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Abstract Hyperventilation is often associated with stress,
an established trigger factor for migraine. Between attacks,
migraine is associated with a deficit in habituation to visual-
evoked potentials (VEP) that worsens just before the att-
ack. Hyperventilation slows electroencephalographic (EEG)
activity and decreases the functional response in the occipital
cortex during visual stimulation. The neural mechanisms
underlying deficient-evoked potential habituation in migrai-
neurs remain unclear. To find out whether hyperventilation
alters VEP habituation, we recorded VEPs before and after
experimentally induced hyperventilation lasting 3 min in 18
healthy subjects and 18 migraine patients between attacks. We
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measured VEP P100 amplitudes in six sequential blocks of
100 sweeps and habituation as the change in amplitude over
the six blocks. In healthy subjects, hyperventilation decreased
VEP amplitude in block 1 and abolished the normal VEP
habituation. In migraine patients, hyperventilation further
decreased the already low block 1 amplitude and worsened the
interictal habituation deficit. Hyperventilation worsens the
habituation deficit in migraineurs possibly by increasing
dysrhythmia in the brainstem-thalamo-cortical network.
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Introduction

Stress is a well known trigger factor for migraine [1]. Stress
is often associated with hyperventilation (HV). HV induces
several physiological changes in the human central nervous
system and does so by altering eucarbia, local cerebral blood
flow, brain tissue oxygenation, pH and lactate [2-5]. For
instance, HV slows the electroencephalogram (EEG) by
increasing delta-power and decreasing alpha-power [6, 7]. It
also changes somatosensory-evoked potential latency [8],
reduces the long-latency somatosensory-evoked magnetic
fields [9], shortens the cortical silent period [10], and redu-
ces the phospene threshold [11] elicited by transcranial
magnetic stimulation (TMS). On functional neuroimaging
studies, HV decreases or even abolishes the occipital cortex
response to visual stimulation [12, 13]. The physiological
changes induced in the brain culminate just after experi-
mentally induced HV begins [14, 15].

A widely accepted and standardized test to assess
excitability in the occipital cortex is the visual-evoked

@ Springer



J Headache Pain

potential (VEP). As happens for other sensory modalities,
during repeated stimulation the VEP habituates or adapts,
i.e. progressively decreases in amplitude. Besides inter-
vening in learning processes [16], habituation serves as a
protective mechanism against excessive neuronal stress
and accumulation of metabolites such as lactate and
protons [17]. In healthy subjects, various stimulation pro-
cedures modulate VEP habituation. For example, low-
frequency repetitive TMS [18] and tonic pain induced in
the hand during a cold pressor test [19] abolish, whereas
psychoactive drugs such as fluoxetine improve habituation
[20].

In migraine patients, VEP habituation is reduced or
abolished between attacks [21, 22]. Low-frequency
(inhibitory) rTMS worsens the habituation deficits whereas
high-frequency (facilitatory) repetitive TMS reverses it
[18]. By contrast, tonic pain induced by the cold pressor
test leaves the habituation deficit unchanged [23]. In
migraineurs, evoked responses recorded from the visual
cortex therefore display an abnormal VEP habituation
pattern and the visual cortex responds inadequately to
specific external or internal factors, for example HV. The
neural mechanisms underlying deficient-evoked potential
habituation in migraineurs remain unclear. Nor is it clear
whether HV induces similar changes in habituation in
healthy subjects and patients with migraine. A better
neurobiological insight into habituation mechanisms would
help understand the interictal pathophysiology of migraine.

In this study, to investigate the potential role of HV in
modulating the interictal abnormal information processing
in migraine, we studied whether and how HV influences
visual (occipital) cortical responses. In healthy subjects and
migraine patients without aura studied between attacks
before and after deep-breathing-induced HV, we recorded
VEPs to checkerboard stimulation, measured N1-P1 and
P1-N2 amplitudes to a low number of stimuli and assessed
VEP habituation over subsequent amplitude blocks.
Moreover, we search for correlations among the VEP
amplitude changes and clinical variables.

Methods
Subjects

We enrolled a group of 18 consecutive migraine patients
without aura (MO, ICHD-II code 1.1) (11 women and 7
men, mean age 30.5 years) who underwent VEP recordings
during the interictal period, i.e. attack-free for at least
3 days before and after the recording sessions, and a group
of 18 age-matched healthy subjects (12 women and 6 men,
mean age 27.1 years) recruited from among medical school
students and healthcare professionals. Inclusion criteria
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were absence of any overt medical condition, and no per-
sonal or family history of migraine or epilepsy. Women
participants were always recorded at mid-cycle.

All participants received a complete description of the
study and granted informed consent. The project was
approved by the ethical review board “Sapienza” Univer-
sity of Rome, Polo Pontino. Participants taking regular
medications and subjects who failed to reach a best cor-
rected visual acuity of >8/10 were excluded.

Visual-evoked potentials

Subjects were sitting in a semi-dark, acoustically isolated
room in front of a TV monitor surrounded by a uniform
luminance field of 5 cd/m?. To obtain a stable pupillary
diameter, each subject adapted to the ambient room light
for 10 min before VEP recording. VEPs were elicited by
monocular right eye stimulation. Visual stimuli consisted
of full-field checkerboard patterns (contrast 80%, mean
luminance 250 cd/m?) generated on a TV monitor and
reversed in contrast at a rate of 3.1 s™'. At the viewing
distance of 114 cm, the single check edges subtended a
visual angle of 15 min. Subjects were instructed to fixate
with their right eye a red dot in the middle of the screen
with the contralateral eye covered by a patch to maintain
stable fixation. VEPs were recorded from the scalp through
silver cup electrodes positioned at Oz (active electrode)
and at Fz (reference electrode 10/20 system). A ground
electrode was placed on the right forearm. Signals were
amplified by Digitimer™ D360 pre-amplifiers (band-pass
0.05-2,000 Hz, gain 1,000) and recorded by a CED™
power 1401 device (Cambridge Electronic Design Ltd,
Cambridge, UK). A total of 600 consecutive sweeps each
lasting 200 ms were collected and sampled at 4,000 Hz.

After applying off-line a 35 Hz low-pass digital filter,
cortical responses were partitioned in six sequential blocks
of 100, consisting of at least 95 artifact-free sweeps.
Responses in each block were averaged off-line (“block
averages”) using the Signal™ software package version
3.10 (CED Ltd).

VEP components were identified according to their
latencies: N1 was defined as the most negative peak
between 60 and 90 ms, P1 as the most positive peak fol-
lowing N1 between 80 and 120 ms, and N2 as the most
negative peak following P1 at between 125 and 150 ms
(Fig. 1). We measured the peak-to-peak amplitude of both
the N1-P1 and P1-N2 complex. Habituation was defined
both as the change in amplitude of N1-P1 and P1-N2
recorded during the six blocks and the slope of the linear
regression line for the six blocks. VEP habituation was
evaluated before and immediately after HV. All recordings
were collected in the morning (between 09.00 and 11.00
a.m.) by the same investigator.
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Fig. 1 Representative [HS]
recordings of visual-evoked
potential (VEP) habituation at
baseline (left) and after 3-min
hyperventilation (right) in a
healthy subject [HS] and a
migraine patient without aura
[MO]
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Hyperventilation

The subjects were instructed to practice voluntary HV for
3 min by breathing deeply at a constant rate paced by a
metronome at 40 times per minute. The post-HV VEP was
recorded immediately after HV.

Statistical analysis

We used the Statistical Package for the Social Sciences
(SPSS) for Windows, version 15.0 for all analyses. We
constructed a multivariate analysis of variance (ANOVA)
taking as a within-subject factor “block” and as between-
subject factors “Group” (HS, MO) and “time” (before
and after HV). A regression analysis was used to disclose
linear trends in VEP amplitude across blocks in each
condition and group (slope). Student’s paired-sample ¢ test
was used to compare block 1 VEP amplitude before and
after HV in both groups. Fisher’s least significant differ-
ence (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
less than 0.05 were considered to indicate statistical
significance.

P1

Results

VEP recordings from all participants yielded analyzable
data (Table 1).

During the third minute of HV most subjects com-
plained of light headedness and a sensation of cold. One
subject had a mild right carpal spasm that resolved rapidly
with normal breathing. The mean breathing rate per minute
was similar in healthy subjects and patients (P > 0.05).

ANOVA testing amplitude in averaged N1-P1 VEP
amplitude blocks disclosed a main effect for factor block
[F(s,340) = 6.76, P < 0.001], a significant two-way inter-
action of group by block [Fis 3409y = 2.73, P=0.019], and
session by block [F(s340) = 4.45, P = 0.001], but not a
three-way interaction of block by session and group
[F(5340) = 0.58, P = 0.708]. Linear regression analysis
showed that VEP amplitudes recorded in all blocks differed
between sessions in both groups [in healthy subjects
Fi34y=9.02, P =0.005 and in patients F(; 34, = 5.50,
P = 0.025]. Post hoc analysis showed that before induced
hyperventilation in healthy subjects the linear trend in VEP
amplitudes decreased from blocks 1 to 6 (—0.12), whereas
in patients it increased [+0.03; F(; 34) = 9.49, P = 0.004].
Conversely, after hyperventilation, the linear trend in
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Table 1 Clinical and demographic characteristics of healthy subjects
(HS) and migraine patients without aura (MO)

Characteristics HS (n = 18) MO (n = 18)

Women (n) 12 11

Age (years) 27.1 £7.7 305 £ 95

Duration of migraine history 18.0 £+ 3.1
(years)

Attack frequency/month (n) 20+ 14

Attack duration (hours) 20.2 + 18.3

First minute of hyperventilation 44.1 £ 5.1 447 £ 4.8
(rate/min)

Second minute of hyperventilation  48.4 + 5.2 448 £ 4.7
(rate/min)

Third minute of hyperventilation 49.8 + 4.3 47.7 + 3.8
(rate/min)

Data are expressed as mean = SD

VEP amplitudes increased from blocks 1 to 6 in both
groups [in healthy subjects +0.04, in patients +0.19;
F34) = 4.19, P = 0.04] (Fig. 2). Paired ¢ test showed that
the baseline block 1 VEP amplitude decreased significantly
after hyperventilation in both groups [healthy subjects,
t(1,17) = 318, P = 0005, and patients t(],17) = 312,
P = 0.006].

ANOVA testing amplitude in averaged P1-N2 VEP
amplitude blocks disclosed a main effect for factor block
[F(s,340) = 2.47, P = 0.032], a significant interaction of

Fig. 2 Visual-evoked potential 71
NI1-P1 block amplitudes 6.5 -
(mean + SEM) before and after
hyperventilation lasting 3 min
in healthy subjects and migraine
patients without aura

¢ | Before
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VEP N1-P1 amplitude (uV)

session by block [F(s340) = 3.34, P = 0.006], but not of
block by group [F(5340) = 0.32, P = 0.89] and of block by
session and group [F(s340) = 1.09, P = 0.365]. Linear
regression analysis showed that VEP amplitudes recorded
in all blocks differed between sessions in the healthy
subjects group only [in healthy subjects F( 34y = 15.51,
P < 0.001 and in patients F(; 34y = 0.78, P = 0.383]. Post
hoc analysis showed that before induced hyperventilation
in healthy subjects the linear trend in VEP amplitudes
decreased from blocks 1 to 6 (—0.11), whereas in patients it
increased [+0.05, F(; 34y = 9,66, P = 0.003 vs. controls].
Conversely, after hyperventilation, the linear trend in VEP
amplitudes increased from blocks 1 to 6 in both groups [in
healthy subjects +0.11, in patients 4+0.17, F(; 34, = 0.42,
P = 0.517] (Fig. 2). Paired ¢ test showed that the baseline
block 1 VEP amplitude was unchanged after hyperventi-
lation in both groups [healthy subjects, 7 ;7, = 0.29,
P = 0.588, and patients ¢, 7y = 0.17, P = 0.677].

Pearson’s test disclosed no significant correlation
between clinical characteristics and both VEP amplitude
slopes in migraine patients.

Discussion
In the healthy subjects and patients with migraine without

aura recorded between attacks, we studied 3-min deep-
breathing-induced HV significantly changed the VEPs to

Healthy subjects MO patients
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checkerboard stimulation. Another finding was that HV
induced similar changes in VEP patterns in healthy sub-
jects and migraine patients. After HV, VEP amplitudes to a
low number of stimuli, i.e. in the first block of 100 aver-
aged responses, decreased and the normal VEP amplitude
habituation between the first and sixth block of aver-
aged responses disappeared. These changes in cortical
responsiveness confirm that deep-breathing-induced HV
induces transient physiologic changes in brain functions,
and does so by influencing the visual (occipital) cortex
activation. As expected, subjects reported experiencing
classic HV-induced symptoms including light headedness
and sensations of cold, suggesting that they hyperventi-
lated effectively. Two participants, a healthy woman and
a male migraineur, also manifested symptoms of mild
spasmophilia.

The reduced amplitudes in the N1-P1 first amplitude
block after HV in healthy subjects and patients receive
support from current neurobiological knowledge on HV-
induced changes in hemodynamic status and EEG activity.
In healthy subjects, HV reduces cerebral blood flow and
causes marked EEG slowing [4]. The EEG changes may
reflect causes other than reduced blood flow, given that
cerebral vasoconstriction without concomitant alkalosis
and a low partial pressure of carbon dioxide (pCO,) leave
the EEG unchanged [24-26]. After HV, EEG delta power
increases and alpha power decreases [6, 7, 24]. Observa-
tions that are especially relevant to the reduced amplitudes
we found in the first N1-P1 amplitude block are that EEG
alpha activity predominates in occipito-parietal areas and
studies using simultaneous EEG and near-infrared spec-
troscopy show that low alpha amplitudes in healthy sub-
jects are related to small oxygenation responses and low
VEP amplitude [27]. For sake of completeness, we report
that some early studies showed no significant HV-induced
effects on VEP amplitude [28, 29]. However, relevant
technical and methodological considerations render unli-
kely a direct comparison of findings from these studies
with those hereby presented (different stimulus parameters,
frequency of pattern reversal, spatial features of checks,
sweep recording times, and experimental procedure for
VEP acquisition during or after HV).

Several observations help explain which brain areas
mediate the HV-induced EEG changes in VEP amplitudes.
Because cortical rhythmic activity arises from an interplay
between thalamic relay cells with cells in the reticular
nuclei and cortico-cortical reverberant loops [30, 31], the
VEP changes we recorded after deep-breathing-induced
HV could plausibly depend on thalamic neuronal hyper-
polarization. This neural mechanism accords perfectly with
early evidence that lesions involving the anterior pole of
the thalamus (nucleus centralis lateralis) abolish the corti-
cal response to HV [32, 33]. Another major brain nervous

structure involved in HV-induced EEG changes is the
reticular formation. The mesencephalic reticular formation
is as sensitive to CO, as the classic respiratory centres, and
hypocapnia may disinhibit the normally inhibited neurons
in the mesencephalic reticular formation that synchronize
cortical activity thereby resulting in slow-wave EEG
[34, 35]. Hypercapnia can produce cortical arousal and
hypocapnia cortical depression by acting directly on mes-
encephalic structures [35]. Stimuli activating the mesence-
phalic reticular formation also facilitate oscillatory activity
in the gamma-frequency range and enhance the stimulus-
specific synchronization of neuronal spike responses in the
visual cortex of cats [36]. The HV-induced reduction in
N1-P1 VEP first block amplitude we found in healthy sub-
jects and migraineurs might reflect a transient thalamic
dysfunction possibly arising when hypocapnia related to HV
interferes with neural activity in brainstem respiratory
centres [26, 37, 38].

The second distinctive finding in our study is that in
healthy subjects (both N1-P1 and P1-N2 amplitudes) and
patients with migraine (N1-P1 amplitude only), experi-
mentally induced-HV dampened VEP amplitude habitua-
tion. A possible explanation calls into question the
temporal relationship between VEP recordings and the
duration of HV-induced EEG changes. Alpha power
recovers rapidly soon after HV ends [15], and the recovery
time course matches that of the blood-oxygen-level-
dependent (BOLD)-contrast functional MRI signal [39].
Our VEP recordings started immediately after induced HV
began and lasted 200 s. We might therefore have recor-
ded the last six blocks of 100 responses during the alpha
activity recovery phase that leads to an increase in VEP
amplitude after the first block, and thus lack of habituation
measured over successive blocks. Although this explana-
tion receives apparent support from our finding that VEP
amplitude tends to habituate between the fourth and sixth
block (—18.8%) (Fig.2), HV induced no 4-6 block
habituation in migraine patients (—3.2%, P = 0.07 vs.
controls), possibly because other external and internal
factors intervened.

Our new findings also expand our previous report
describing deficient VEP habituation at rest in migraine
patients between attacks [21, 22] now showing that HV
worsens this deficit mainly by decreasing further the
already abnormally low amplitude in the first VEP block.
In patients, unlike healthy subjects, habituation failed to
return between the fourth and sixth blocks suggesting that
in migraineurs the brain mechanisms responsible for
habituation are malfunctioning. In an earlier study we
showed that the late evoked component of VEP gamma
band oscillations, which reflects visual stimulus processing
by cortical neurons, does not habituate normally in mi-
graineurs [40]. We attributed this finding to a functional
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thalamus disconnection due to hypofunctioning serotoner-
gic projections from the brainstem [40, 41] and thus pro-
posed including migraine in the so-called thalamo-cortical
dysrhythmia syndromes [42, 43]. The so-called chemically
addressed state-setting brain stem nuclei modulate thal-
amo-cortical activity and cortical excitability [44]. These
state-setting systems in the brain stem contain noradren-
ergic, serotoninergic and histaminergic neurons that are
chemosensitive to CO, tensions [45-47]. Evidence that
serotonergic raphe neurons, for instance, increase their
firing rate during hypercapnia explains their role in respi-
ratory control but also in arousal. If their firing rate
decreases during HV then decreased firing might further
aggravate their hypofunction in migraineurs and worsen
the thalamocortical dysrhythmia. Here, whether the known
persistent increase in lactate levels induced by HV [2, 4,
48] plays a role in the VEP changes remains to be deter-
mined. Collectively the above-mentioned findings seem to
support our earlier hypothesis that the interictal habituation
deficit in migraine reflects reduced thalamocortical drive
and hence a low preactivation level of sensory cortices
[21, 22].

In our study, VEP changes could in theory also derive
from reduced efficiency of inhibitory circuits. But com-
parison between the time course of HV-induced modifica-
tions in inhibitory mechanisms as revealed by TMS studies
(5-10 min after HV ends [10, 11]) and in our sensorial
responses following repetitive stimulation (immediately
after HV ends) renders unlikely that our HV-induced VEP
amplitude changes derive from transient inhibitory cortical
dysfunction.

Finally, certain limitations of the present study should
be acknowledged. First, investigators were not blinded for
subjects’ diagnosis, thing that typically happens in this kind
of study. Second, although all participants to the study
reported classic HV-induced symptoms or manifested mild
spasmophilia, the investigators performed no measure of
end-tidal pCO, to ensure adequate hyperventilation level.
Such a missing data should not be considered detrimental
since a study comparing EEG modifications induced by
standardized (i.e. with end tidal pCO, measures) and non-
standardized hyperventilation (i.e. without end tidal pCO,
measures) showed that both procedures changed the spec-
tral power density of EEG in all frequency bands [6].

In conclusion, experimentally induced-HV lasting 3 min
decreases VEP amplitudes to a low number of stimuli (first
block) and abolishes normal VEP habituation during sub-
sequent visual stimulation. The VEP changes in healthy
subjects and migraine patients suggest that hypocapnia
induces changes in chemosensitive aminergic nuclei in the
brain stem. In migraine patients the HV-induced changes
worsen patients’ pre-existing thalamo-cortical dysrhyth-
mia. These findings raise the intriguing question of how
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hyperventilation changes VEPs in migraine patients
recorded during the attack, when VEP habituation becomes
normal [49].

Conflict of interest None.
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