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Abstract We reviewed P300 and
contingent negative variation
(CNV) studies performed in

P300 and contingent negative variation in

ation (STH) and long-term habitua-
tion (LTH). Finally, we described
the two components of P300 (a and
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migraine in order to identify their
relevance in migraine and the role
of neurophysiology in migraine.
Publications available to us were
completed by a Medline search.
There is experimental and clinical
evidence for loss of cognitive habit-
uation in migraine which may serve
as a specific diagnostic tool; there-
fore, we reviewed studies on
migraine that analyzed habituation
and lack of habituation by P300 and
CNYV, performing short-term habitu-

b) and of CNV (early and late
wave) and the two abnormalities
reported from the majority of stud-
ies on event-related potential in
migraine: increased amplitude of
average event-related potential and
lack of habituation. These abnor-
malities are especially related to the
early component characterizing ori-
enting activity.

Key words Migraine - P300 « CNV .
Habituation

The event-related potential (ERP) component P300 is con-
sidered a cognitive neuroelectrical indicator of central
nervous system activity [1] involved with the processing
of new information when attention is engaged to update
memory representations [2]. P300 latency can be regarded
as a measure of the relative timing of the stimulus evalu-
ation process, indicating an upper limit on categorization
and stimulus evaluation time [3], or the time taken to allo-
cate resources and engage memory updating [4]. P300
amplitude is held to index attentional resource allocation
when memory updating is engaged [2]. The P300 compo-
nent in many event-related brain potential (ERP) studies is
obtained using the so-called odd-ball paradigm, in which
two stimuli are presented in random order, with one occur-
ring more frequently than the other [5]. The subject is
required to discriminate the infrequent or rare stimulus

(“target stimulus™) from the frequent or standard stimulus
(“nontarget®) by noting the occurrence of the target — typ-
ically by pressing a button or mental counting [6, 7]. A
modification of the oddball paradigm has been developed
in which infrequent-nontarget stimuli are inserted into the
sequence of target and standard stimuli. When “novel”
stimuli (e.g., dog barks, color forms, etc.) are presented as
the infrequent nontargets in the series of more “typical”
targets and standard stimuli (e.g., tones, letters of the
alphabet, etc.), a P300 component that is large over the
frontal/central areas is produced. This component has
been dubbed the “P3a,” whereas the infrequent-target
stimulus elicits a parietal maximum P300 or “P3b” [8, 9].
Because this novel P300 exhibits an anterior/central scalp
distribution, short peak latency, and rapid habituation, it
has been interpreted as reflecting frontal lobe function
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[10, 11]. In the 1960s, electrophysiologists described a
slow negative wave, called the contingent negative varia-
tion (CNV), that can be recorded on the brain cortical sur-
face between two defined and contingent external stimuli
[12]. The first stimulus serves as a warning (S1); it
announces an imperative stimulus (S2) which can be
directly acted upon by pressing a key. When the interval
between S1 and S2 is longer than 2 s, two CNV compo-
nents can be distinguished: (1) an “early component,”
which has its greatest amplitude between 550 and 750 ms
after S1, and (2) a “late component,” which shows a max-
imum amplitude in the 200 ms preceding S2. The negativ-
ity is not seen in the raw EEG and can only be detected
with averaging [13]. The CNV amplitude is associated
with expectation, attention, preparation, motivation, and
readiness [12, 14, 15]. The expectation of stimuli can
selectively reduce brain activation [16], while the antici-
patory state itself may be associated with increased blood
flow in the anterior cingulated cortex [17]. The early com-
ponent is observed predominantly frontally and related to
the attention to stimulus; the late component has a more
central distribution and is associated with motor readiness
[18]. The late CNV may consist of motor preparation and
stimulus preceding negativity, or SPN [19]. There is evi-
dence for multiple sources of CNV [20]. The anterior cin-
gulated gyrus, caudate nucleus, thalamus, and reticular
formation may be critical for the generation of the early
phase of CNV, and the dorsolateral prefrontal cortex may
be involved in the generation of the late phase [21]. The
early CNV may also originate in the frontal lobes [22].
The frontal cortex is known to be a crucial structure for
working memory, as confirmed in functional magnetic
resonance imaging, positron emission tomography (PET)
imaging, and direct neuronal recordings, and it may be
functionally specialized [23]. Loveless and Sanford [24]
called the two components of the CNV “O-wave” (or ori-
enting wave following the warning signal) and “E-wave”
(or expectancy wave anticipating the imperative signal) in
order to denote their hypothesized functional significance.
According to Rohrbaugh et al. [25], the early CNV
observed in S1-S2 paradigms with long interstimulus
intervals (3 s or more) is identical to the negative after-
wave or slow negative wave (SNW) elicited by unpaired
stimuli. Both early CNV and SNW are sensitive to task
requirements enhancing the signal value of the stimuli
[26]. For example, very much in the way the early CNV
responds to the signal value of the warning stimulus, the
amplitude of the SNW increases when a simple counting
task is imposed or discrimination of various stimuli is
required [27]. The increase seems to depend on the diffi-
culty of the task [28]. The extent, however, to which these
waves may be held to be a manifestation of orienting
activity is, according to Rohrbaugh and Gaillard [29], “an

important but largely unexplored problem”. At least two
O-wave components were described [24, 27, 28]. The first
component peaking at about 500 ms or a little later is fol-
lowed by a second broadly distributed wave. While the
first is negative at frontal scalp sites (slow negative wave
1, SNW1) and usually positive parietally (slow positive
wave, SPW), the later component of the O-wave (SNW2)
is uniformly negative at all sites, but tends to be strong
predominantly at frontal or central sites. Results of more
recent investigations suggest that the anterior negative
and the posterior positive aspects of the O-wave are inde-
pendent and can be dissociated [10, 24]. Support for
assumptions relating the O-wave to orienting activity
comes from different lines of evidence. First, it is sug-
gested by the bilateral distribution of the O-wave.
Particularly the late, SNW2, component appears to be
more pronounced over the right hemisphere [27]. This lat-
erality agrees with hypotheses linking orienting and atten-
tion with functions of the right hemisphere [30].
Furthermore, the anterior-posterior gradient of the O-
wave is in accordance with neuropsychological and neu-
rophysiological literature relating the frontal cortex to
attentional processes incorporated in orienting [31]. Also,
the effects of different experimental manipulations on
elicitation and magnitude of the O-wave seem to confirm
its relationship to orienting and attention [27]. The ampli-
tude of the O-wave, for example, appears to depend on
manipulations affecting task relevance and stimulus sig-
nificance [24, 27, 29].

In healthy subjects, the amplitude of evoked cortical
responses normally decreases with repetitive presentation
of a stimulus. This phenomenon is commonly referred to
as habituation [32], and one of its metabolic advantages
could be protection against overexcitation and lactate
accumulation in sensory cortices [33].

Migraine patients, unlike healthy control subjects,
show a dissimilar electrophysiological behavior, as shown
for visual-evoked potentials (VEPs), which fail to habitu-
ate to repeated stimuli and sometimes even potentiate [34,
35]. This also holds true for ERPs [36]. It has been
hypothesized that the simultaneous occurrence of this
deficit of habituation and a reduced mitochondrial energy
reserve might lead to the activation of the trigeminovas-
cular system, culminating in the migraine attack [37].
Extensive research on EP habituation described two main
kinds of physiological phenomena: short-term habituation
(STH) and long-term habituation (LTH) [38]. The STH
occurs when individual stimuli are repeated at short inter-
stimulus intervals and is often attributed to a refractory
period [39] or sensory gating [40]. It has been proposed
that, if the stimuli are presented in pairs, the first stimulus
activates excitatory inputs that cause a neuronal response
as well as inhibitory pathways that induce a suppression
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of neuronal activity on the following stimulus. These
processes result in STH [41]. This form of habituation is
independent of stimulus intensity, psychological charac-
teristics of the stimulus, and attentional demands, and is
possibly under strong genetic control [40—42]. In particu-
lar, the STH of the P50 (P1), a positive peak occurring
about 40-90 ms after stimulus onset, has been intensively
investigated because of its relevance in a number of psy-
chiatric and neurological disorders [40, 42, 43]. The LTH
occurs across blocks of stimuli lasting minutes and is
often explained with the “dual-process” theory of
Thompson and Spencer [32] or the “comparator” theory of
Sokolov [44]. It has been suggested that the habituation of
a neuronal response occurs when the external events of
the environment and the internal neural model are
matched and no longer produce an orienting response of
attentional focus [32, 39, 44, 45]. This habituation
depends on the intensity, psychological significance of the
stimulus, and attentional resources [38, 39, 45, 46]. The
LTH was investigated most often for the P300 wave in the
“odd-ball” paradigm and requires allocation of attentional
resources [43, 47]. In summary, the STH is more probably
related to the preattentive screening out of irrelevant stim-
uli [39-41], while the LTH is attributed to the attentive
processes of the orienting response [32, 43, 44, 47].

Migraine patients are also distinguished by a higher
dependence of their auditory-evoked cortical responses on
stimulus intensity than healthy volunteers [48, 49]. This
increased intensity dependence of auditory potentials
(IDAP) is, like sensitization, only detectable interictally
[50]. The middle latency auditory potentials are complex
neuronal phenomena that depend on thalamo-cortico-thala-
mic activities and various state-setting subcortico-cortical
pathways; there is, nonetheless, indirect evidence that IDAP
is inversely correlated with central serotonergic transmis-
sion [51]. If deficient, the latter may lead to a decreased cor-
tical preactivation level and possibly be the basis for the
observed lack of habituation in migraineurs [52].

It has been hypothesized hat the strong IDAP found in
migraineurs might be due to a deficit of habituation to
high-intensity stimuli [53], and thus these two distinct
phenomena may in fact be expressions of the same dys-
function in habituation. Migraine patients are character-
ized as having attacks caused by a deficit of habituation,
or even potentiation, of cortical-evoked and ERPs.
Another interictal electrophysiological abnormality found
in migraineurs is a marked dependence on the intensity of
auditory-evoked cortical potentials. In contrast to habitu-
ation which is measured during repetition of a stimulus at
the same intensity, IDAP is obtained after stimulations of
increasing intensities. These two electrophysiological
phenomena are thought to reflect different aspects of cor-
tical information processing, and their impairment in

migraine may be directly or indirectly related to decreased
activity in the state-setting monoaminergic projections to
the sensory cortices [54]. Habituation, i.e., amplitude
reduction of a cortical response to a sustained stimulus of
equal intensity, is considered to reflect an adaptive corti-
cal mechanism protecting from sensory overstimulation
[55] and lactate accumulation [33]. In the Aplysia gill-
withdrawal reflex, habituation is controlled by serotoner-
gic neurons [56]. Although habituation of long latency
cortical-evoked responses in the human brain is likely to
have more complex underlying molecular mechanisms,
there are some arguments suggesting that it might be
inversely related to serotonin activity. Evers et al. [57]
have shown in migraineurs that habituation, assessed by a
latency increase of the event-related visual P300 response,
varies inversely with platelet serotonin content; in partic-
ular, it arguments, i.e., normalizes, during the attack in
parallel with a decrease in platelet serotonin.
Normalization of amplitude habituation during the attack
was also found for VEPs [58] and CNV [59]. In a recent
study, Siniatchkin et al. [43] demonstrate that migraine
patients are characterized by two kinds of habituation
deficits compared with healthy subjects: (a) the sensory
gating deficit or reduced STH of the P50 wave, indepen-
dent of attentional demands to the stimulation, and (b) the
LTH of the P300 wave under circumstances of increased
cortical processing and enhanced mobilization of atten-
tional resources. These habituation deficits represent
abnormalities of different levels of information processing
in migraine. The reduced P50 STH possibly represents the
impairment of an early stage of the automatic screening
out of stimuli, whereas the P300 LTH deficit results from
disturbed cognitive processing. According to the authors,
how the STH and LTH are related, and which mechanisms
underlie these abnormalities, needs to be investigated in
further studies.

The majority of studies on evoked and event-related
potentials in migraine have shown two abnormalities:
increased amplitudes of averages of large numbers of tri-
als and lack of habituation in successive trial blocks [60].
At first sight, increased amplitudes of cortical-evoked
responses would favor the hypothesis of cortical hyperex-
citability in migraine between attacks [61]. However, it is
useful to remember that evoked responses are averaged
over a large number of stimulations and that for low num-
bers of trials amplitudes were lower, not higher, than in
healthy volunteers [60]. The suggestion has been made
therefore that the increase of EP amplitude found in some
studies was not due to cortical hyperexcitability, but mere-
ly to the lack of habituation of the responses during sus-
tained stimulation [34]. In the strict physiological sense,
hyperexcitability indeed indicates that the threshold to
obtain a response is decreased and/or that a greater
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response is induced by a given suprathreshold stimulus
[54]. Although habituation is a complex neurobiological
phenomenon, it might uniquely depend, for cortical-
evoked activation, on the preactivation excitability level.
According to the “ceiling theory” [62], which is most
often applied to explain the occurrence of an “augment-
ing” or “reducing” response to increasing stimulation
intensities, a low preactivation level of sensory cortices
allows a wider range of suprathreshold activation before
reaching the ceiling and initiating a reducing response,
i.e., habituation. This theory, applied to EP findings in
migraineurs, would explain both the low first-block
amplitude for most EPs and the lack of habituation on trial
repetition [54]. There is evidence that the preactivation
level of cortical excitability depends on the so-called
state-setting, chemically addressed connections that origi-
nate in the brain stem and involve serotonin and nora-
drenaline as transmitters [63, 64]. Low interictal activity
of these systems, especially of the raphe-cortical sero-
toninergic pathway, could indeed be responsible for the
observed  electrophysiological  abnormalities in
migraineurs [65]. If this hypothesis is correct, one would
expect that decreasing cortical activation would produce
lack of habituation in healthy volunteers, and vice versa,
that increasing activation in migraineurs would normalize
their habituation patterns [54]. This was indeed recently
demonstrated by using repetitive transcranial magnetic
stimulation (rTMS). High-frequency rTMS of the occipi-
tal cortex, known to activate the underlying cortex, was
followed by a normalization of VEP habituation in
migraineurs, while low-frequency rTMS, which has an
inhibitory effect, induced a VEP habituation deficit in nor-
mal control subjects [66]. The precise relationship
between interictal abnormal cortical information process-
ing and migraine pathogenesis remains to be determined.
The possibility that dysfunctional monoaminergic nuclei
in the brain stem may play a causative role in migraine
attacks [67], and may be responsible independently for
interictal lack of habituation of evoked potentials as an
epiphenomenon, cannot be excluded. We know that corti-
cal habituation is also a protective mechanism against
overstimulation [33] and that the mitochondrial phospho-
rylation potential as studied by magnetic resonance spec-
troscopy is reduced interictally in the brain of migraineurs
[68—70]. Lack of habituation may favor, under certain cir-
cumstances, a metabolic disequilibrium, which would
lead to activation of the major pain-signaling system of
the brain, the trigeminovascular system [71]. The ictal
normalization of EP amplitudes and habituation suggests
that there is, in close temporal proximity to the migraine
attack, an increase in the cortical preactivation level,
probably due to enhanced activity in raphe-cortical sero-
toninergic pathways [54]. Interestingly, the ictal normal-

ization of visual-evoked P3 habituation is accompanied by
a decrease in platelet serotonin content [57], and two PET
studies have shown brain stem activation during the
migraine attack [67, 72]. According to the biobehavioral
theory of migraine [73], this ictal normalization of elec-
trophysiological findings could be part of a homeostatic
process. Various studies have demonstrated a more nega-
tive bCNV in patients with migraine during foreperiods
that are shorter than 2 s [74]. Studies employing longer
foreperiods predominantly report a higher early wave
amplitude in migraine without aura [75-77], but higher
late wave amplitudes have also been reported [75]. The
higher CNV amplitudes are believed to emerge as a result
of the slow habituations over trials [74, 76, 78]. Research
in cortical electrophysiology such as that embracing the
thalamic gating model [77] or the threshold regulation
theory [79] has linked the CNV to cortical negative brain
potentials, such as the CNYV, reflecting the task-related
tuning of cortical areas. The threshold regulation theory
postulates that preparation is achieved by lowering neu-
ronal firing thresholds in the appropriate cortical neuronal
networks and by selectively increasing cortical excitabili-
ty. This is ultimately reflected in an enhanced negativity
in these particular cortical areas. In agreement with these
ideas, migraine researchers have generally attributed these
CNV findings to a hyperactivity of central catecholamin-
ergic systems [80, 81]. High catecholaminergic activity is
thought to induce a state of cortical hyperexcitability and
arousal that presents normal habituation [82]. The early
wave increases even more during the days before an attack
but decreases to the level of healthy control subjects dur-
ing the attack [82]. Along with this normalization of CNV
early wave amplitude, the impaired habituation also
resolves during the attack [77]. In the 2-3 days following
the attack, the CNV remains at this normal level after
which it gradually deteriorates again [83]. This normal-
ization during an attack has been suggested to be related
to the depletion of noradrenaline activity combined with
an increased serotoninergic transmission [84]. During the
postattack period, Mulder et al. [82] demonstrated lower
CNV early and late wave amplitudes over the frontal cor-
tex in migraineurs without aura compared with control
subjects, suggesting postattack hypoexcitability of the
frontal cortex. Concordant studies from different laborato-
ries have shown that CNV amplitude is increased in
migraineurs between attacks, mainly in those suffering
from migraine without aura [75, 76, 78, 85, 86]. This
increase was more pronounced for the early component in
comparison with healthy volunteers or tension-type
headache patients [76], which can be interpreted as dis-
turbed attention and possibly reflect an excess of excitato-
ry versus inhibitory processes. When taking into account
age as a variable [87], decrease in early CNV amplitude
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with aging was found in healthy volunteers but not in
migraineurs, which the authors interpreted as a distur-
bance of cerebral maturation. Disease duration also had an
effect on CN'V abnormalities in migraineurs [88]. A strong
familial influence on CNV parameters was reported by
Siniatchkin et al. [89], who found abnormalities not only
in migraineurs but also in healthy subjects with a positive
family history for migraine [90]. The sensitivity of CNV
to different prophylactic agents used in migraine and the
relative specificity of the difference between headache
forms suggest that CNV is a useful method for studying
headaches [91]. Siniatchkin et al. [92] found differences
in habituation of the early component of CNV in migraine
and chronic daily headache (CDH); however, in the latter,
these differences have been related to lower baseline
amplitudes, and the authors conclude that CNV may be

considered a predictive variable for transformed migraine.
According to Aurora [93], depression may also have
played a role in the CNV difference in CDH, and also
comorbidity (i.e., depression and analgesic overuse) may
alter CNV.

Studies of the P300 component of the classic “odd-ball”
paradigm of ERPs in migraine gave conflicting results. A
reduced P300 amplitude and a prolonged latency were
found when an auditory stimulus was used [94, 95], except
in one study [96]. In a paradigm with visual stimuli, how-
ever, there were no differences in P300 amplitude, but pro-
longed P300 latency in migraine without aura [36, 57, 97].
In the passive odd-ball paradigm, latency and amplitude of
the P3a component, which reflects automatic processing
of a “novel” stimulus, were on average normal interictal-
ly in migraine [98].
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