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Abstract
Purpose of review—To summarize key findings of the current literature on functional
neuroimaging in migraine and to describe how these studies have changed our view of the
disorder. Recent findings: Recent studies have started to investigate not only the global cerebral
activation pattern during migraine attacks, but to address specific aspects of migraine attacks such
as photophobia, osmophobia as well as pain perception with the aim of disentangling the
underlying mechanisms. There is also more and more evidence that the migraine brain is abnormal
even outside of attacks and that repeated attacks are leading to functional and structural alterations
in the brain, which may in turn drive the transformation of migraine to its chronic form. Some new
results are pinpointing towards a potential role of interesting new brain areas in migraine
pathophysiology such as the temporal cortex or the basal ganglia.

Summary—Neuroimaging studies are beginning to shed light on the mechanisms underlying the
development and evolution of migraine and its specific symptoms. Future studies have the
potential to also improve our understanding of established and upcoming treatment approaches
and to monitor treatment effects in an objective and non-invasive way.
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1. Introduction
According to the World Health Organization (WHO) migraine affects about 15 percent of
the population. It is the most common neurological disease and it is ranked 12th amongst
women and 19th in the general population for the degree of handicap it causes. Although
advances in migraine research have contributed to an improved understanding of the disease,
the use of advanced MRI techniques has allowed for the investigation of migraine patients
during the ictal and interictal period [1]. What has become apparent is that migraine is not
simply a disease that relates to pain occurring intermittently or constantly, but a process that
over time either affects the brain in a profound manner or acts on a predisposed brain
(genetic) that may have an underlying difference in function or structure. In the past decade,
a number of fundamental changes have been shown to occur in the brain of migraineurs
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including: (1) an abnormal function of key brain areas and networks and (2) changes brain
gray and white matter structure and (3) changes in brain chemistry. The evaluation of brain
targets of migraine-related therapeutic approaches including medications and
neuromodulation is also feasible with modern imaging techniques. This review collates
recent advances in brain imaging research in migraine that relate to these changes and
provides an opinion on future research directions.

2. Migraine - An Under appreciated Disease of the Brain
We are just beginning to understand why some people suffer from migraine and others
don’t. Genetics have shown to be involved in migraine and in particular glutamate pathways
seem to be of importance [2], but in contrast to familial hemiplegic migraine, the amount of
variance that genetics can explain is limited so far. Environmental factors are also clearly
involved in precipitating migraine (e.g., weather [3, 4]; stress [5, 6]; physiological factors
[7]). Whatever the case, brain systems are involved in the migraine attack. The
neurobiological instigator/s of a migraine attack are unknown and may include alterations in
altered traffic in trigeminal afferent systems as a result of instigating factors such as
cytokines or mediated via endogenous brain systems themselves (e.g., cortical spreading
depression) [8–10]. The spectrum of ictal and interictal phases is unclear because pro-
dromal/pre-ictal symptoms and post-ictal symptoms as well as non-pain ictal symptoms
(e.g., nausea) are part of changes that involve the brain directly. Cortical spreading
depression may have more deleterious effects on brain function than that observed from
subjective reports such as auras [11]. Thus the constellation of changes from autonomic
(including changes in appetite, sleep propensity), to sensory (pain, vision, auditory,
gustatory, olfactory), to cognitive (including language), all involve multiple brain systems.
Some of these alterations may be adaptive. Over time, the repeated onslaught of migraine
attacks includes a multitude of effects on brain systems that may result in maladaptive
(neuroplastic) changes in brain structure and function promoting the transformation to
chronic migraine. As such, changes are an inevitable consequence of each attack. However,
such changes are most likely reversible and treatment is hence essential. Thus, migraine
should be considered a “disease of the brain”.

3. Imaging the Ictal and Interictal States – Insights into altered Function
A number of recent studies have evaluated changes in migraine brain function in both the
ictal and interictal states utilizing fMRI or PET in episodic and chronic migraine. We will
discuss the pertinent findings separately for the brainstem, sub-cortical and cortical areas,
but clearly the brain is an integrated system and more recent studies of brain networks in
migraine are beginning to foster the understanding of functional connectivity in the migraine
brain on a systems level [12]. In addition, new insights are being garnered from imaging
studies on brain changes associated with migraine progression.

3.1. The Ictal State
Most of the studies in the ictal state have captured measures relating to spontaneous or
triggered migraine attacks (and pain processing in particular) or applied evoked stimuli in
order to exacerbate migraine symptoms (pain, olfactory, light).

3.1.1. Ictal Changes – Brainstem and Cerebellum—The early reports of brain
activation in migraine implicated the brainstem in attack generation [13]. These PET studies
were pivotal in bringing to our attention major changes in brain activity associated with
migraine and opened a new era in the study of the disease [14, 15]. These studies focused
the attention on brainstem regions that were abnormally active in the migraine state and in
light of previous reports of migraines being generated by implantation of deep brain

Sprenger and Borsook Page 2

Curr Opin Neurol. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulation electrodes into the periaqueductal grey matter in the brainstem, they were
interpreted as possible ‘migraine generator’ regions. Other studies showing increased iron
accumulation in the periaqueductal gray (PAG) further supported the notion of a major
contribution of alterations in brainstem function in migraine [14, 16]. Alterations in the PAG
have also been documented using VBM (see below) adding further credence to the notion
that such brainstem abnormalities may contribute to the migraine condition [17]. In an fMRI
evaluation of migraine patients compared with healthy controls, visual stimulation induced
changes in the red nucleus and substantia nigra [18]. However, these structures were also
shown to be activated in other non-migraine pain studies [19]. In addition, PET studies of
5HT1A receptor availability (using [(18)F]MPPF PET tracer) during migraine showed an
increased [(18)F]MPPF binding potential in an area referred to as the pontine raphe when
comparing headache-free migraineurs and control subjects [20].

Newer PET studies in spontaneous migraine attacks again noted activation in the pons [21,
22]. Because of the limited spatial resolution of PET, it is difficult to determine exactly,
which brainstem nuclei are corresponding to these activations, but one study focusing on the
laterality by investigating patients with side-locked migraines reported the brainstem
activation to occur ipsilaterally to the pain, suggesting that lateralization of the pain is a
matter of lateralized brainstem dysfunction [23]. Subsequent fMRI studies showed changes
in other brain-stem regions including midbrain regions such as the nucleus cuneiformis [24].
All these brainstem changes may reflect abnormal processing in modulatory brainstem
circuits aiming at suppressing nociceptive drive within the trigeminovascular system.
Another intriguing finding reported recently was the observation that characteristics of
trigeminal transmission in the trigeminal nucleus caudalis may predict migraine attacks [25].
All these changes may reflect damage to modulatory systems that then cannot prevent
nociceptive drive from trigeminovascular afferents.

3.1.2. Ictal Changes – Subcortical Regions—Attention on a potential involvement of
subcortical grey matter in migraine focused on the thalamus and hypothalamus in the past.
Regarding the hypothalamus, activation has been reported in one study during spontaneous
migraine attacks [22], but this finding was not consistent in other reports [21]. This apparent
inconsistency is not fully understood so far, but the time point of investigation during the
migraine attack (early or late in the ictal state) may affect the degree of measurable
hypothalamic activation as Denuelle studied patients relatively early after attack onset and
the hypothalamus may have a particular role in the early phase of migraine attacks such as in
the premonitory phase.

Regarding the role of the thalamus, more literature is available. The thalamus is now
considered to be pivotal in the manifestation of extracephalic allodynia [26]. The posterior
thalamus is activated in a rodent model of migraine (as measured electrophysiologically by
increased responses to brush and pain) and there are increased responses in a similar
thalamic area (pulvinar) in the ictal as compared to the interictal phase in migraine patients
as measured using fMRI [27]. Even more intriguing is the observation that this same area
may be involved in other manifestations of ictal hypersensitivity to sensory stimuli including
photophobia: direct retino-thalamic projections to trigeminovascular neurons have been
reported providing a mechanism by which a non-noxious stimulus may exacerbate headache
(i.e., photophobia) [28]. Fiber tracking studies in humans have reported connections from
the optic nerve to the posterior thalamus terminating in a similar region as reported in the
animal study suggesting that this mechanism of headache exacerbation by sensory stimuli
also exists in humans [29].

3.1.3. Ictal Changes – Cortical Regions—Cortical changes in the ictal period have
been shown in regions normally associated with pain processing (cingulate cortex, insula,
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prefrontal cortex and other areas) [21] as well as in others not commonly reported. One such
region is the temporal lobe [30]. Activation of this region in response to a noxious heat was
shown to be exacerbated in the ictal vs. interictal state in migraineurs. In addition, the
temporal pole showed stronger functional connectivity with several brain regions relative to
controls, suggesting that TP hyperexcitability and abnormal connectivity may contribute to
clinical abnormalities in migraine. These data are supported by prior PET data indicating
activation of the temporal lobein ictal migraine (Figure 1) [21]. In addition to the temporal
pole, occipital cortex responses have been investigated in a few studies [31, 32]. Low
intensity photo stimulation activated the visual cortex during migraine attacks and after
headache relief but not during the attack-free interval [32] indicating increased cortical
excitability during the attack.

3.2. The Interictal State
Some of the studies noted above also evaluated changes in the interictal state. There is no
consensus regarding the definition of temporal boundaries of the interictal state and
subclinical or functional changes may be taking place long after or long before an attack (see
[34]). All things considered, distinguishing ictal and interictal phase may be arbitrary and
may not really reflect the biology of the disorder. Possiblya dynamic process is ongoing and
the ictal event is akin to a volcanic eruption, but the underlying flow of magma below the
surface is continuing. Recent studies, both functional and morphometric (see section 3.3.
below) gathered a substantial body of evidence suggesting that the interictal brain activity
and metabolism is abnormal. One such study indicated a widespread increase of cerebral
glucose metabolism in cerebral pain processing are as in migraineurs interictally [35]. This
could be a non-specific finding in primary headache disorders, though, as very similar
findings were reported in cluster headache patients out of attacks [36].

3.2.1. Interictal Changes – Brainstem—A few studies have examined interictal
changes in the brainstem in response to experimental pain stimuli [24, 25]. In these studies,
a nociceptive stimulus was used to activate the trigeminal pathways during an fMRI
experiment. The nucleus cuneiformis (NCF) and pons are two regions, which have been
suggested to correlate with activation to evoked stimuli in the interictal state that are also
activated in the migraine state. It may depend on the nature and intensity of the stimulus
since some stimuli (e.g., olfactory) do not produce any differences in the brainstem, but
activation in the pons is observed in spontaneous migraine attacks, which may be part of the
migraine attack [37].

3.2.2. Interictal Changes – Subcortical Regions—Prior studies have shown changes
in the hypothalamus and thalamus in response to stimuli such as pain during the interictal
period. Recently, we have reported changes in a number of sub-cortical regions including
the basal ganglia [38]. These areas differed in their response to experimental pain in patients
with high vs. low frequency episodic migraine. While pain imaging studies show consistent
activation in acute and chronic pain in various parts of the basal ganglia [39], the latter study
provided evidence for a differential processing in the basal ganglia of patients with high
versus low migraine attack frequency.

3.2.3. Interictal Changes – Cortical Regions—Previous studies have reported
evidence of increased cortical activity in response to sensory stimuli in migraineurs
including olfactory hypersensitivity [40]. There was increased activation of the temporal
pole in migraineurs in response to olfactory stimuli and increased activation was shown in a
similar area when painful stimuli were applied in migraineurs interictally as compared to
control subjects [30]. As noted above, the activated area in the temporal lobe was shown to
have abnormal functional connectivity with the entire network of brain areas processing
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pain. Moreover, patients with mesial temporal lobe epilepsy often suffer from unilateral
headaches with the side of the temporal lobe abnormality predicting the headache side [41].
All these observations argue in favor of a potential role of the temporal pole in migraine and
headache pathophysiology, but more research is needed to better understand the exact
relationship.

In another study, patients with migraine showed greater activation in the perigenual part of
the anterior cingulate cortex at 51°C and reduced activation in the bilateral somatosensory
cortex at 53°C compared to healthy controls [42] suggesting that differential modulatory
influences may be at play at different stimulus intensities, but these results need to be
confirmed by other studies first.

Repetitive painful stimulation within the territory of the trigeminal nerve over several days
produced an abnormal plasticity in response to the stimulation in the cingulate and prefrontal
cortex in migraineurs vs. healthy controls [43]. While responses to the painful stimulus
increased over time in healthy volunteers, they were instead reduced in the group of
migraineurs [43]. The authors interpreted this as a result of alterations in (pain)modulatory/
inhibitory circuits, which may relate to the lack of habituation [44] and increased cortical
excitability to stimuli previously reported in electrophysiological studies [45]. Imaging
studies of interictal cortical excitability also proved a lack of habituation to light in
migraineurs [46]. In a study of affective processing in migraine patients compared with
healthy controls, pain-related adjectives vs. negative adjectives were used to generate mental
images during an fMRI experiment. This resulted in increased activations in a number of
cortical regions mediating the affective dimension of pain in migraineurs as compared to
non-migraine subjects [47]. The authors concluded that migraine patients had an increased
sensitivity to emotional inputs with strong recruitment of affective cortical areas.

4. Imaging Changes of Brain Structure – migraine-related gray matter
changes

Ever since the landmark reports on alterations in gray matter in cluster headache [48] and
chronic pain patients [49], evaluation of similar changes in migraine patients has shown a
significant gray matter loss. Morphometric changes have been reviewed in detail elsewhere
[50]. Abnormalities have been reported in multiple brain areas as evidenced by voxel based
morphometry (VBM) and diffusion tensor imaging. It is an ongoing matter of debate
whether such changes are cause or consequence of migraine, but the fact that at least in
many VBM studies changes correlated with disease duration argues in favor of the latter.
Research in osteoarthritis has suggested that grey matter changes observed with VBM are
indeed reversible [51] and the same is most likely true for migraine also. The exact
underlying mechanisms leading to alterations in grey matter density as evidenced by VBM
remain to be elucidated. Such alterations may reflect alterations in dendritic complexity or
changes in the numbers of synapses or simply in water content. White matter changes as
measured using fractional anisotropy with diffusion tensor imaging are thought to reflect
alterations in the integrity of connections/white matter tracts. Alterations in the
thalamocortical tract are evident in migraineurs [52]. The importance of such measures is
that they may allow a measure of the migraine state – in that changes may be an index of the
disorder, its progression or an effective therapy.

4.1. Brainstem Changes
Although some suggestion of alterations in the brainstem gray matter volume were intuited
by functional data, evidence for alterations in brainstem nuclei have only been reported by
few of groups [17, 53].
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4.2. Subcortical Changes
An increased caudate volume has recently been reported in high frequency vs. low
frequency episodic migraineurs [38]. To date, we are unaware of any other subcortical
regions showing changes in gray matter volume, but given the relative ease of the approach,
we expect a slew of data in this area.

4.3. Cortical Changes
Cortical changes with gray matter loss as measured using VBM have been reported by a
number of studies as indicated above [54]. Using another technique to investigate grey
matter abnormalities, DaSilva and colleagues studied the cortical thickness and found
thickening of the somatosensory cortex in migraineurs relative to healthy controls [55]. This
may be due to increased afferent activity within the somatosensory system in migraine
patients [56]. More recently, reports of decreased gray matter volume in episodic migraine
(vs. control) in the following cortical regions were published: Superior temporal gyrus,
inferior frontal gyrus, and precentralgyrus [57]. More changes were observed in chronic
migraine patients (vs. controls) that included gray matter volumetric decreases in the
anterior cingulate cortex, amygdala, parietal operculum, middle and inferior frontal gyrus,
inferior frontal gyrus, and bilateral insula. A correlation with gray matter decreases and
migraine frequency was shown in the anterior cingulate cortex. Such data has been
replicated by other groups showing similar changes in the frontal lobes [53].

5. Imaging Chemical Changes
Magnetic Resonance Spectroscopy (MRS) allows to measure brain chemistry in single
voxels (i.e., one brain area) or as a composite measure for the entire brain. Changes in
excitatory or inhibitory amino acids, alterations in metabolites of energy function
(mitochondria) and measures of metabolites that are indicators of neuronal integrity can be
measured. A few reports have measured MRS changes in migraine patients. This technique
offers the opportunity to not only investigate brain chemistry in the disease state, but to also
monitor how treatments may alter, reverse or normalize the chemical milieu in the brain.

5.1. MRS and Migraine
In one of the first reports on MRS measures in patients with migraine with and without aura
[58], differences in metabolites in the visual cortex between these two groups of patients
were shown in response to a visual stimulation. Specifically, the data indicated a diminished
mitochondrial functioning in the migraine with aura patients. Such differentiation is
important since it indicates a deficient energy reserve and a potentially more severe disease
state in patients who clinically manifest with aura (viz., increased burden of white matter
lesion). A similar study involving visual stimulation and applying spectroscopic measures of
visual cortex characteristics investigated subgroups of aura patients. Measures of lactate
differentiated patients with visual aural from those who had aura plus other symptoms (e.g.,
paresthesia) [59] in that both groups had high lactate levels, but only those with aura-plus
showed increased lactate levels with visual stimulation. A more recent study aimed to
determine a ‘metabolic’ dose-response relationship between aura duration and severity
metabolites as measured by phosphorus spectroscopy (31P-MRS) or proton spectroscopy
(1H-MRS) [60]. The phosphocreatine/phosphate ratio decreased significantly in patients
with increasing aura duration but they did not find any differences for 1H-MRS between
patients and controls. The study provides important information on differences in patients
with different aura phenotypes (e.g., motor vs. non-motor aura) in that patients with motor
aura had lower phosphocreatine/phosphate ratios than patients with non-motor aura. No
association of abnormal 31P-MRS levels and migrainous stroke was found in another study
[61]. Other 31P-MRS studies have implicated alterations in magnesium ion levels that may
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contribute to cortical hyperexcitability [62]. We have reported abnormalities in
glutamatergic metabolites in the anterior cingulate and insula in migraine patients vs.
healthy controls [63]. In this report using a linear discriminant analysis (LDA), a clear
separation between subject cohorts based on N-acetyl aspartyl glutamate (NAAG) and
glutamine (Gln) in the ACC and insula could be observed. While few studies of altered brain
chemistry have been performed, clearly this avenue of research should produce novel
insights into alterations of brain chemistry that include energy function (mitochondrial),
excitatory cortical transmission in migraine, and measures of neuronal integrity.

5.2. MRS and Familial Hemiplegic Migraine (FHM)
Familial Hemiplegic Migraine is a monogenic variant of migraine, characterized by motor
deficits during the aura, often beginning in childhood [64]. The first reports of MRS
measures in FHM Type 1evaluated metabolic alterations in the cerebellum (since about 20%
of these patients have cerebellar signs and symptoms) [65]. Specifically N-acetyl aspartate
(NAA) and glutamate (Glu) were significantly reduced while myo-inositol (mI) was
increased in FHM patients compared with healthy controls. Toldo and colleagues report on
multimodal measures (that included conventional MRI, MRS, and DWI) in a patient with a
prolonged attack of FHM showing hypoperfusion and cortical swelling as well as a decrease
in the N-acetylaspartate/creatine ratio. The MRI and SPECT abnormalities resolved during
the interictal phase, no follow-up of MRS measures performed [66].

6. Personal View – The Future Potential of Imaging in Migraine
A summary of the current state of the field is provided in Table 1. Below we note some
thoughts on how imaging may impact the future of understanding migraine and possible
implications for treatments.

6.1. Insights into the Neurobiology of Migraine
Imaging has allowed for new insights into the disease state and an unparalleled window into
the brain and its activity that has already provided important insights into neural networks
involved in migraine. The obvious ones relate to those around pain, photophobia or
osmophobia. In addition alterations in modulatory systems have been reported. What is new
is the ability to now study these systems in the context of networks without the need of
specific stimuli: the study of resting state networks (RSN’s) may be useful to differentiate
one state from another [67, 68]. Clearly an alteration in one region affects others and so even
if the brunt of the disease affects thalamic relay stations or other specific areas, RSN’s may
provide insights if not differentiate disease states or specific subtypes (e.g. genetic forms,
episodic versus chronic migraine etc.). In addition, the evaluation of geno-phenotype
interactions including imaging measures will also provide valuable insights into the
neurobiology of the disease.

6.2. Imaging Drug Effects
We think that there area number of important issues, where imaging may have a role in
improving our understanding of effects and complications of anti-migraine drugs:

1. The first is the still largely unexplored effect of medication overuse, especially with
opioids in inducing a “drug resistance” in response to migraine preventives and the
mechanism of medication overuse leading to migraine worsening and
transformation. Little attention has been focused on imaging such changes in
patients. A recent study used fMRI to evaluate brain changes in medication overuse
headaches (MOH) [69]. In this report, patients with MOH were compared with
healthy controls and reduced pain-related activity was reported in the primary
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somatosensory cortex, inferior parietal lobule, and supramarginalgyrus during
medication withdrawal. These changes normalized 6 months after withdrawal
suggesting that overuse-related abnormalities in pain processing are fully
reversible, which is well in line with the clinical experience that a large proportion
of patients improve after withdrawal of acute headache medications.

2. The second is to evaluate the effects of drugs on brain function. The issues relate to
drug development (see below), but also understanding some clinical observations
on drug effects in migraine patients. For example, triptans may be associated with
allodynia upon administration [70]. A paper from a German group [71] evaluated
the differences of sumatriptan vs. saline administration on subjective responses and
also cortical processing using fMRI in a group of healthy volunteers. Normally
non-painful soft brushing elicited ‘unpleasant’ effects during the sumatriptan
condition correlating with activation of the anterior insula, lateral orbitofrontal,
anterior cingulate cortex and medial thalamus (affective pain matrix) while
activation in sensory systems (e.g., primary somatosensory cortex) was similar for
the two conditions. The authors suggested that these changes may be a result of
sensitization of nociceptors or low threshold unmyelinated afferents (see [72, 73]).
In addition some drugs such as opioids may themselves result in significant
functional and morphometric changes in the brain [74] that may in turn affect the
disease or treatment responses.

3. The effects and role of dopamine in migraine has been the topic of a number of
recent papers [75–78]. Evaluating the effects of dopaminergic modulation with
approved drugs using imaging may provide additional insights to guide clinical
trials (see drug development and biomarkers below).

6.3. Migraine transformation
As noted by others, migraine may be thought of as a chronic disease with episodic features
[79]. The disease may increase in frequency (progression) or transform from an episodic to a
chronic form (i.e. 15 or more days with headache per month). Few studies have evaluated
functional and structural changes associated with disease progression or transformation. As
discussed above, the study by Ferraro et al. provided some insight into potential mechanisms
of medication overuse [69] and the above mentioned study by Adjeran et al. showed that
repetitive trigeminal pain stimulation in migraineurs leads to an abnormal activation pattern
in areas implicated in pain modulation [43], but other than that we are not aware of any
recent functional imaging literature addressing the mechanisms of migraine progression and
transformation. We believe that this should be an important future research focus.

6.4. Drug Development
Animal models have limited applicability if the model does only partly reflect key elements
of the human condition. Just like in other neurological diseases affecting the CNS, this also
applies to animal models of migraine, which are indeed largely models of trigeminal
nociception or of cortical spreading depression and do probably not reflect the complexity of
migraine. Since neural circuits may provide a ‘language of translation’ [80], it may now be
possible to evaluate current and future models to determine if changes in neural circuits are
equivalent across species. As such, this would provide a basis for improved drug
development. In addition, the use of imaging in the early phases of drug trials can not only
define drug targets (functionally), but may also reveal, which regions and mechanisms relate
to potential side effects (e.g., medial thalamus in drowsiness [81, 82]). Furthermore, one
may be able to reduce the necessary group sizes e.g. in early phase II trials when sensitive
and objective imaging measures of drug effects are available. Evaluation of drugs at later
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stages of drug development may allow for defining how and whether drugs affect the
disease course.

6.5. Migraine, Brain Maturation and Ageing
Little is known about migraine effects on the developing brain and vice versa. A number of
research groups have begun to explore this in the context of understanding how brain
maturation before and with puberty may differentially affect brain systems. Given that the
disease affects individuals for a significant time, and for many starts in childhood or
adolescence, potential insights into how neural circuits may change during this time may
confer new insights into potential therapies or how current therapies may be optimized. In
this context, it will also be important to better understand how migraine affects the ageing
brain as some patients suffer well into their 60ies. Furthermore, there is also an obvious need
to study the effects of sex hormones.

6.6. Understanding Brain Changes through Peri-ictal Changes – Opportunities to decrease
the disease burden

Evaluation of the peri-ictal state in episodic migraine will offer opportunities to understand
alterations in neural circuits that may then be targeted by preventive treatments including
pharmacological, neuromodulatory and behavioral approaches. For those suffering from
chronic migraine, the understanding of differences in brain systems between such patients
and patients with episodic migraine should also provide insights on potential mechanisms
that may be targeted therapeutically.

6.7. Biomarkers and Migraine
Perhaps the most exciting opportunity for a future contribution of imaging to migraine
research and patient care is the possibility of providing a biomarker for the disease state [83–
85]. Such efforts are ongoing in the pain field and may allow a specific diagnosis (including
migraine state – where in the continuum progression or transformation) and the ability to
objectively assess therapeutic efficacy.

7. Conclusions
Imaging has changed the way we understand migraine. It is in its relative infancy but as
more researchers get involved in these exciting developments and the techniques become
widely available, we expect to see more and more important contributions, which will
change the way we understand and treat the disease.
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Key points

• Migraine is a disease of the brain; repeated attacks result in functional and
morphological changes

• Imaging is providing new insights into brain function and structure that may
provide objective markers of the disease

• Imaging is adding insights into brain changes associated with progression; new
insights into the processes of transformation from episodic to chronic migraine
and drug resistance are now possible.

• New approaches and targets for therapies can be evaluated through imaging in
vivo

• The efficacy of novel treatment approaches can be monitored in an objective
way
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Figure 1.
Metanalysis using activation likelihood estimation method [(ALE; GingerAle 2.1 software,
Research Imaging Institute, San Antonio, Texas) [33] of brain activations during migraine
attacks as measured in H2

15O-PET studies. The ALE map was thresholded at p<0.05 FDR
corrected. Data were obtained from studies on spontaneous (Weiller 1995, spontaneous
migraine [13]; Afridi et al., 2005, spontaneous migraine [17]; Denuelle 2007 spontaneous
[22]) or evoked migraine (Afridi 2005, GTN triggered migraine [23]) were used.
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