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Abbreviations

CM Chronic migraine
CSD Cortical spreading depression
GABA Gamma amino butyric acid
HFO High-frequency oscillations
ICF Intracortical facilitation
ISI Interstimulus interval
LICI Long-interval intracortical inhibition
LP Lateral posterior nucleus
LTD Long-term depression
LTP Long-term potentiation
M1 Primary motor cortex
MEP Motor evoked potential
NDSD Non-dermatomal sensory deficits
PAS Paired associative stimulation
PPC Posterior parietal cortex
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REM Rapid eye movement
RMT Resting motor threshold
rTMS Repetitive TMS
S1 Primary somatosensory cortex
SAI Short-latency afferent inhibition
SICI Short-interval intracortical inhibition
SSEP Somatosensory evoked potential
STD Somatosensory temporal discrimination
STDT Somatosensory temporal discrimination threshold
tDCS Transcranial direct current stimulation
TMS Transcranial magnetic stimulation
TRN Thalamic reticular nucleus
TTH Tension-type headache
VPL Ventral posterolateral nucleus
VPM Ventral posteromedial nucleus
VPN Ventro-posterior nucleus

9.1  Introduction

Multimodal sensorial disruption is one of the characteristic features of migraine 
headache attacks. Up to 12 h before and during a migraine attack, patients may expe-
rience sensory stimuli (light, sound, and odors) as unpleasant or even painful. 
Sometimes, migraineurs report these as being triggers of their attacks as well [1, 2]. 
Photophobia is present in approximately 50–90% of migraineurs and often the inten-
sity of the headache increases with light exposure or certain light patterns [3, 4]. 
About 25–45% experience osmophobia during attacks and half of them report that 
strong odors (e.g., perfume, deodorant, coffee, fried dishes, as well as cigarette 
smoke) may trigger attacks [5, 6].

When allodynia is present, pain may be induced by non-painful stimulation such 
as mild touch, shaving, dressing, and combing hair. In approximately 65%, this mani-
fests primarily in the periorbital region and spreads to extra-cephalic regions [7, 8].

Photophobia, phonophobia, osmophobia, and allodynia are thought to be clinical 
correlates of central sensitization. An increased sensitivity to sensory stimuli during 
the premonitory phase (especially photophobia and phonophobia) is believed to 
occur independently from trigeminal inputs during an attack [9–12].

In addition, the ability to distinguish two identical somaesthetic stimuli applied 
to the same or different cutaneous region in short intervals is often impaired during 
migraine [13–16].

Sensorimotor integration is an anatomical and functional process with motor 
orders and sensory feedback. Different sensory modalities need to be identified and 
translated into coding to plan a movement. Sensorimotor integration is mostly asso-
ciated with the somatosensory cortex, thalamus, posterior parietal cortex, and motor 
cortex. The sensorimotor cortex is highly dynamic and associated not only with 
motor learning but also with cognitive events.
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Overall, there is evidence that sensory processing may be affected in migraine 
patients. Much research has been undertaken to elucidate the underlying mecha-
nisms and to study the implications for sensorimotor integration. In this chapter, we 
will provide an overview of the involved anatomical structures and physiological 
processes and discuss the current knowledge.

9.2  The Anatomical and Physiological Basis of Sensory 
Processing and Sensorimotor Integration

Processing of sensory information occurs in the thalamus, the primary sensory cor-
tex, as well as the posterior parietal cortex.

9.2.1  Thalamus

Neurons in the sensory thalamus receive information from the external environment 
through the medial lemniscus and transfer them to the cerebral cortex. Thalamic 
neurons and cortico-thalamic feedback neurons ensure a constant communication 
between the thalamus and cortex in sensory processing [17].

The thalamic nuclei are subdivided into first-order and higher-order relay nuclei. 
First-order thalamic nuclei transmit sensory inputs to first-order cortical areas such 
as the primary sensory cortex (S1) [18, 19]. Higher-order thalamic nuclei, on the 
other hand, primarily receive input from the fifth layer of the cerebral cortex and 
forward information to higher-order cortical areas [18]. Thereby, the thalamus 
mediates synchronization of cortico-cortical oscillations [18, 20].

Cortico-thalamic feedback neurons are located in the cortical layer 6 and their 
axons project on both the thalamus and the cerebral cortex. In addition to sending 
monosynaptic input to thalamic relay neurons, axons of cortico-thalamic neurons 
also provide polysynaptic inhibition relayed by local inhibitory neurons and neu-
rons in the thalamic reticular nucleus (TRN). Therefore, the cortico-thalamic activ-
ity has both excitatory and inhibitory effects on thalamic function [18].

Furthermore, cortico-thalamic neurons strengthen the sensory signals transmit-
ted from the periphery to the cortex and sharpen the receptive field [21, 22].

Cortico-thalamic feedback affects gain and responsiveness of thalamic neurons 
at both local and global levels. At the local level, cortico-thalamic feedback selec-
tively increases the sensory response of individual thalamic neurons in somatosen-
sory, auditory, and visual systems [23, 24]. At the global level, cortico-thalamic 
projections adjust the responsiveness of thalamic neurons during sleep and wakeful-
ness. In addition, cortico-thalamic feedback modulates the sensory responses in the 
thalamus [25, 26]. More recently, cortico-thalamic feedback was found to increase 
thalamic response to painful stimulation and to increase the flow of information 
between the thalamus and somatosensory cortex [27, 28].
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The thalamic reticular nucleus (TRN) is a layer of GABAergic neurons surrounding 
the sensory thalamus. Its neurons project to the thalamus and receive input from both 
thalamo-cortical neurons and the cortex. Neurons of the TRN are non- reciprocally 
linked to thalamo-cortical neurons [29, 30]. Multiple brain regions, such as the prefron-
tal cortex, the amygdala, other thalamic regions, and the basal forebrain region, indi-
rectly affect cortical activation by projections to the TRN [31, 32]. Open-loop connections 
may be a potential substrate for long-range modulation of cortical activity, and, para-
doxically, they are involved in increased thalamo- cortical signal current and signal prop-
agation in the thalamus [33, 34]. Based upon these findings, it is thought that the TRN 
modulates transmission of information to the cerebral cortex [29, 35, 36]. The TRN 
controls the response mode of thalamo- cortical neurons, and the flow of sensory infor-
mation to the cortex, mediates lateral inhibition and maintains the sleep [29, 36, 37].

The thalamo-cortical neurons have two spiking response modes—bursting and 
tonic activation [37]. Thalamic burst firing plays an important role in sensory gat-
ing. It occurs spontaneously in cases of neuropathic pain and noxious stimulation. 
Inhibition of thalamic burst firing can lead to changes in nociceptive responses [38]. 
Burst firing occurs during slow-wave sleep as well as sleep spindles [29] and may 
be associated with relief of migraine pain or migraine attacks during sleep.

Tepe and colleagues showed for the first time that spreading depression waves in 
the cerebral cortex could invade and activate the TRN in awake rats [39]. While the 
TRN has seven anatomically distinct sectors of motor, limbic, and sensory process-
ing, cortical spreading depression (CSD) selectively activates the visual sector of 
TRN.  Administration of valproic acid as well as calcitonin gene-related peptide 
receptor antagonist inhibited CSD- induced activation of the TRN [39, 40]. 
Dysfunction of the GABAergic neurons in TRN by CSD results in enhanced trans-
mission of sensory information to the cerebral cortex and hyper-responsiveness to 
sensorial stimulus, as seen in migraine. Given that TRN plays a key role in sleep, 
selective attention, lateral inhibition, and discrimination of sensory stimuli, study-
ing the complex role of the thalamus in is crucial to understand clinical features and 
sensory impairment in migraine [41].

Thalamo-cortical somatosensory projections from the ventral posterolateral 
nucleus (VPL), the ventral posteromedial nucleus (VPM), and the lateral poste-
rior nucleus (LP) reach primary and secondary somatosensory areas. Efferents of 
the ventro-posterior nucleus (VPN) transmit the sense of touch and pain. Recent 
paper evaluated the potential participation of thalamocortical network interrup-
tion in development of sensory dysfunction accompanying migraine head-
aches [41].

9.2.2  Sensorimotor Cortex

The posterior medial nucleus of the thalamus transmits somatosensory information 
to layer 1 of the primary somatosensory cortex (S1), which consists of Brodmann’s 
areas 3a, 3b, 1, and 2 [42–44]. Sensory neurons in S1 project to the primary motor 
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cortex (M1) both directly and via thalamo-cortical connections [45, 46]. Precentral 
and postcentral gyri together are termed sensorimotor cortex.

Electrophysiological studies have shown that layer 4 of M1 receives excitatory 
inputs from the thalamus and sends unidirectional excitatory outputs to layers 2 and 
3 [47]. While nearly half of the synapses in M1 are excitatory, synapses in S1 are 
both excitatory and inhibitory [48]. Feedforward inhibition occurs in layer 1 instead 
of layer 4 of M1 through thalamo-cortical projections [49].

Direct projections from S1 to M1 and projections from the thalamus to M1 are 
important for somatosensory motor integration that will be discussed below [50]. In 
addition, the somatosensory cortex is crucial for motor learning [51–53].

9.2.3  The Posterior Parietal Cortex

Different sensory modalities such as visual, somatosensory, prefrontal, and auditory 
are integrated in the posterior parietal cortex (PPC). It is connected to somatosen-
sory and motor areas [54, 55], to prefrontal motor areas both directly and through 
networks [56], and to the M1 via monosynaptic projections [57]. PPC neurons play 
a role in planning, controlling, and correcting movements. These neurons encode 
dynamic information about motion [58, 59].

9.3  Somatosensory Processing

9.3.1  Habituation, Sensitization, and Allodynia

Somatosensory evoked potentials (SSEPs) have been used to study processing of 
somatosensory signals. To that end, the median nerve is stimulated using non- 
noxious stimuli and an evoked potential—the negative N20-peak—is recorded from 
the contralateral somatosensory cortex using EEG or magnetoencephalography [60].

The responsiveness of the brain to external stimuli varies. A decrement of 
responses to repetitive stimuli is referred to as habituation [61]. An increase in 
responsiveness on the other hand is termed sensitization. The presence of two inde-
pendent systems (i.e., habituation and sensitization) influencing the reaction of a 
biological system has firstly been hypothesized by Groves and Thompson in their 
dual process theory of response habituation [61, 62]. When confronted with a new 
stimulus, sensitization may occur first; habituation follows later, if sensory stimula-
tion persists.

These phenomena have been studied in migraine patients recording SSEPs. In 
one study, sensitization was assumed when the average amplitude of the first 100 
stimulations was higher than in healthy controls. This was the case in patients suf-
fering from migraine without aura examined during an attack [63]. When two fur-
ther blocks, each with 100 stimulations were added, a decrement of the average 
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amplitude per block compared to the amplitude of the first block was observed in 
healthy controls as well as in patients suffering from an acute migraine attack. These 
findings suggest that sensitization is present during a migraine attack [63]. In one 
study, allodynia was experimentally induced in healthy subjects and led to painful 
sensations and an increase in amplitude of potentials evoked by stimulation of Aβ 
fibers [64]. It is thus likely that central sensitization during migraine attacks is 
caused by painful afferents and manifests as allodynia.

While habituation can be observed in healthy subjects, in migraine patients it is 
present only during an attack [63]. An interictal lack of habituation has been reported 
for various sensory stimuli [65, 66]. The reason for this is less clear. According to 
the “ceiling theory,” signal intensity must reach a threshold (“ceiling”) in order to 
trigger habituation [67].

In order to investigate further the mechanism of the abnormalities of the SSEPs, 
some studies focused on high-frequency oscillations (HFO) [68]. These are super-
imposed on the N20-peak and may be subdivided in early and late bursts. It is 
believed that generators of the former are thalamo-cortical afferents and of the latter 
are inhibitory interneurons in the primary sensory cortex (area 3b) [69, 70]. The 
amplitude of early HFOs was significantly lower in migraineurs in the interictal 
period and normalized during an attack. No difference in late HFOs was found. A 
low amplitude of early HFOs had also been found in previous studies when SSEPs 
were recorded during non-REM sleep.

Given that the amplitude of early HFOs increases after administration of rivastig-
mine [71] and given that cholinergic systems are relevant for the sleep-wake cycle, 
it has been hypothesized that these early HFOs were generated by cholinergic 
reticulo- thalamic pathways [68]. Consequently, an interictal hypofunction of 
thalamo- cortical excitatory cholinergic afferents was assumed in migraine patients 
[68]. This finding again might indicate that the pre-activation of sensory cortices 
was too small to induce habituation.

In patients with chronic migraine, both sensitization and habituation are found in 
the interictal period, suggesting a permanent ictal-like state [72]. In addition, a cor-
relation between the degree of sensitization and the number of headache days was 
found. This finding suggests that an increasing sensitization might indeed lead to 
habituation as predicted by the ceiling theory.

In patients with medication overuse headache, central sensitization is present, 
while habituation is absent. It has been suggested these patients are in locked a per-
sistent pre-ictal state [63]. These findings are unexpected given the hypothesis that 
the absence of habituation in migraine patients is due to the low amplitude of the 
potential. Since that medication overuse is associated with sensitization, an insuffi-
cient signal amplitude seems unlikely [63]. Therefore, it has been suggested that the 
lack of habituation may be the consequence of a cortical hyper-reactivity [73]. The 
reduced amplitude of evoked potentials and the reduced activity of thalamo- cortical 
afferents might represent compensatory mechanism mediated by feedback loops 
[73]. The lack of habituation might not be due to too little input but to a cortical 
hyper-excitability. Thus, the ceiling theory may be invalid.

Overall, it is likely that the primary sensory cortex is hyper-excitable and the 
activity of thalamo-cortical afferents is reduced in migraine patients in the interictal 
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period. During an attack, cortical excitability normalizes (as indicated by the appear-
ance of habituation) and the activity of the thalamo-cortical afferents increases.

9.3.2  Energy Metabolism

Despite their name, evoked potentials probably do not represent stimulus-evoked 
brain events. Rather they document a phase resetting of different cortical rhythms – 
in particular alpha, mu, and frontal midline theta rhythms [74]. In migraine patients, 
SSEPs recorded during attacks have a higher amplitude, compared to healthy con-
trols [63], indicating that sensory stimuli lead to a higher degree of phase resetting.

Higher amplitudes of evoked potentials have been linked to a higher energy con-
sumption of sensory processing ([75], Fig. 9.1). This notion is supported by several 
studies in which the power consumption in the visual cortex was studied using MR 
spectroscopy before, during, and after stimulation [76–80].

In migraine without aura, lactate levels were normal at all times [77]. However, 
two studies reported low phosphocreatine, low adenosine triphosphate, and an 

0 20 40 60
Blocks

0 20 40 60
Blocks

0 20 40 60
Blocks

Phase modulation Amplitude modulation

VEP at 8Hz

Migraine patients
Control subjects

8Hz amplitudePLF (phase locking factor)

A
m

pl
itu

de
 [µ

V
]

A
m

pl
itu

de
 [µ

V
]

[r
ad

]

5

4

3

10

15

20

5

0

2

1

2.5

2

3

1.5

1

0.5

00

Fig. 9.1 The figure below shows that amplitude differences of visual evoked potentials at 8 Hz 
stimulation between migraine patients and control subjects are mainly explained by single-sweep 
amplitude, rather than phase modulation of EEG activity. Amplitude variation is thought to be 
more energy demanding than phase shift
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increased adenosine diphosphate suggesting an altered energy metabolism [78, 
79]. In migraine with aura, lactate and adenosine diphosphate levels were high 
and phosphocreatine was low even in the absence of sensory stimulation [76, 80]. 
In addition, muscles biopsies revealed an abnormal energy metabolism as 
well [80].

The precise pathophysiology of the energy metabolism in migraine is yet to 
be understood. Nevertheless, these findings led to the idea of migraine being due 
to a defect of the oxidative energy generation [81]. Therefore, it was hypothe-
sized that strengthening the mitochondrial function may help to prevent attacks. 
Indeed, riboflavin and co-enzyme Q10 reduce the attack frequency in many 
patients [82–85].

9.3.3  Sensory Gating

Large amounts of sensory information are collected by the nervous system at every 
instant. While some of these data may be relevant, others are not. The process of 
selecting important input is referred to as sensory gating. It is studied by measuring 
the capacity of the brain to filter repetitive stimuli. To this end, two stimuli are com-
monly applied in close temporal relationship and cortical evoked potentials are reg-
istered using electro-encephalography or magnetoencephalography. The so- called 
gating ratio reflects the amount of attenuation of the second signal. It is calculated 
by dividing the amplitude of the second signal by the amplitude of the first. Cortical 
potentials may be evoked using different sensory input, like acoustic, visual, or 
sensory signals [86].

Two studies examined sensory gating in headache patients [87, 88]. Non-painful 
electric stimuli were applied to the left index finger and magnetoencephalography 
was used to record responses from the contralateral primary sensory cortex. The 
main finding was that the gating ratio was higher in patients with migraine than in 
controls and higher in chronic migraine than in episodic implying a reduced attenu-
ation of the second stimulus in these groups. There was a positive correlation 
between the number of headache days and the gating ratio [87, 88].

The mechanisms underlying these findings are unclear. While a true gating defi-
cit may be present (i.e., an incomplete suppression of repetitive stimuli because of a 
cortical hyper-reactivity), it should also be considered that the small amplitude of 
the first signal might have been insufficient to induce gating [87].

9.3.4  Somatosensory Temporal Discrimination

The ability to distinguish two identical somaesthetic stimuli applied to the same 
spot or different cutaneous regions in short intervals is referred to as somatosen-
sory temporal discrimination (STD) [13]. It is crucial for somatosensory 
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functions such as kinesthesia, graphesthesia, and stereognosis [89, 90]. The 
somatosensory temporal discrimination threshold (STDT) is defined as the 
shortest delay between two stimuli that still allows discrimination and differs 
between body areas [13].

Different studies evaluated STD in migraine patients [14–16]. Boran and col-
leagues examined the STDTs of the upper extremity (dermatome C7) and face 
(mandibular nerve) in patients with episodic migraine and healthy volunteers. 
While no difference could be found interictally, an approximately two- to four-
fold prolongation was observed in all regions during an attack [14]. In the con-
tralateral upper extremity and the ipsilateral face, STDTs were significantly 
longer compared to other regions. These prolongations were thought to have 
resulted from alterations of central pain perception. However, it has been sug-
gested that a significant prolongation of the contralateral upper extremity and 
ipsilateral face cannot be explained by the impairment of sensory networks 
alone [14].

In patients with chronic migraine (CM), STDTs are approximately three times 
longer than in healthy volunteers—even on days without headache. This finding 
stands in contrast to episodic migraine where normal interictal STDTs were found. 
This suggests that the impairment of sensorial processing is sustained in chronic 
migraine [15]. Again, patients with chronic migraine seem to be locked in an ictal 
state. In patients with tension-type headache (TTH), on the other hand, STDTs are 
unaltered [16]. Therefore, STD may be used as a biomarker for chronic migraine as 
well as to differentiate migraine from TTH [15, 16].

Abnormal STD does not only occur in migraine; it has been linked to cerebral 
damage in different locations. Lesions in the primary somatosensory cortex, the 
internal capsule, and the thalamus may cause impairment of both sensory percep-
tion and STD. Lesions in the posterior parietal cortex, head of the caudate nucleus, 
putamen, medial thalamus, and lenticular nucleus do not affect sensory perception 
but lead to abnormal STD. Finally, a bilateral lesion of the supplementary motor 
area may be associated with impaired STD as well [91]. In healthy subjects, fMRI 
imaging revealed the inferior parietal lobule, the middle and inferior frontal gyrus, 
the anterior part of the right insula, the right anterior cingulate gyrus, as well as the 
cerebellum to be relevant for STD. The pre-SMA and the anterior cingulate gyrus 
are thought to be specific for the task [92].

Higher STDTs also occur in patients suffering from movement disorders 
such as Parkinson’s disease, dystonia, and multisystem atrophy [93, 94]. 
Consequently, basal ganglia are likely to play an important role in temporal 
discrimination. The affection of STD in Parkinson’s disease is thought to be due 
to an impairment of sensorimotor integration, timing, and projections to the 
supplementary motor area [95]. Finally, STDTs are higher in patients with cer-
ebellar atrophy [96].

Some of the structures involved in pain perception during migraine attacks such 
as the insula, cingulate gyrus, cerebellum, and basal ganglia are known to play a 
role in STD impairment [97]. Thus, changes of STDTs in migraine patients could 
arise from a transient impairment in these areas [14].
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9.3.5  Non-dermatomal Sensory Deficits

About 20–40% of patients suffering from chronic pain complain about sensory defi-
cits ipsilateral to their pain, so-called non-dermatomal sensory deficits (NDSD), and 
migraine patients are not spared from these constraints [98, 99].

The absence of anatomical lesions in the peripheral and central nervous system often 
led to speculation about “hysteria” or a conversion disorder [100]. However, careful 
sensory testing revealed significantly higher thresholds for mechanical and painful stim-
uli ipsilateral to the pain suggesting functional changes of sensory processing [98].

Imaging studies were undertaken to help understanding these findings. Riederer 
and co-workers investigated gray matter changes in patients with NDSD [101]. 
They discovered an increase in gray matter in the right primary sensory cortex, in 
the thalamus, and bilaterally in lateral temporal regions and the hippocampus. 
Patients with chronic pain but without NDSD had been included in the study as 
controls and had changes in similar areas but to a lesser extent. An association with 
psychiatric disorders was not found. Egloff et al. studied NDSD using FDG-PET 
imaging and found a significant hypometabolism in the contralateral post-central 
gyrus, posterior insula, putamen, medial temporal gyrus, cuneus, superior and infe-
rior temporal gyrus, as well as ipsilateral putamen and precuneus [102].

While these findings support the hypothesis of a dysfunction of the central nervous 
system having caused the symptoms, the precise pathophysiology remains elusive. It 
has been suggested that NDSD may be the consequence of the central nervous system 
trying to reduce pain by suppressing sensory afferents [103]. Another hypothesis is 
based upon the increase in gray matter in and the hypometabolism of the lateral tem-
poral gyrus. Given that dysfunction of this region may be associated with a neglect, a 
perception disorder might explain the sensory complaints [101]. In the past, the find-
ing of neglect-like symptoms in patients suffering from complex regional pain syn-
drome had led to the question whether we are “neglecting neglect” [104, 105]. Based 
upon these findings, one may wonder whether the possibility of an acquired neglect in 
NDSD should receive greater attention.

9.4  Sensorimotor Integration

Relevant sensory data need to be identified and different sensory qualities be trans-
lated into a common coding to plan a movement. This process is referred to as 
sensorimotor integration.

Much information on executed movements such as muscle contraction and body 
kinematics converge on the sensorimotor cortex [106–108]. Irrelevant information 
having been filtered by sensory gating, the remaining data are integrated to plan, 
monitor, and optimize current and future movements [109]. This complex process is 
influenced by different factors such as training, motivation, purpose, and neuronal 
excitability [109].
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Some studies tried to evaluate whether altered sensory information may have 
repercussions in motion planning in migraine patients. To this end, the motor cortex 
was investigated using transcranial magnetic stimulation (TMS).

Increased excitability was found and suggested that neurophysiological findings 
have a role in the mechanism of migraine [110, 111]. Increased motor threshold and 
increased cortical excitability or decreased inhibition in migraine patients was 
shown [110]. Contradictory results were found in other studies. It is thought that 
there is dysregulation of cortical excitability in migraine patients whether cortical 
excitability is decreased or increased. This change in cortical excitability may play 
a role in explaining the different symptoms in migraine patients.

The amplitude of motor evoked potentials (MEPs) can be measured in peripheral 
muscles after cortical stimulation is applied using TMS. Low MEP threshold and 
high MEP amplitude suggest higher cortical excitability [112]. MEP thresholds 
were found to be normal, increased, or decreased in migraineurs [113].

The resting motor threshold (RMT) reflects the excitability of cortico-motor pro-
jections. RMT was assessed in the interictal period and directly after an attack-day 
in one study. RMT was negatively correlated with the number of days after the 
migraine attacks in migraine patients [113].

An inhibitory effect is expected in low-frequency repetitive TMS (rTMS) 
(≤1 Hz), while an excitatory effect is expected in high-frequency rTMS (≥5 Hz) in 
healthy people [114]. The intracortical facilitation circuit of the motor cortex of 
migraine patients with aura was significantly activated with 1 Hz rTMS at 90% of 
the RMT even though it should have been inhibited [115]. Excitatory systems are 
easily activated in migraine patients with aura at 5 Hz rTMS at 110% and 120% of 
RMT compared to migraine patients without aura and healthy volunteers. On the 
other hand, inhibition was observed in migraine patients with 130% of RMT at 5 Hz 
rTMS, while MEP facilitation was observed in healthy individuals [116]. These 
paradoxical responses were interpreted as being due to cortical homeostatic meta-
plasticity. In a hyperactivated cortex, the excitability of the cortex should be main-
tained in the physiological range when stimulating with low-frequency or 
high-frequency rTMS [117, 118].

Paired pulse TMS activates inhibiting or facilitating intracortical interneurons, 
which project to the corticospinal tract. To inhibit the cerebral cortex, short inter-
stimulus interval (ISI) of 1–5 ms (short-interval intracortical inhibition, SICI) and 
long ISI of 50–400 ms (long-interval intracortical inhibition, LICI) are used. 
Whereas ISI of 6–30 ms is used to facilitate the cortex (intracortical facilitation, 
ICF) [119, 120]. Some investigators found increased ICF [121] or decreased SICI 
[115, 122] supporting the increased hyper-excitability hypothesis in migraine, while 
others did not. Changing the severity of the test stimulus has a significant effect on 
cortical inhibition and facilitation in healthy individuals in this paradigm [123, 124]. 
Test stimulation at 110%, 130%, and 150% of the RMT and 10 ms of ISI for ICF, 
2  ms of ISI for SICI, and 100  ms of ISI for LICI was used in another study. 
Significantly, facilitation was observed by using test stimulation at 110% of the 
RMT compared to controls in ICF paradigm [125]. ICF is mediated by glutamater-
gic functions while SICI is mediated by GABAA receptors and LICI is mediated by 
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GABAB receptors. The decrease of postsynaptic activity decreases the threshold for 
long-term potentiation (LTP) and increases the threshold for long-term depression 
(LTD). Because of the homeostatic plasticity, cortical neurons adjust the postsynap-
tic activity level through presynaptic stimulation response, thereby changing corti-
cal excitability [126, 127].

It was shown that cortical excitability is reduced after using anodal transcranial 
direct current stimulation (tDCS), while cortical excitability is increased using cath-
odal tDCS [128]. MEP decrease was observed after cathodal tDCS was used in 
migraine patients with visual aura similar to healthy volunteers, MEP amplitudes 
returned to baseline at 5th and 15th min by following 5  Hz rTMS.  Both groups 
showed significant facilitation when anodal TDCS was applied. After the 5 Hz rTMS, 
inhibition was observed at fifth and 15th min in healthy volunteers, while facilitation 
continued in migraine patients [128]. Inhibitor dysfunction was found to be more 
prominent in migraine patients with aura than in migraine patients without aura and 
healthy subjects [129]. Taken together, when evaluating cortical excitability in 
migraine patients using external modulation, an inhomogeneous group was reported.

Applying stimuli to the periphery and the cortex at different times, inhibition is 
observed with 10 ms of ISI and facilitation is observed with 25 ms of ISI in the 
sensorimotor cortex in healthy subjects. This lasts for at least 30–60 min [130, 131] 
and arises from LTP and LTD.

In one study, long-term synaptic plasticity was investigated. Inhibition of MEP 
was found to be significantly associated with paired associative stimulation (PAS) 
10. While inhibiting, facilitation was observed with PAS 25 in healthy volunteers. 
However, PAS 10 increased MEP rather than inhibit; PAS25 increased MEP non- 
significantly in migraine patients without aura.

Short-latency afferent inhibition (SAI) is a modulation of motor response by a 
sensory stimulus and known to be associated with sensorimotor integration and 
cognitive functions. SAI is probably related to thalamo-cortical output from cholin-
ergic paramedian thalamic nuclei to M1 or by the direct output from S1 to inhibitory 
M1 interneurons [132, 133]. A preceding electrical stimulation of a peripheral nerve 
(conditioning afferent stimulus) transiently suppresses transcranial magnetic stimu-
lation (TMS)-induced motor output. Inhibition of the motor response occurs if the 
interstimulus interval between the electrical stimulation and TMS is 19 and 50 ms. 
Thereby, Alaydin and colleagues evaluated the sensorimotor cortex integrity by 
using SAI paradigm in migraine for the first time [134].

Authors detected a marked decrease in SAI during pre-ictal and ictal periods in 
migraine without aura patients, which points toward a prominent facilitation to a 
conditioned stimulus instead of inhibition taking place in the sensorimotor cortex 
(Fig. 9.2). SAI results in the interictal period in migraine patients were comparable 
to that of healthy controls. An impairment of the sensorimotor integrity and increased 
excitability state begins several hours prior to the headache phase in migraine with-
out aura patients. Authors suggested that decreased sensorimotor integration occurs 
at cortical level and cortical inhibitory volley from S1 to M1 may play an important 
role in SAI impairment in migraine [134]. This phenomenon could be related to the 
cortical hyper-responsivity to sensory stimuli and cognitive disturbances 
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accompanying migraine attacks because SAI is modulated by cholinergic activity. 
In support of the latter, a positive effect of a cholinergic drug on SAI was reported 
[135]. Transient cholinergic dysfunction may play a role in both abnormal sensory 
processing and cortical excitability in migraine patients. Cholinergic activity of the 
cortex is also associated with cognitive functions. It is thought that SAI impairment 
may be related to prodromal and ictal cognitive symptoms [134].

Fig. 9.2 Figure shows typical traces of SAI. MEP amplitudes were reduced with SAI paradigm 
(5) compared to MEP amplitudes without SAI paradigm (2) in a healthy volunteer (A) and in a 
migraine patient during interictal period (B). MEP amplitude facilitation was detected instead of 
inhibition in the sensorimotor cortex during a headache attack in a migraine patient (C). (1) 
Stimulus artifact of TMS without SAI paradigm. (2) Average of MEP amplitudes before SAI para-
digm. (3) Peripheral stimulus artifact in SAI paradigm. (4) Stimulus artifact of TMS in SAI para-
digm. (5) Average of MEP amplitudes in SAI paradigm. MEP motor evoked potential, SAI 
short-latency afferent inhibition, TMS transcranial magnetic stimulation
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9.5  Conclusions

Sensory processing and sensorimotor integration are affected in migraine patients. 
Clinically, both allodynia and the prolonged somatosensory temporal discrimination 
during migraine attacks suggest an impairment of sensory processing. 
Electrophysiological studies pointed toward a hyper-reactivity of the sensory cortex in 
migraine. The primary sensory cortex of patients with chronic migraine is sensitized 
and therefore seems to be fixed in an “ictal state.” In addition, the integration of sen-
sory input is impaired as well, because, both before and during a migraine attack, 
sensory input does not lead to an inhibition of the motor response, but to a facilitation.

Overall, changes of sensory processing and sensorimotor integration in migraine 
patients probably reflect a cortical hyper-responsivity. The precise pathophysiology, 
however, remains to be elucidated.
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