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The issue of interictal excitability of cortical neurons in migraine patients is
controversial: some studies have reported hypo-, others hyperexcitability. The
aim of the present study was to observe the dynamics of this basic interictal state
by further modulating the excitability level of the visual cortex using transcranial
direct current stimulation (tDCS) in migraineurs with and without aura. In
healthy subjects anodal tDCS decreases, cathodal stimulation increases transcranial magnetic stimulation (TMS)-elicited phosphene thresholds (PT), which is
suggested as a representative value of visual cortex excitability. Compared with
healthy controls, migraine patients tended to show lower baseline PT values, but
this decrease failed to reach statistical significance. Anodal stimulation decreased
phosphene threshold in migraineurs similarly to controls, having a larger effect
in migraineurs with aura. Cathodal stimulation had no significant effect in the
patient groups. This result strengthens the notion of deficient inhibitory processes in the cortex of migraineurs, which is selectively revealed by activitymodulating cortical input. 䊐Migraine, phosphene threshold, tDCS, visual cortex
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Introduction
The pathophysiological defect of non-hemiplegic
migraine is still far from being understood. Cortical
spreading depression (1), trigeminovascular inflammation (2), magnesium deficiency (3), dopaminergic
hypersensitivity (4) and altered energy metabolism
possibly due to mitochondrial defects (5) can all
contribute to migraine pathogenesis. Due to the
lack of an animal model to investigate neocortical
processes, the study of cortical excitability in man is
one of the closest approaches to pathophysiology at
present. So far, an altered interictal cortical excitability has been claimed in migraine, but similar
methodological approaches have led to opposing
results, and similar results to opposing explanations. Most authors have found cortical hyperexcitability (6, 7), but data supporting hypoexcitability
have also been reported (8–10).
© Blackwell Publishing Ltd Cephalalgia, 2007, 27, 833–839

Habituation is seen as a major factor contributing
to these conflicting results. It is regarded as a fundamental, possibly protective mechanism of cortical
processing. It has been shown to be present in
visual, auditory, somatosensory and nociceptive
domains. Cortical evoked potentials tend to decrease with increasing stimulus repetition in
healthy subjects. In migraineurs, evoked potential
experiments have revealed dishabituation in all of
the studied domains. Visual evoked potentials
(VEP), somatosensory evoked potentials (11), laser
evoked nociceptive responses (12), auditory evoked
potentials (AEV) (8) and mismatch negativity (13)
studies have invariably shown dishabituation in
migraineurs as opposed to normal habituation in
healthy volunteers. While the results of this dysfunction are clear, most authors have explained
them as due to hyperexcitability or impaired inhibitory processes of cortical circuitry (14). In favour of
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cortical hypoexcitability (15), interictal dishabituation was diminished by means of 10 Hz repetitive
transcranial magnetic stimulation (rTMS) in
migraine patients. Ten Hertz rTMS increases the
excitability of cortical neurons in healthy subjects.
Moreover, the authors reported disinhibition after
1 Hz rTMS in healthy volunteers, a finding very
similar to the interictal VEP findings in migraineurs. Consequently, dishabituation has been
interpreted as the result of a low baseline excitability in which stimulus repetition does not cause
decreased response amplitudes due to a floor effect.
This view has received further support by decreased thalamo-cortical activity between attacks, as
shown by comparing the high-frequency oscillations in somatosensory evoked potentials in
migraineurs and age-matched healthy volunteers
(16). Experiments investigating phosphene threshold (PT), a representative of visual cortex excitability, have also led to controversial conclusions.
Aurora et al. (17) found a much higher proportion
of phosphene inducibility in migraineurs compared
with age-matched healthy volunteers. Not only was
the prevalence higher, but the PT was also significantly lower in migraineurs. Similar results have
been achieved by stimulating the motion-sensitive
visual area V5, where moving phosphenes can be
elicited (18) with a lower threshold in migraine
headache patients. Other groups have used very
similar methodological approaches, but achieved
opposite results. Afra et al. (19) reported lower
prevalence of induced phosphenes in migraineurs,
which favours cortical hypoexcitability. Possible
reasons for these contradictory results, including
different patient selection, paradigms and technical
differences, have been discussed extensively (20).
Most visual psychophysical studies point to
enhanced interictal cortical excitability in migraineurs. High interictal sensitivity to light has been
observed in patients compared with controls (21).
Migraineurs are more prone to see stronger visual
illusions (22) and have a lower critical fusion frequency threshold (23). This finding has been interpreted as a shorter cortical stimulation silent period
in migraineurs.
A different approach to the study of excitability
changes is the use of noisy visual stimuli.
Migraineurs show impaired motion detection ability
when they have to percieve coherent motion in a
noisy background (6). However, without distractors,
patients’ performance was superior to that of
healthy volunteers. This pattern of results is comparable to healthy volunteers’ performance, when
the motion-sensitive area MT/V5 was stimulated by

means of anodal transcranial direct current stimulation (tDCS), which is known to cause reversible
cortical hyperexcitability. While these observations
are in favour of interictal hyperexcitability in migraine headache patients, other studies have shown
a hypofunctioning visual system in migraineurs.
Benedek et al. (24) investigated contrast sensitivity
at different spatial frequencies and found decreased
contrast sensitivity at low spatial frequencies in
migraineurs without aura, compatible with
decreased functioning of the magnocellular visual
pathway in migraine.
We tested the range of up-and-down regulation
of cortical excitability by using ’brain polarization’
by tDCS. We assumed that a shift in the response
range of PTs either to cathodal or anodal stimulation as measured by TMS reflects a shift in baseline
excitability. tDCS applied through the skull directly
modulates the excitability of the motor (25–27),
somatosensory (28, 29) and visual (30–33) cortices
of human subjects. In the visual cortex, tDCS has
been shown to induce excitability changes that can
be measured reliably by TMS-elicited PT. Animal
studies suggest that cathodal tDCS decreases baseline firing rates of cortical neurons, probably by
hyperpolarizing the axonal membrane of neurons.
In contrast, anodal stimulation results in a reverse
effect (34–36). The effect of stimulation can last up
to 60 min after 10 min of transcranial stimulation
(26, 27). In this study we administered 10 min
anodal, cathodal and sham stimulation over the
occipital cortex and compared baseline PTs with
those measured after tDCS in control subjects and
migraineurs with and without aura.

Methods and materials
The study involved nine healthy volunteers (HV)
(mean age 28.6 years, range 20–42 years, SD 6.2;
three men) fulfilling the following criteria: no metallic implants or electrical devices, no previous history
of neurological or psychiatric disorders, drug abuse
or alcoholism and no concurrent medication. The
patient group included 16 migraine patients [mean
age 25.8 years, range 18–54 years, SD 8.74; three
men, nine with aura (MA)] diagnosed by a trained
neurologist and fulfilling the criteria of the International Headache Society. Disease duration was
between 1 and 12 years (mean 5.7). Attack frequency
ranged between 0.1 and seven per month (mean
3.1). None of the subjects had had preventive antimigraine medication in the preceding year. All
measurements were done in attack-free periods
preceding and following at least 3 days of the
© Blackwell Publishing Ltd Cephalalgia, 2007, 27, 833–839
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experiment confirmed by interviews and telephone
calls. In subjects who had had migraine attacks
within 3 days after the experiment, the measurements were repeated later if possible, or were
excluded from the analysis.
All subjects gave their written informed consent.
The study conformed to the Declaration of Helsinki
and was approved by the Ethics Committee of the
University of Göttingen. The subjects in this study
participated in other experiments.

Stimulation
TMS was performed with biphasic pulses with an
initial current flow in the coil away from the handle
using a slightly bent MC-B70 figure-of-eight coil
(outer radius of one half-coil, 9 cm) and a MagPro
stimulator (Dantec S.A., Skovlunde, Denmark). The
maximum stimulator output was 147 A/ms. Subjects were seated in a comfortable armchair in a
slightly illuminated room (10 cd/m2). Subjects were
not dark adapted, but blindfolded during the phosphene measurements. Single pulses were delivered
at 50% stimulator output on Oz (according to the
10–20 EEG coordinate system) five times with the
handle pointing upwards. This resulted in an initial
caudo-cranial current flow in the brain. The intertrial interval was approximately 5 s. If the subject
did not perceive a phosphene at this intensity, it
was increased in steps of 5% until the subject
perceived a phosphene, maximally up to 80% of
stimulator output. If the subject still failed to perceive a phosphene, the coil was moved 1 cm up or
1 cm left or right and the procedure was repeated.
If the subject reliably perceived a phosphene at all
of the trains applied and the phosphenes appeared
in the same form at the same location, stimulation
intensity was reduced in steps of 5% until the
subject no longer reliably perceived a phosphene. It
was then increased again in 2% steps until the
minimum intensity at which the subject could perceive a phosphene was established. Subjects were
asked to describe the shape, colour and position of
phosphenes. The location of the coil on the skull
was marked by a pen and the coordinates recorded
in relation to Oz. After 2 min rest, the PTs were
determined at this location three times with the
method described above. The averages of these
values were taken as baseline. After 10 min of
anodal, cathodal or sham tDCS, PTs were determined at the same location three times.
tDCS was delivered by a battery-driven constant
current stimulator (Schneider Electronic, Gleichen,
Germany) using a pair of electrodes in a 5 ¥ 7 cm
© Blackwell Publishing Ltd Cephalalgia, 2007, 27, 833–839
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water-soaked synthetic sponge. For cathodal stimulation the cathode was placed at Oz, the reference
over Cz. For anodal stimulation the current flow
was reversed. In the real tDCS conditions the
current was applied for 10 min with an intensity of
1.0 mA. Constant current flow was controlled by a
voltmeter. During sham stimulation the current was
turned on only for 5 s at the beginning of the sham
session and then turned off in a ramped-shaped
fashion. None of the subjects was able to distinguish real tDCS from sham tDCS sessions. For each
subject the separate experimental conditions were
performed at least 1 week apart. The order of
stimulation was counterbalanced both in HV and in
patients.

Statistical analysis
Values of PT were entered into a three-way
repeated measures analysis of variance (ANOVA)
(3 GROUP ¥ 3 STIMULATION ¥ TIME (pre–post).
Paired Students’ t-tests were used to compare PT
values within and between groups.

Results
Baseline PT
The PT values obtained before and after 10 min
tDCS are shown in Fig. 1 and reported in Table 1.
The baseline PT of MA subjects tended to be lower
compared with that of normal controls, although
not statistically significantly different (Students’
t-test: anodal, t = -1.54, P = 0.14; cathodal, t = -1.62,
P = 0.12; sham, t = -1.41, P = 0.17). Baseline values
were constant throughout sessions in every group,
although it was shown in our laboratory previously
that PT variability is significantly higher in migraineurs than in controls (37) and this variability
might forecast forthcoming attacks. As measurements which were followed by headache attacks
were excuded from the study, we rule out the
possibility that this variability affected our results.

The effect of stimulation
Three-way ANOVA showed a marginally significant
effect of GROUP (F(2,22) = 3.09, P = 0.06). There was
no main effect of STIMULATION (F(2,44) = 0.51,
P = 0.61), but there was a main effect of TIME
(pre–post) (F(1,22) = 8.94, P < 0.01). The interaction
between the type of STIMULATION and TIME was
also significant (F(2,22) = 20.66, P < 0.0001). The
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interaction between GROUP, STIMULATION and
TIME was not significant (F(4,44) = 0.92, P = 0.46).
Comparisons between groups
When the groups were compared with paired Student’s t-tests, there were no significant differences
observed between controls and the migraine
without aura (MoA) group (0.53 < P < 0.91 for the
three stimulation types, respectively). However,
there was a significant difference between controls
and MA subjects for anodal (t = 2.058, P < 0.05) and
cathodal (t = 2.22, P < 0.05) stimulation. None of the
groups differed from each other in the sham condition and in none of the groups did the before and
after sham treatment values differ significantly.

The effect of tDCS on PTs
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Figure 1 Transcranial magnetic stimulation-elicited
phosphene threshold (PT) values in healthy volunteers
(HV, 䊏), migraine patients without aura (MoA, 䊉) and
migraine patients with aura (MA, 䊊) before and after
anodal, cathodal and sham stimulation. Anodal
stimulation significantly decreased PTs in all of the
groups, whereas cathodal stimulation significantly
increased PTs only in controls.

Comparison within groups
Anodal stimulation increased cortical excitability
significantly in all of the groups with a different
magnitude (HV, t = 3.33, P < 0.01; MoA, t = 4.97,
P < 0.005; MA, t = 3.68, P < 0.005). After cathodal
stimulation, significantly increased PTs were observed only in the HV group (t = -3.29, P < 0.01);
the PT values of MoA and MA subjects were not
significantly affected by the stimulation (MoA,
t = -0.49, P = 0.64; MA, t = 0.31, P = 0.76). Sham
stimulation did not alter cortical excitability in any
group (HV, t = 1.4, P = 0.2; MoA, t = -1.82, P = 0.12;
MA, t = 0.74, P = 0.48).

Discussion
We have shown that the pattern of excitability
changes induced by tDCS is different in
migraineurs, particularly in those with aura compared with HV or MoA subjects. Anodal stimulation led to an increase of cortical excitability as
measured by a decrease of PT in all experimental
groups, which was largest in MA subjects. Cathodal
stimulation had an opposite effect in HV, as
expected based on previous experiments in our
laboratory (30). In the MoA and MA groups it did
not alter cortical excitability.
The present experiment, using a new experimental approach, adds data to the long-debated issue of
interictal cortical excitability in migraineurs. PT was
measured before and after 10 min of tDCS, which is
known to alter cortical excitability bidirectionally in
a polarity-dependent manner. Measuring the magnitude of changes of occipital cortex excitability
induced by tDCS in migraineurs and contrasting
them with those measured in HVs enabled us to
estimate imbalances between excitation and inhibition in the patient group. Migraine aura, which is a
prominent, transient cortical dysfunction found in
migraineurs, is related to the experimental phenomenon known as cortical spreading depression
(CSD), first reported by Leao (38). Observations in

Table 1 Transcranial magnetic stimulation-elicited phophene thresholds (PTs) before and after anodal, cathodal and sham
stimulation for healthy volunteers (HV), migraine patients without aura (MoA) and migraine patients with aura (MA)
HV

Anodal
Cathodal
Sham

MoA

MA

Before stim.

After stim.

Before stim.

After stim.

Before stim.

After stim.

60.1 ⫾ 5.32
57.43 ⫾ 5.63
57.19 ⫾ 5.69

54.3 ⫾ 5.20
60.65 ⫾ 5.54
55.98 ⫾ 5.78

59.29 ⫾ 5.29
58.62 ⫾ 5.02
59.48 ⫾ 6.68

52.87 ⫾ 5.60
59.28 ⫾ 5.38
61.6 ⫾ 7.00

44.85 ⫾ 8.35
45.04 ⫾ 5.24
46.44 ⫾ 5.14

36.62 ⫾ 6.82
44.19 ⫾ 4.99
45.44 ⫾ 5.34

Mean values ⫾ SEM.
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migraineurs with aura support this theory. Functional magnetic resonance imaging during induced
visual aura showed a BOLD signal intensity progression at a speed which very closely resembled
that of CSD (39). This study also showed the characteristic hyperactivity, followed by hypoactivity in
the visual cortex. In animals CSD can be induced by
stimulating the cortex mechanically or chemically.
In humans the triggering event is unknown, but
triggering an aura is possible in some subjects by
flickering light, which is a strong activator of the
visual system. In migraineurs a subnormal level of
inhibitory processes during extensive cortical activation might induce a spreading hyperactivity.
Additionally, genetic studies and ion channel
dysfunction caused by different mutations also help
to explain the induction of CSD in migraine (40).
CACNA1A gene mutations are found in 50–75% of
cases with familiar hemiplegic migraine (FHM).
Na-K ATPase, alpha2 (ATP1A2) gene is also a
mutation found in some forms of migraine and in
FHM (41). The products of these genes play a
role in the normal functioning of neurons and
control neuronal excitability. While there is no
general agreement on the role of these mutations
in migraine pathogenesis, indirect observations
support it. Ambrosini et al. (42) treated migraineurs
with acetazolamide, which is known to increase
Ca2+ channel function. They observed an improvement in clinical measures and normalization of
electromyography variables. Since the same type of
channel is known to be present in neuromuscular
transmission, these data indicate that Ca2+ channel
abnormality indeed exists in non-FHM migraineurs. Furthermore, a recent study (43) found
mutation of the neuronal voltage-gated sodium
channel gene SCN1A in FHM. The excessive firing
of the neurons expressing this mutation could
initiate and facilitatate CSD and related aura
symptoms.
Our findings are consistent with these results. We
show that migraineurs, mostly those with aura,
tend to respond to excitatory stimulation with an
increased amount of PT reduction and fail to
increase the threshold after cathodal stimulation,
unlike normal subjects. Cortical hyperexcitability
can be due to a higher activity of primary excitatory
neurons or to reduced activity or efficacy of
primary inhibitory neurons. Here, we support the
hypothesis of cortical hyperexcitability in migraine
to the latter, similar to some previous studies (44,
45). This dysfunctional pattern might also explain,
at least in part, the conflicting results of previous
studies: for example, why abnormal cortical
© Blackwell Publishing Ltd Cephalalgia, 2007, 27, 833–839
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excitability is not always manifested at rest, but is
revealed only in dynamic states when the sum of
extrinsic excitatory and inhibitory influences shifts
from baseline. A study by Brighina et al. (46) has
found that an inhibitory 1-Hz rTMS over the visual
cortex of migraineurs results in increased excitability. The authors imply that increased excitability in
migraineurs is probably due to the failure of cortical inhibitory mechanisms. Furthermore, a recent
study has observed similar effect of 1 Hz rTMS over
the motor cortex in migraineurs: the intracortical
facilitation decreased significantly in controls after
rTMS administration, whereas it increased in
patients (47). Taking into account that the effect of
1 Hz rTMS depends on the preexisting level of
cortical excitability in healthy subjects (48), these
results are not suprising. In our study we found no
increase in excitability after cathodal stimulation in
migraineurs, although cortical excitability did not
decrease as it did in controls. These differences are
probably due to the different methods we applied:
whereas rTMS induces externally triggered changes
in the neuronal spiking pattern and interrupts or
excites neuronal firing in a spatially and temporally
restricted fashion, tDCS modulates the spontaneous
firing rates of neurons by changing resting membrane potential. Therefore, tDCS is more like a
subthreshold stimulation technique compared with
rTMS.
Another possible explanation for the abovementioned paradoxical effect (and our present
results) could be a lower preactivation (hypoexcitability) level of visual cortical excitability and the
impossibility of obtaining supplementary inhibition
as implied by previous studies (8, 17). However, the
baseline PT values of our migraine subjects tended
to be lower than those of control subjects, as in
previous studies (15, 41), Although the difference
was not significant, probably due to the low
number of subjects, the trend was clear and suggests more hyperexcitability than hypoexcitability.
The above-mentioned deficient inhibitory mechanisms explain why the cerebral cortex of some
migraineurs is susceptible to CSD and, consequently, development of aura symptoms. Additionally, the fact that migraineurs without aura in our
study group showed less pronounced deviations
from the normal group raises the possibility that
MA and MoA are more distinct than previously
thought. A recent study (49) examined healthy
subjects and different groups of migraineurs with
single-fibre electromyography, a method very sensitive for access to neuromuscular transmission. It
was suggested that abnormal neuromuscular
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transmission in an aura group of patients was due
to the dysfunction of the P/Q Ca2+ channel, which
was coded by the CACNA1A gene. However,
another study did not support this hypothesis
(50). Concerning epidemological studies, a recent
population-based survey of twins with migraine
(51) has implied that MA and MoA are distinct
disorders. However, given the overlap of neurological symptoms and non-mutual exclusivity of aura
symptoms recently studied (52), including twins
and their parents, it is not yet proved that MoA and
MA subtypes are aetiologically distinct. Further
studies are necessary to clarify this question.
Taking all data together, we have shown inhomogeneity of migraine patients by investigating
the dynamics of cortical excitability after external
modulation. In our study, inhibitory dysfunction in
MA was more pronounced than in MoA or control
subjects. The results also strengthen the notion of
deficient inhibitory processes in the cortex of MA
patients, which was selectively revealed by activitymodulating cortical input.

9

10

11

12

13

14
15

16

Acknowledgements
This study was supported by the German Ministry of
Research and Education within the Kompetenznetz Schmerz
(FKZ: 01EM0117).

References
1 Parsons AA. Cortical spreading depression: its role in
migraine pathogenesis and possible therapeutic intervention strategies. Curr Pain Headache Rep 2004; 8:410–
6.
2 Fusco M, D’Andrea G, Micciche F, Stecca A, Bernardini
D, Cananzi AL. Neurogenic inflammation in primary
headaches. Neurol Sci 2003; 24 (Suppl. 2):S61–S64.
3 Welch KM, Ramadan NM. Mitochondria, magnesium and
migraine. J Neurol Sci 1995; 134:9–14.
4 Del Zompo M. Dopaminergic hypersensitivity in
migraine: clinical and genetic evidence. Funct Neurol
2000; 15 (Suppl. 3):163–70.
5 Sandor PS, Di Clemente L, Coppola G, Saenger U, Fumal
A, Magis D et al. Efficacy of coenzyme Q10 in migraine
prophylaxis: a randomized controlled trial. Neurology
2005; 64:713–5.
6 Antal A, Temme J, Nitsche MA, Varga ET, Lang N, Paulus
W. Altered motion perception in migraineurs: evidence
for interictal cortical hyperexcitability. Cephalalgia 2005;
25:788–94.
7 Welch KM, D’Andrea G, Tepley N, Barkley G, Ramadan
NM. The concept of migraine as a state of central neuronal hyperexcitability. Neurol Clin 1990; 8:817–28.
8 Schoenen J, Ambrosini A, Sandor PS, Maertens dN.
Evoked potentials and transcranial magnetic stimulation
in migraine: published data and viewpoint on their

17

18

19

20

21

22

23

24

25

pathophysiologic significance. Clin Neurophysiol 2003;
114:955–72.
Shepherd AJ. Increased visual after-effects following
pattern adaptation in migraine: a lack of intracortical
excitation? Brain 2001; 124:2310–8.
Shepherd AJ, Palmer JE, Davis G. Increased visual aftereffects in migraine following pattern adaptation extend to
simultaneous tilt illusion. Spat Vis 2002; 16:33–43.
Ozkul Y, Uckardes A. Median nerve somatosensory
evoked potentials in migraine. Eur J Neurol 2002; 9:227–
32.
Valeriani M, de Tommaso M, Restuccia D, Le Pera D,
Guido M, Iannetti GD et al. Reduced habituation to
experimental pain in migraine patients: a CO(2) laser
evoked potential study. Pain 2003; 105:57–64.
de Tommaso M, Guido M, Libro G, Losito L, Difruscolo
O, Sardaro M, Puca FM. Interictal lack of habituation of
mismatch negativity in migraine. Cephalalgia 2004;
24:663–8.
Welch KM. Contemporary concepts of migraine pathogenesis. Neurology 2003; 61:S2–S8.
Bohotin V, Fumal A, Vandenheede M, Gerard P, Bohotin
C, Maertens dN, Schoenen J. Effects of repetitive transcranial magnetic stimulation on visual evoked potentials
in migraine. Brain 2002; 125:912–22.
Coppola G, Vandenheede M, Di Clemente L, Ambrosini
A, Fumal A, De Pasqua V, Schoenen J. Somatosensory
evoked high-frequency oscillations reflecting thalamocortical activity are decreased in migraine patients
between attacks. Brain 2005; 128:98–103.
Aurora SK, Ahmad BK, Welch KM, Bhardhwaj P,
Ramadan NM. Transcranial magnetic stimulation confirms hyperexcitability of occipital cortex in migraine.
Neurology 1998; 50:1111–4.
Battelli L, Black KR, Wray SH. Transcranial magnetic
stimulation of visual area V5 in migraine. Neurology
2002; 58:1066–9.
Afra J, Mascia A, Gerard P, Maertens dN, Schoenen J.
Interictal cortical excitability in migraine: a study using
transcranial magnetic stimulation of motor and visual
cortices. Ann Neurol 1998; 44:209–15.
Fumal A, Bohotin V, Vandenheede M, Schoenen J. Transcranial magnetic stimulation in migraine: a review of
facts and controversies. Acta Neurol Belg 2003; 103:144–
54.
Hay KM, Mortimer MJ, Barker DC, Debney LM, Good
PA. 1044 women with migraine: the effect of environmental stimuli. Headache 1994; 34:166–8.
Wilkins A, Nimmo-Smith I, Tait A, McManus C, Della SS,
Tilley A et al. A neurological basis for visual discomfort.
Brain 1984; 107:989–1017.
Kowacs PA, Piovesan EJ, Werneck LC, Fameli H, Zani
AC, da Silva HP. Critical flicker frequency in migraine. A
controlled study in patients without prophylactic
therapy. Cephalalgia 2005; 25:339–43.
Benedek K, Tajti J, Janaky M, Vecsei L, Benedek G. Spatial
contrast sensitivity of migraine patients without aura.
Cephalalgia 2002; 22:142–5.
Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA,
Paulus W et al. How does transcranial DC stimulation
of the primary motor cortex alter regional neuronal

© Blackwell Publishing Ltd Cephalalgia, 2007, 27, 833–839

Visual excitability in migraineurs

26

27

28

29

30

31

32

33

34

35

36

37

38

39

activity in the human brain? Eur J Neurosci 2005; 22:495–
504.
Nitsche MA, Paulus W. Excitability changes induced in
the human motor cortex by weak transcranial direct
current stimulation. J Physiol 2000; 527 Part 3:633–9.
Nitsche MA, Paulus W. Sustained excitability elevations
induced by transcranial DC motor cortex stimulation in
humans. Neurology 2001; 57:1899–901.
Matsunaga K, Nitsche MA, Tsuji S, Rothwell JC. Effect of
transcranial DC sensorimotor cortex stimulation on somatosensory evoked potentials in humans. Clin Neurophysiol 2004; 115:456–60.
Rogalewski A, Breitenstein C, Nitsche MA, Paulus W,
Knecht S. Transcranial direct current stimulation disrupts
tactile perception. Eur J Neurosci 2004; 20:313–6.
Antal A, Nitsche MA, Paulus W. External modulation of
visual perception in humans. Neuroreport 2001; 12:
3553–5.
Antal A, Kincses TZ, Nitsche MA, Paulus W. Manipulation of phosphene thresholds by transcranial direct
current stimulation in man. Exp Brain Res 2003;
150:375–8.
Antal A, Kincses TZ, Nitsche MA, Paulus W. Modulation
of moving phosphene thresholds by transcranial direct
current stimulation of V1 in human. Neuropsychologia
2003; 41:1802–7.
Antal A, Varga ET, Nitsche MA, Chadaide Z, Paulus W,
Kovacs G, Vidnyanszky Z. Direct current stimulation
over MT+/V5 modulates motion aftereffect in humans.
Neuroreport 2004; 15:2491–4.
Bindman LJ, Lippold OC, Redfearn JW. The action of
brief polarizing currents on the cerebral cortex of the rat
(1) during current flow and (2) in the production of
long-lasting after-effects. J Physiol 1964; 172:369–82.
Creutzfeldt OD, Fromm GH, Kapp H. Influence of
transcortical d-c currents on cortical neuronal activity.
Exp Neurol 1962; 5:436–52.
Ward R, Weiskrantz L. Impaired discrimination following
polarisation of the striate cortex. Exp Brain Res 1969;
9:346–56.
Antal A, Arlt S, Nitsche M, Chadaide Z, Paulus W.
Higher variability of phosphene thresholds in
migraineurs than in controls: a consecutive transcranial
magnetic stimulation study. Cephalalgia 2006; 26:865–70.
Leao AA. The slow voltage variation of cortical spreading
depression of activity. Electroencephalogr Clin Neurophysiol 1951; 3:315–21.
Hadjikhani N, Sanchez dR, Wu O, Schwartz D, Bakker D,
Fischl B et al. Mechanisms of migraine aura revealed by
functional MRI in human visual cortex. Proc Natl Acad
Sci USA 2001; 98:4687–92.

© Blackwell Publishing Ltd Cephalalgia, 2007, 27, 833–839

839

40 Kors E, Haan J, Ferrari M. Migraine genetics. Curr Pain
Headache Rep 2003; 7:212–7.
41 Curtain RP, Lea RA, Tajouri L, Haupt LM, Ovcaric M,
MacMillan J, Griffiths LR. Analysis of chromosome 1
microsatellite markers and the FHM2-ATP1A2 gene
mutations in migraine pedigrees. Neurol Res 2005;
27:647–52.
42 Ambrosini A, Pierelli F, Schoenen J. Acetazolamide acts
on neuromuscular transmission abnormalities found in
some migraineurs. Cephalalgia 2003; 23:75–8.
43 Dichgans M, Freilinger T, Eckstein G, Babini E, LorenzDepiereux B, Biskup S et al. Mutation in the neuronal
voltage-gated sodium channel SCN1A in familial
hemiplegic migraine. Lancet 2005; 366:371–7.
44 Aurora SK, Barrodale P, Chronicle EP, Mulleners WM.
Cortical inhibition is reduced in chronic and episodic
migraine and demonstrates a spectrum of illness. Headache 2005; 45:546–52.
45 Palmer JE, Chronicle EP, Rolan P, Mulleners WM. Cortical hyperexcitability is cortical under-inhibition: evidence
from a novel functional test of migraine patients. Cephalalgia 2000; 20:525–32.
46 Brighina F, Piazza A, Daniele O, Fierro B. Modulation of
visual cortical excitability in migraine with aura: effects of
1 Hz repetitive transcranial magnetic stimulation. Exp
Brain Res 2002; 145:177–81.
47 Brighina F, Giglia G, Scalia S, Francolini M, Palermo A,
Fierro B. Facilitatory effects of 1 Hz rTMS in motor cortex
of patients affected by migraine with aura. Exp Brain Res
2005; 161:34–8.
48 Siebner HR, Lang N, Rizzo V, Nitsche MA, Paulus W,
Lemon RN, Rothwell JC. Preconditioning of lowfrequency repetitive transcranial magnetic stimulation
with transcranial direct current stimulation: evidence for
homeostatic plasticity in the human motor cortex. J Neurosci 2004; 24:3379–85.
49 Domitrz I, Kostera-Pruszczyk A, Kwiecinski H. A singlefibre EMG study of neuromuscular transmission in
migraine patients. Cephalalgia 2005; 25:817–21.
50 Terwindt GM, Kors EE, Vein AA, Ferrari MD, van Dijk
JG. Single-fiber EMG in familial hemiplegic migraine.
Neurology 2004; 63:1942–3.
51 Russell MB, Ulrich V, Gervil M, Olesen J. Migraine
without aura and migraine with aura are distinct disorders. A population-based twin survey. Headache 2002;
42:332–6.
52 Ligthart L, Boomsma DI, Martin NG, Stubbe JH, Nyholt
DR. Migraine with aura and migraine without aura are
not distinct entities: further evidence from a large
Dutch population study. Twin Res Hum Genet 2006;
9:54–63.

