p=0.06)
and block (F(5,410) = 1.54, p= 0.17) separately. 1H

Figure 2 Steady-state waveforms are converted into the frequency domain by Discrete Fourier Transformation in order to measure the
amplitude at the first harmonic (4Hz, 1H) in the windmill-dartboard (W-D) stimulation, and of the second harmonic (8Hz, 2H) in both
the windmill-dartboard and partial-windmill (W-D) stimulations. To assess long-range lateral interactions, we calculated attenuation of the
2nd harmonic component in the W-D respective to the P-W pattern.

Table 1 Clinical and demographic characteristics of healthy volunteers (HV) and migraine patients without (MO), with
aura (MA), and those recorded ictally (MI)
Characteristics HV (n = 21) MO (n = 21) MA (n = 22) MI (n = 22)

Women (n) 16 17 19 15

Age (years) 28.1 ± 7.6 27.3 ± 6.5 30.8 ± 9.7 33.6 ± 11.9

Duration of migraine history (years) 13.8 ± 9.5 15.1 ± 8.8 19.7 ± 11.3

Attack frequency/month (n) 1.8 ± 1.1 2.1 ± 2.3 2.8 ± 2.5

Attack duration (hours) 27.3 ± 25.2 29.4 ± 23.7 33.1 ± 29.1

Days with headache/month (n) 3.3 ± 2.8 3.1 ± 3.2 4.2 ± 2.5

Days from the last migraine attack (n) 16.0 ± 23.4 17.0 ± 15.6

Data are expressed as means ± SD.
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Characteristics of SD 

� Depression lasts few minutes  
� Spread in 3-6 min 
� Provoked by mechanical stimulation 
�  Threshold differs per region 
� Callosal propagation 
� Neurons unresponsive during SD 
� No involvements subcortical nuclei 
� Not species specific 


