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Magnetic Resonance Imaging in Pediatric
Migraine

Megan E. Webb, Farnaz Amoozegar, Ashley D. Harris

ABSTRACT: This literature review provides an overview of the research using magnetic resonance imaging (MRI) in pediatric
migraine and compares findings with the adult migraine literature. A literature search using PubMed was conducted using all relevant
sources up to February 2019. Using MRI methods to categorize and explain pediatric migraine in comparison with adult migraine is
important, in order to recognize and appreciate the differences between the two entities, both clinically and physiologically. We aim to
demonstrate the differences and similarities between pediatric and adult migraine using data from white matter and gray matter structural
studies, cerebral perfusion, metabolites, and functional MRI (fMRI) studies, including task-based and resting-state blood oxygen
level-dependent studies. By doing this we identify areas that need further research, as well as possible areas where intervention could alter
outcomes.

RESUME: Utiliser des examens d’IRM dans le cas de jeunes patients souffrant de migraine. Cette revue de littérature entend fournir un survol des
travaux de recherche explorant I’utilisation d’examens d’IRM dans le cas de jeunes patients souffrant de migraine. Elle vise aussi a comparer nos
observations a celles que 1’on trouve dans la littérature portant sur les cas de migraine chez les adultes. Au moyen de PubMed, nous avons effectué une
recherche bibliographique pour ensuite utiliser toutes les références jugées pertinentes et publiées avant février 2019. Le fait d’utiliser des méthodes
d’imagerie afin de catégoriser et d’expliquer les cas de migraine chez les enfants, et ce, en comparaison avec les cas de migraine chez 1’adulte, est
important afin de pouvoir reconnaitre et d’identifier les différences tant sur le plan clinique que physiologique. Notre intention est ici de faire ressortir ces
différences (mais aussi des similitudes) au moyen de données obtenues dans le cadre d’études structurales de la matiére blanche et de la matiere grise et
d’études portant sur la perfusion cérébrale, les métabolites et les IRM fonctionnelles, ce qui inclut le signal BOLD (blood oxygen level dependent) a1’ état
de repos ou lors de 1’exécution de taches. En procédant a cette étude, nous voulons identifier les domaines qui devraient étre explorés davantage de méme
que les domaines ou des interventions pourraient modifier ’évolution de I’état de santé des patients.
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INTRODUCTION

Migraine and other headache disorders have become the
second most common disease globally, and are the second
highest cause of disability worldwide.' Despite the global impact,
migraine’s pathogenesis is still not fully understood. A current
prevailing theory of migraine pathogenesis is the hyperexcitable
“trigeminovascular complex.” In this theory, cortical spreading
depression starts a cascade of events leading to the release of
neuropeptides such as calcitonin gene-related peptide and sub-
stance P from trigeminal nerve endings in the dura. This process
results in neurogenic inflammation at the level of the meninges
and excites the sensory trigeminal afferents. The meningeal
sensory afferents enter the brain stem via the trigeminal tract
and terminate on the spinal trigeminal nucleus. That information
is transmitted then to multiple cortical areas and perceived as pain
as well as other migraine symptoms, such as sensory and visual
disturbances.” Despite our increased understanding of migraine
pathophysiology over the last several years, many details still
remain unclear and the pathogenesis requires further study,
particularly in pediatrics. As occurs with many conditions, much
of our knowledge is from adult populations, and this knowledge
is presumed to translate to pediatrics. However, children and
adults do not experience migraines in the same way. Children,
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compared to adults, tend to experience migraines of shorter
duration, with quick onset and offset. Children also have more
prominent gastrointestinal symptoms with their migraines such as
nausea and Vorniting.3 Beyond differences in symptomology
between children and adults, there are also alterations in migraine
expression that occur throughout development; for example,
puberty is often a time of transition: some children who suffered
migraines stopped having them after puberty, whereas some
adolescents developed migraines with puberty.*® Additionally,
the ratio of migraineurs in males and females is equal before
puberty and is more frequent in women in adulthood.” These
alterations in expression demonstrate that differences exist
between pediatric migraine and adult migraine; therefore, one
approach to better understand migraine is to examine the
condition in children in comparison with adults.
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Neuroimaging provides a mechanism to study neurological
disorders. Investigation of the imaging similarities and differ-
ences between adult and child migraine patient populations offers
three benefits. First, it characterizes the differences between
pediatric and adult migraine. By recognizing that there are
differences between the manifestation of this disorder in these
two populations, researchers and clinicians recognize that there is
aneed to tailor therapies depending on the age. This is particularly
relevant in light of the recent finding that preventative medica-
tions (Amitriptyline and Topiramate) that are standard practice for
adult migraine reduce headache days in children but not more
than placebo therapy.8 Second, examining migraine across the
lifespan may assist to address issues of biomarkers versus
byproduct. As children have had migraines for a shorter period,
comparisons between children and adults offer a unique avenue to
explore whether traits seen in adult migraine are causal or a result
of migraine.g For example, it is unclear whether white matter
lesions (WML) indicate a predisposition to severe migraines, or if
these appear as a result of migraines. Understanding this biology
is important for developing therapies. Third, because not all
pediatric migraine patients continue to have migraines as
adults,*® and puberty can be a time to develop migraines,’
understanding the differences between adult and childhood
migraine provides the opportunity to identify developmental
changes that increase (or decrease) susceptibility to migraine.®

Currently, pediatric migraine is understudied, particularly
considering the potential individual and societal benefits of a
thorough characterization of pediatric migraine. This review,
therefore, aims to motivate further research in the field to improve
this reality, and suggested research paths are presented.

Magnetic resonance imaging (MRI) is a noninvasive imaging
method with no ionizing radiation. It is clinically safe for children
and provides a tool for researching the brain. Neurosciences
research has greatly benefited from MRI, as different acquisitions
can characterize multiple aspects of physiology in vivo. Here, our
aim is to review the current understanding of pediatric migraine
using MRI modalities. This literature review briefly overviews
applicable MRI methods relevant for migraine research (struc-
tural imaging, functional connectivity, spectroscopy, and perfu-
sion) and compares MRI findings in these modalities in childhood
migraine with results from adults. Amalgamating MRI data is
important as different MRI modalities offer insight into specific
aspects of brain function and together give a more complete
picture of the underlying nature of migraine.

WHITE MATTER STRUCTURE

Conventional diagnostic MRI is used to detect gross structural
abnormalities. T2-weighted imaging, a standard clinical pulse se-
quence, is often used to highlight white matter (WM) hyperinten-
sities (WMH). WMH in migraine have been well documented. 10-13
A central question regarding WM changes in migraine is whether
these are a biomarker of susceptibility or byproduct of the disease.

WMH have been widely studied in relation to cognitive
impairment, stroke, and dementia.'* and are often presumed to
have a vascular origin. 'S While WMH have been widely studied,
different quantification methods (e.g., automated detection, visu-
al inspection, and volume determination) exist. In the pediatric
population, there is no consensus on measurement methods.
Migraine also has associations with cognitive impairment,'®
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stroke,'” and dementia.'® WMH are often interpreted as demye-
lination and axonal injury, which may be an underlying problem in
migraine."” Several adult studies show WMH are more common in
migraineurs than in control populations, and WMH have been
shown to be progressive in migraineurs.lz’zo Specifically, a 9-year
follow-up study showed adults with migraine developed signifi-
cantly more WMH than the control population.'?

While the documented progressive nature of WMH in mi-
graine suggests that WMH are a byproduct of migraine, WMH
are also found in children with migraine, which may indicate
otherwise.”""* Studies assessing WMH in children often focus on
the more severe WML, a potential bias in the literature. WML are
a WMH that are caused by a degradation of myelin, whereas
WMH may also have other origins such as normal structural
variations, including lacunae or perivascular spaces. The preva-
lence rates of WML in childhood migraine patients are
6-67%>**" (Table 1), and WML in populations as young as 6
years23 may suggest that WML are not a byproduct of chronic life-
long migraines. One study suggests WML development is related
to migraine frequency compared to a cumulative lifetime risk.**
However, there are discrepancies in data regarding the prevalence
and frequency of WML in relation to pediatric migraines. WML
are also found in control populations of children, sometimes at
prevalence rates of 4%, which may not significantly differ from
pediatric migraine patients.”> There are two major limitations
regarding these childhood migraine WMH studies. First, there is
little consensus of how to accurately measure and quantify WMH
in pediatric populations. Second, the results are based on retro-
spective chart analysis as opposed to prospective studies. As
neuroimaging is not routinely done in migraine, these results are
likely from more severe cases of migraine.

Advanced imaging methods can interrogate brain anatomy and
physiology. Particularly relevant to WM is diffusion tensor
imaging (DTI). The diffusion signal is based on free diffusion of
water, which is hindered by WM fibers.”® DTI data enable maps
depicting (a) the overall level of diffusion, typically shown as mean
diffusivity (MD) and (b) the level of diffusion anisotropy or
directionality associated with diffusion. Diffusion anisotropy is
measured as: axial diffusivity (AD), the level of diffusion parallel
to a WM tract; radial diffusivity (RD), diffusion across or perpen-
dicular to the WM tract; and fractional anisotropy (FA), a composite
where 1 is completely anisotropic diffusion (single orthogonal
direction of diffusion) and O represents completely isotropic diffu-
sion (Figure 1). Each of these metrics provides complementary
information about WM structural integrity. For example, MD
decreases with cytotoxic edema and increases with cell death:?
RD can index axonal diameter and increases with demyelination;29
AD values decrease with axonal injury29’30 and increase with brain
maturation;”’3 1-33 and more aligned tracts show larger FA values,
and disruptions in WM tracts cause decreases in FA.*’ FA also
increases with age and is a marker of brain maturation; it increases
from 10% to 25% between the ages of 5 and 25 years.***’

To date, only one study has used DTI in childhood migraine
(Table 1).”° The study found decreases in MD, RD, and AD in the
corpus callosum, cingulum, corticospinal tract, and superior
longitudinal fasciculus (nociceptive pathways), indicating WM
tract disruption in the absence of any WMH.?® Similarly, the
optic tract and optic radiations also showed decreased MD, RD,
and AD but increased FA. As this study did not differentiate
between migraine with aura (MA) and migraine without aura
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Table 1. Pediatric migraine white matter studies

No. of

Reference participants Participant | Type of migraine

number Authors Study Type of study | with migraine | ages in years if specified Type of MRI Conclusions

21 Hiamaldinen, M. | MRI in children with | Case—control 16 5-17 Migraine non- T2- weighted | Compared to controls (17%),

L., Autti, T., migraine: a study specified imaging more migraine patients (50%)
Salonen, O. & controlled had WMH.
Santavuori, P. morphometric
study
22 Yilmaz, U., Childhood headaches | Cross- 247 with Mean + SD, | Migraine Not specified | 4.3% of all patients had WMH.
Celegen, M., and brain magnetic sectional migraine, 11.16 +3.22 including, MA,
Yilmaz, T. S., resonance imaging study 449 children MO, retinal
Giirginar, M. & | findings with migraine,
Unalp, A. headache abdominal
migraine, basilar
migraine
23 Candee, M. S. White matter lesions | Cross- 89 6-18 MA, MO Not specified | WML were detected in 15
et al. in children and sectional (17%) of 89 patients.
adolescents with study
migraine
24 Eidlitz- MRI white matter Retrospective 194 Mean + SD, | Migraine non- T2-weighted | WML were identified in 14
Markus, T., lesions in pediatric | chart 109+3.5 specified imaging children with migraine
Zeharia, A., migraine analyses (10.6%) and none of the
Haimi- children with other disorders.
Cohen, Y. &
Konen, O.

25 Mar, S. et al Prevalence of white | Prospective 926 (93% 1-17 (mean MA, MO T2-weighted | WML were more common in
matter lesions and data migraine 12.8) and FLAIR MA (10%) than MO (4%), but
stroke in children collection, patients) scans it was not statistically
with migraine retrospective significant compared with

scan controls (4%).
analyses
26 Rocca, M. A. Structural brain MRI | Case—control 12 9-17 (mean MA, MO T2-weighted No abnormalities in WM
et al. abnormalities in study 14.2) and 3D T1- volume were detected; 4/12
pediatric patients weighted migraine patients had WML.
with migraine scans,
FLAIR
scans
27 Bayram, E. Incidental white Retrospective | 941 (including | 4-16; mean + | MA, MO TI- and T2- Of 23 patients with identified
et al. matter lesions in chart non- SD, 12.1 = weighted WML, 14 (60.9%) had MO
children presenting | analyses migraine 3.4 imaging and 1 (4.3%) had MA.
with headache patients)
36 Messina, R. White matter Case—control 15 Mean + SD, | MA, MO Dual-echo and | Patients had significantly lower
et al. microstructure study 14.1 2.7 DTI MD, AD, and RD diffusivity

abnormalities in of WM tracts located in the

pediatric migraine brainstem, thalamus, and

patients fronto-temporo-occipital
lobes, bilaterally; no
correlation was found between
WM tract abnormalities and
disease duration and attack
frequency.

(MO), this may be an area for future studies to compare. From
this single study, the authors were unable to conclude whether
WM abnormalities stemmed from overuse because migraine
experience or prior alteration of these tracts predisposes patients
to migraine. While this study did have an age-matched control
group, brain development and maturation is an important
consideration in interpreting this data.

Some adult studies using DTI techniques show demyelination
and axonal injury in the nociceptive pathways and migraine-
related areas, though other studies show disruptions in different
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regions.”’” One study found demyelination in the left corti-
cospinal tract, the right inferior longitudinal fasciculus, and the
anterior thalamic radiations, but no group differences in FA
values.>” Another study found demyelination and axonal injury
in the corpus callosum, and the right anterior and posterior limb
of the internal capsule.*® A final study found demyelination in the
visual pathway with reduced FA values compared to controls.*
All these studies show decreased WM tract density in pathways
associated with migraine, contrasting observations in pediatric
migraine (Table 1).
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Figure 1: Sample DTI maps.

There are discrepancies in DTI results in the nociceptive
pathways between pediatric and adult migraineurs. However, it
is important to consider that myelination and therefore DTI
metrics change over the lifetime; and in particular, pronounced
changes of DTI metrics occur throughout development.®*>* As
such, contrasts between these studies need to be interpreted
cautiously. In pediatric migraine, results show the nociceptive
pathway are denser with greater axonal injury compared to
controls.*® In adults, DTI data have shown the opposite, with
results indicating dernyelination.37 This is potentially an interest-
ing finding for future research as it could be a surrogate imaging
marker in migraine and should be further validated. If nociceptive
pathways are injured in pediatric migraine, decreased MD, RD,
and AD may indicate inflammation. In adult migraine patients,
increased MD, RD, and AD suggests axonal injury and demye-
lination. Inflammation in pediatric migraine may progress to
axonal injury in adult migraine and may explain the transition
differences in migraine, though normal developmental trajecto-
ries confound these investigations. Data for these conclusions are,
however, based on limited pediatric evidence, and further studies
using DTI in pediatric migraine would be important to support
what is reviewed here.
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GRAY MATTER

Conventional anatomical MRI, typically T1-weighted or T2-
weighted imaging, have been used to investigate gray matter. This
imaging provides detailed structural information, enabling mor-
phometric measurement of structures directly, or more complex
analysis can investigate cortical thickness and gray matter density.

In pediatric migraine, gray matter structure has been less
studied than WM; to date, there are only three studies looking
at gray matter structure in pediatric migraine (Table 2), all using
different methods and examining different brain areas.

The brainstem, and in particular the periaqueductal gray matter
(PAG), has long been theorized as a migraine generator.’**' A
study comparing the diameter of the brainstem in the coronal and
midsagittal planes in children®' has found the diameter of the pons
to be significantly greater in the migraine group compared with
age- and sex-matched controls, although still within the normal
range. No differences were seen in the diameter of the medulla
oblongata or the midbrain. The authors argued this result supports
the theory that the brainstem acts as a migraine generator, and its
overactivity and neurogenic inflammation contribute to the slightly
larger size of the pons in pediatric migraineurs compared with
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Table 2. Pediatric migraine gray matter studies

No. of Type of

Reference participants Participant migraine if

number Authors Study Type of study | with migraine | ages in years specified Type of MRI Conclusions

21 Himildinen, M. | MRI in children | Case—control 16 5-17 Migraine non- | T2- weighted The diameter of the pons was

L., Autti, T., with study specified imaging significantly greater in migraine

Salonen, O. & | migraine: a patients.

Santavuori, P. controlled
morphometric
study

26 Rocca, M. A. Structural brain | Case—control 12 9-17 (mean MA, MO T2-weighted Migraine patients had significantly

et al. MRI study 14.2) and 3D T1- less gray matter density in the
abnormalities weighted frontal and temporal lobes; MA
in pediatric scans, FLAIR | had greater gray matter volume
patients with scans in the left fusiform gyrus; MO
migraine showed reduced volume of the

fusiform gyrus.

46 Kim, J. H. et al. | Regional grey | Case—control 20 Mean+ SD, MA, MO Voxel-based Migraine patients had significant
matter study 337 +£11.3 morphometry gray matter volume reductions
changes in (15-53) in the bilateral insula, motor/
patients with (study premotor, prefrontal, cingulate
migraine: a included cortex, right posterior parietal
voxel-based pediatric and cortex, and orbitofrontal cortex.
morphometry adult patients)
study

51 Faria, V. et al. | The migraine Case—control 14 females, 14 | Females: mean | MA, MO 3D Tl1- Compared with males, females
brain in study males +SD, 13.1 + weighted had greater gray matter cortical
transition: 2.7; males: image, T2- thickness in the primary
girls vs. boys mean + SD, weighted somatosensory cortex; female

12.8 + 2.7 Echoplanar adolescents with migraine had

pulse image, greater cortical thickness

and BOLD- compared with male adolescents

fMRI with migraine and all healthy
controls; females with migraine
had significant gray matter
thickening in the right
supplementary motor area, and
right precuneus compared with
males with migraine and healthy
controls.

controls;*' however, this result is limited as it is based on a single
measure of the diameter, not a volumetric assessment. Changes in
brainstem gray matter have also been observed in adult migraine,
specifically, increased gray matter density in the PAG as well as
increased gray matter density of the dorsolateral pons in adult
patients with MA compared with controls.*” More recently, diffu-
sion kurtosis imaging (DKI) was used to investigate PAG in adult
migraine. DKI is an extension of DTI that aims to assess non-
Gaussian components of diffusion and is used to study gray matter.
Higher mean kurtosis (MK) indicates diffusional heterogeneity,
and MK increases tend to be associated with cell density or tissue
complexity.** This study showed increased MD and increased MK
values (both indicative of increased cell density) in the periaque-
ductal gray matter in patients, and MK was correlated with age and
duration of disease without treatment.*> Consistencies between
adults and pediatrics in migraine presentation demonstrate hall-
marks of the disorder or aspects that are affected early and remain
throughout the lifetime. In both pediatrics and adults with
migraine, there is evidence of brainstem gray matter increases.
This early evidence of brainstem increases lends evidence to the
theory that the brainstem is highly involved in migraine

Volume 46, No. 6 — November 2019

https://doi.org/10.1017/cjn.2019.243 Published online by Cambridge University Press

pathophysiology and suggests that brainstem changes are charac-
teristic of the disorder (Table 2).

Beyond the brainstem, a second study using a more global
approach to investigate gray matter changes found widespread
differences in pediatric migraine patients (ages 9-18).2° Com-
pared to age-matched controls, migraine patients showed sig-
nificantly less gray matter density in the frontal and temporal
lobes. Interestingly, these reductions in gray matter were not
correlated with disease duration or attack frequency. Adult
migraine studies have also demonstrated decreased gray matter
density and decreased cortical volume in the frontal cortex of
migraineurs compared with controls.***" Components of the
pain-processing network are located in the frontal cortex; thus, it
has been suggested that frontal cortex atrophy is related to the
reorganization of the pain network as a result of migraine,*’
which is supported by the demonstration of atrophy in other
parts of the pain network such as the subgenual cingulum.26
Alternatively, frontal atrophy may be a biomarker of migraine,*®
which is supported by the fact that, in both children and adults
with migraine, decreased gray matter volume in the frontal
cortex is not associated with headache frequency or
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duration.**™® The frontal cortex atrophy seen in migraine
patients is an especially important aspect of pediatric migraine
disorder. Adult migraine patients have an elevated risk of
cognitive dysfunction with complaints regarding attention and
memory,l(’ but similar findings have also been seen in children
and adolescents (age 10-18 years).49 The connection between
frontal cortex atrophy and executive function deficits is obvious
and warrants further investigation. One important question to
answer would be which comes first, the frontal atrophy or
migraine. If migraine is the cause of frontal atrophy resulting
in cognitive deficits, then preventing or limiting migraine in
pediatrics becomes critically important. Investigating migraine
in younger children, or in children before the onset of migraine,
in a longitudinal study would be an interesting avenue to
explore this question.

Gray matter in the temporal lobe was affected differently in
pediatric patients with and without migraine aura. In MA patients,
the left fusiform gyrus had greater gray matter volume compared
with controls and MO patients. Also MO patients showed
reduced volume of the fusiform gyrus compared with controls.
Aura in migraine is a visual disturbance. Because the fusiform
gyrus contributes to high-order visual processing, a difference
between MA and MO patients is not surprising.26 The increased
size of the fusiform gyrus in pediatric MA patients may be related
to inflammation, though it is unclear why there would be
decreased volume in pediatric MO. Interestingly, this exact
finding has either not been studied or not been demonstrated in
adults, and a recent meta-analysis showed no evidence of changes
in that area.’® It is possible based on the large volume of
investigations of gray matter in adult migraine patients and the
lack of evidence demonstrating that this is a purely pediatric
phenomenon and may be partially responsible for the variation in
migraine presentation between adults and children.

A recent study investigating gray matter in pediatric migraine
examined the interactions of sex and age on whole-brain gray
matter cortical thickness, comparing migraine patients and con-
trols (Table 2).>! Cortical thickness differences between female
and male migraine patients appeared to be an important distinc-
tion to investigate. Compared with males, females have greater
gray matter cortical thickness in the primary somatosensory
cortex. Female adolescents with migraine had greater cortical
thickness compared with male adolescents with migraine and all
healthy controls.”! Interestingly, in adults with migraine, there
have been conflicting results with studies demonstrating in-
creased somatosensory cortical thickness,”® no difference in
thickness of the somatosensory cortex in migraine patients,”
and also thinning of the somatosensory cortex in migraine
patients.54 Somatosensory cortical thickness in female adults
appears to be important, however, as somatosensory cortical
thickness is correlated negatively with response to medications
for migraines.” Female children and adolescents in general also
had greater cortical thickness in areas associated with nocicep-
tion, including the precuneus, supplementary motor area, basal
ganglia, and amygdala.51 The authors found sex X disease
interactions in structural findings that indicated females with
migraine have significant gray matter thickening in the right
supplementary motor area, and right precuneus compared with
males with migraine and healthy controls.”’ Female adults have
also been found to have more gray matter in the precuneus
compared with male adults with migraine and controls.’®
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Precuneus findings in females are especially relevant, as the
precuneus has been correlated with pain sensitivity in adults.”’
Baseline pain sensitivity is an important measure as it is closely
related to the risk of developing chronic pain.”®*™°' As migraine is
a form of chronic pain, precuneus data indicate that increased size
may be a risk factor for experiencing migraine. Overall, these
findings indicate that sex differences in migraine are important
and demonstrate that sex differences in gray matter volumes of
pain-related areas in the brain might predispose females to
developing migraine or being less responsive to medication.

PERFUSION

Perfusion imaging aims to depict and quantify tissue perfusion
and can be quantified in terms of cerebral blood flow, amount of
blood passing through a tissue capillary bed (quantified in units of
mL/100 g tissue per minute), cerebral blood volume, average
volume of blood within a tissue bed (mL/100 g tissue), or mean
transit time, that is, time (per second) taken by the blood to pass
through a tissue. Perfusion can be measured with MRI using (a)
dynamic susceptibility contrast, in which a venous injection of
contrast agent is administered and its passage through tissue is
imaged to determine perfusion characteristics or (b) arterial spin
labeling (ASL) in which blood is magnetically tagged and the
passage of the magnetically tagged blood compared to imaging
without magnetic tagging is subtracted to reveal perfusion maps.
For research studies, ASL is more appealing as it does not require
any injections. Clinically, dynamic susceptibility imaging is often
used, or other imaging modalities, such as single photon emission
computed tomography (SPECT), have also been applied.

Perfusion in pediatric migraine has most commonly been
described through case studies of hemiplegic migraine, a rare
form of MA involving motor weakness. By their nature, it is
difficult to draw conclusions from case studies, but these can show
trends when taken in aggregation. In the case of pediatric hemi-
plegic migraine, there is a trend of transient hypoperfusion con-
tralateral to the side of aura (Table 3).9%7% While inconsistencies in
this trend have been reported,67 factors such as perfusion being
measured multiple days after onset of symptoms confound these
results. Consistent with these single case studies of altered con-
tralateral perfusion, a small study (n=4) using susceptibility-
weighted imaging (SWI) showed asymmetry in the right and left
cerebral vasculature in the early stages of hemiplegic migraine
(within 6 h of symptom onset) with abnormalities in SWI contra-
lateral to the hemiparesis, which resolved in follow-up SWI
assessments.®® While SWI is not designed to detect tissue perfu-
sion, it is highly sensitive to iron deposition, microbleeds, and
vasculature. A larger (n=10) case—control study showed that
cerebral blood flow decreased in brain regions associated with
aura symptoms when MRI was performed <14 h after onset and
increased if MRI was performed >17 hours after onset. Time
course alterations were, however, not linked with the persistence of
aura symptoms.”” Using ASL and MR angiography in retrospec-
tive chart analysis, it was found that in pediatric patients with MA,
there was homolateral hypoperfusion of the side of vasospasm.”® A
more recent study also using ASL found differences between
pediatric migraine patients with and without perfusion changes
during migraine. This study has found that patients who had
perfusion abnormalities were more likely to have aura, motor
disabilities, confusion, and hospitalization. In this study, however,
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Table 3. Pediatric migraine perfusion studies

No. of Type of
Reference participants Participant migraine if
number Authors Study Type of study | with migraine | ages in years specified Type of MRI Conclusions
62 Altinok, D., Pediatric hemiplegic Case study 1 11 Hemiplegic Perfusion MR | Transient hypoperfusion
Agarwal, A, migraine: susceptibility migraine and SWI contralateral to the side of
Ascadi, G., Luat, | weighted and MR aura
A. & Tapos, D. perfusion imaging
abnormality
63 Bosemani, T. et al. | Pediatric hemiplegic Case study 1 13 Hemiplegic SWI and MRA | Transient hypoperfusion
migraine: role of multiple migraine contralateral to the side of
MRI techniques in aura
evaluation of reversible
hypoperfusion
64 Koyano, K., Changes in (99 m)Tc-ECD | Case study 1 8 Hemiplegic MRA and Transient hypoperfusion
Konishi, Y., SPECT and magnetic migraine SPECT contralateral to the side of
Okada, H., resonance angiography aura
Kusaka, T. & with sporadic hemiplegic
Itoh, S. migraine in a child
65 Masuzaki, M., A case of hemiplegic Case study 1 8 Hemiplegic Perfusion MR | Transient hypoperfusion
Utsunomiya, H., migraine in childhood: and SWI contralateral to the side of
Yasumoto, S. & transient unilateral aura
Mitsudome, A. hyperperfusion revealed
by perfusion MR imaging
and MR angiography
66 Toldo, . et al. Multimodal neuroimaging | Case study 1 8 Hemiplegic DWI and Transient hypoperfusion
in a child with sporadic migraine spectroscopy | contralateral to the side of
hemiplegic migraine: a aura
contribution to
understanding
pathogenesis
67 Kumar, G., Familial hemiplegic Case study 1 12 Hemiplegic DWI, T2- Hemispheric cytotoxic
Topper, L. & migraine with prolonged migraine weighted edema along with
Maytal, J. aura and multimodality imaging, evidence of
imaging: a case report FLAIR, and hypometabolism in the
MRA affected hemisphere; no
evidence of
hypoperfusion of the
affected hemisphere
68 Fedak, E. M., The diagnostic role for Case—control 4 8, 10, 12, 14, | Hemiplegic SWI Asymmetry in the right and
Zumberge, N. A. [ susceptibility-weighted study migraine left cerebral vasculature in
& Heyer, G. L. MRI during sporadic the early stages of
hemiplegic migraine hemiplegic migraine
69 Boulouis, G. et al. | Magnetic resonance Case—control 10 8-16 (median | Atypical MA | ASL Cerebral blood flow was
imaging arterial-spin- study 13) decreased in brain regions
labelling perfusion associated with aura
alterations in childhood symptoms when MRI was
migraine with atypical performed <14 h after
aura: a case-control study onset, and increased if
MRI was performed
>17 h after onset.
70 Cadiot, D. et al. Magnetic resonance Retrospective 17 Mean + SD, MA ASL and Homolateral hypoperfusion
imaging in children chart 13.6+1.5 MRA of the side of vasospasm
presenting migraine with analysis (11-16)
aura: Association of
hypoperfusion detected
by arterial spin labelling
and vasospasm on MR
angiography findings
71 Uetani, H. et al Perfusion abnormality on | Prospective 29 3-18 (mean Migraine, MA | 3D ASL Patients who had perfusion
three-dimensional arterial study 1) abnormalities were more
spin labeling with a 3T likely to have aura, motor
MR system in pediatric disabilities, confusion,
and adolescent patients and hospitalization.
with migraine
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Table 3. (Continued)

No. of Type of
Reference participants Participant migraine if
number Authors Study Type of study | with migraine | ages in years specified Type of MRI Conclusions
77 Youssef, A. M. In child and adult Case—control Mean + SEM, | Migraine ASL Increased blood flow to the
et al. migraineurs the study 15.7+0.95 somatosensory cortex in
somatosensory cortex (8-24) the interictal period of
stands out ... again: An migraine
arterial spin labeling
investigation

there were differences in MRI application (24 h, 6 days, and
7 days) between participants, which could have altered the
findings.”' The type of migraine may also influence observations
in perfusion imaging; the last two studies investigated atypical
MA, whereas all the previously mentioned case studies examined
familial hemiplegic migraine (Table 3). Adult literature shows
regional hypoperfusion during the aura phase of migraine and
hyperperfusion during the headache phase,n’76 consistent with the
above findings in children.

Both adults and children with migraine appear to have differ-
ences in perfusion between migraines (interictally) as well during
episodes (ictally). A recent study investigating pediatric and adult
migraines has found increased blood flow to the somatosensory
cortex in the interictal period of migraine as measured by ASL.”’
These findings mirrored earlier findings in adults that demon-
strated increased cerebral blood flow (measured using ASL) in
the primary somatosensory cortex in MO patients compared with
controls. Primary somatosensory cerebral blood flow was also
correlated with migraine frequency.’”® These observations may
explain increased sensory sensitivity in migraineurs and/or may
indicate adaptive or maladaptive changes in the sensory cortex to
explain migraine pain. The increase in blood flow to the somato-
sensory cortex may be constant as no differences in blood flow
were seen between and during a migraine attack within the patient
group.”? These findings indicate that differences in blood flow are
likely chronic and not attack-dependent. The correlation between
pediatric and adult data also suggests that increased blood flow in
the somatosensory cortex is a feature of migraine as opposed to a
consequence of chronic migraine.

As perfusion investigation techniques improve, particularly
with the more widespread use of ASL, it is expected that more
studies will investigate perfusion differences between migrai-
neurs and controls. This will assist in investigating hypotheses
underlying migraine, including perfusion response to cortical
spreading depression. Currently, the available literature suggests
that perfusion differences are still a valuable avenue for explora-
tion in the realm of migraine and deserve further investigations in
pediatric migraine particularly.

METABOLITES

Magnetic resonance spectroscopy (MRS) provides a method
to measure the concentration of metabolites in localized volumes
of tissue. Different target nuclei enable the quantification of
different metabolites, the most typical of which are 'H followed
by 3P MRS. Metabolite measurements give a different insight
into brain structure, function, and metabolism. For example,
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metabolites can inform us about energy utilization, WM
degradation, and the activity of neurotransmitters.

There are only two studies that investigated brain metabolites
in childhood migraine (Table 4). The first study has found that the
relative rate of mitochondrial oxidation, as determined by low
levels of phosphocreatine concentration and high cytosolic pH,
was higher in the occipital lobes of patients than in controls. They
also found a lower phosphorylation potential in the brains of
migraine patients, and that muscle mitochondrial respiration was
abnormal. The authors concluded that there is a bioenergetics
deficit in young migraine patients, which is possibly a defining
feature of the disorder.® This bioenergetics deficit is consistent
with findings in adult studies where phosphocreatine levels in the
occipital lobe were reduced in patients with migraine, which may
suggest mitochondrial dysfunction.gl_87 The same study also
showed a 25% reduction in magnesium ion concentration in
juvenile migraine patients, and decreased magnesium levels have
been associated with an increased odds of having a migraine
attack.®”*® Decreased serum levels of magnesium in adult mi-
graine populations have previously been suggested as an inde-
pendent risk factor for migraine attacks,® and three adult studies
have also found decreased brain magnesium in migraineurs in the
occipital lobe,” the anterior-posterior region,”’ and the frontal
and temporal lobes.”” As such, decreased magnesium ion levels
have been suggested to contribute to reduced mitochondrial
oxidation as well as reduced bioenergetics seen in patients with
migraine, as magnesium is a cofactor in oxidative phosphoryla-
tion and stabilizes the mitochondrial membrane.**** In two
double-blinded, placebo-controlled adult trials, oral magnesium
was effective as a prophylactic treatment for migraine.”*> A
third study did not see the same effects, but this was suggested to
be due to the absorbability of the magnesium supplement.96 The
sole pediatric study saw a reduction in headache days and
headache intensity using oral magnesium.”” Evidence suggests
that magnesium may be an effective supplement for pediatric
migraine patients. As pediatricians and neurologists seek treat-
ments appropriate for migraines in adolescents, magnesium offers
an area of research that should be further pursued, as it has good
tolerability and minimal side effects.

The second study to investigate metabolites in pediatric
migraine was a case study, which applied proton MRS (Figure 2)
in a case of hemiplegic migraine 15 days after the migraine
(Table 4). The authors found a decreased N-acetylasparatate
(NAA)/creatine ratio in conjunction with contralateral hemi-
sphere swelling and a mild hyperintensity visible on diffusion-
weighted imaging.66 NAA is a neuronal marker, and reduction
in NAA is often interpreted as decreased neuronal integrity
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Table 4. Pediatric migraine metabolites studies

No. of Type of

Reference participants Participant migraine if

number Authors Study Type of study | with migraine | ages in years specified Type of MRI Conclusions

80 Lodi, R. et al. | Deficit of brain and skeletal | Case— control 15 Mean + SD, MA 3P MRS Relative rate of
muscle bioenergetics and study 13.0 + 2.05 mitochondrial oxidation,
low brain magnesium in as determined by low
juvenile migraine: an in levels of phosphocreatine
vivo 31P magnetic concentration and high
resonance Spectroscopy cytosolic pH, was higher
interictal study in occipital lobes; lower

phosphorylation potential
in migraine brains; 25%
reduction in magnesium
ion concentration in
juvenile migraine
patients.

66 Toldo, I. et al. | Multimodal neuroimaging | Case study 1 8 Hemiplegic DWI and Decreased NAA/creatine
in a child with sporadic migraine spectroscopy ratio in conjunction with
hemiplegic migraine: a contralateral hemisphere
contribution to swelling and a mild
understanding hyperintensity visible on
pathogenesis DWI

\"'\A‘AM Pad' Vs m~._k
T Pl ey A

1
Chemical Shift (ppm)

Figure 2: Sample proton MRS.

(though this interpretation is incomplete; for a detailed review,
see ref. °®). Creatine provides a measure of energy stores. A single
case study is not convincing to argue that this is typical of
pediatric migraineurs, although several studies of migraine in
adults have shown decreased NAA in various regions of the
brain;”*~'%* one study observed an increase in NAA in the pons in
episodic migraineurs,104 and many studies have not observed
any differences in NAA levels in various regions of the
brain, 383971957114 1 gcation, in addition to type of migraine,
and migraine severity may also confound results and explain
some of these discrepancies. A recent review argued that, instead
of indicating neuronal loss, these reductions in NAA could
indicate mitochondrial dysfunction, as mitochondria are pro-
posed to synthesize NAA.®® If the pediatric case study is repli-
cated and generalized, however, it would lend evidence to
mitochondrial dysfunction as one of the mechanisms involved
in migraine pathogenesis and could also perhaps provide further
support for magnesium supplementation.
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FuncTIONAL IMAGING

Blood oxygen level-dependent (BOLD) functional MRI
(fMR]) is an extensively used method to examine correlations
in brain activation, either with a task paradigm (task-fMRI) or
within the brain at rest (resting-state fMRI). Task-fMRI is
generally used to examine brain activation in response to a
stimulus, while resting-state fMRI examines functional connec-
tions and coherent activation in the absence of a task. Despite the
widespread use of BOLD-fMRI to investigate alterations in
functional activation and functional connectivity, only one
BOLD-fMRI study has been performed in pediatric migraine
(Table 5).°' The analysis included dichotomizing participants by
sex. Results using fMRI showed differences in resting-state
functional connectivity (rsFC) between females with migraine
compared with male patients and healthy controls. Females with
migraine exhibited greater rsFC in the pain network, specifically
between the right precuneus and the left putamen, right caudate,
left thalamus, and left amygdala compared with males with
migraine and healthy controls. Female patients also showed
greater rsSFC between the left amygdala and the bilateral thala-
mus, right supplementary motor area, and bilateral anterior
midcingulate cortex compared with male patients and healthy
controls. Studies on adults with migraine also showed increased
connectivity in pain-processing networks. For example, a study
applying graph theory analysis to fMRI data showed abnormal
connectivity nodes in female adult migraine patients in the
precentral gyrus, orbital part of the inferior frontal gyrus, para-
hippocampal gyrus, anterior cingulate gyrus, thalamus, temporal
pole of the middle temporal gyrus, and the inferior parietal
gyrus.''> Other literature in adults found similar results with
greater connectivity in migraineurs in the orbital frontal gyrus,
medial frontal cortex, inferior frontal cortex, insula, supplemen-
tary motor area, precentral gyrus, postcentral gyrus, inferior
parietal gyrus, and occipital cortex.''>''® Also, greater amygdala
connectivity to the visceroceptive insula in migraine patients was

661


https://doi.org/10.1017/cjn.2019.243

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

Table 5. Pediatric migraine functional imaging studies

No. of Type of
Reference participants Participant migraine if
number Authors Study Type of study | with migraine | ages in years specified Type of MRI Conclusions
51 Faria, V. et al. | The migraine | Case—control | 14 females, 14 | Females: MA, MO 3D T1-weighted Females with migraine exhibited
brain in study males mean + SD, image, T2-weighted greater rsFC in the pain network,
transition: 13.1 £ 2.7; Echoplanar pulse specifically between the right
girls vs boys males: mean image, and BOLD- precuneus and the left putamen,
+ SD, 12.8 fMRI right caudate, left thalamus, and
+ 2.7 left amygdala compared with
males with migraine and healthy
controls; female patients also
showed greater rsFC between the
left amygdala and the bilateral
thalamus, right supplementary
motor area, and bilateral anterior
midcingulate cortex compared
with male patients and healthy
controls.
117,118

seen compared with controls and other chronic pain groups.
However, not all adult studies have found similar results. One
study has found decreased functional connectivity in pain-
related regions of the brain in female adult migraine patients,
with lower functional connectivity in the bilateral hippocam-
pus, bilateral insula, right amygdala, right anterior cingulate
cortex, bilateral putamen, bilateral caudate nucleus, and pre-
frontal cortex.''” Overall, the underlying state of connectivity
is not clear, particularly with heterogeneous methods and
analyses. What can be concluded is that abnormal connectivity
changes in the pain network underlie the migraine condition;
how those changes manifest appears to generally trend to-
wards greater connectivity in the pain network in migraine
patients, but further studies are required to confirm these
findings.

DiscussioN

MRI provides a great opportunity to understand neurological
conditions, including pediatric migraine. However, very few pedi-
atric migraine studies have applied MRI and spectroscopy; results
are from case reports and small sample sizes. Thus, all findings
need to be interpreted with caution. Beyond the limited data, there
is also inherent heterogeneity within the pediatric population due to
brain development as well as from a generalized lack of consensus
in standardizing measurements from various MRI modalities.
Seven interesting findings that require further research have come
from this literature review. First, WM disruptions appear to be
progressive in migraine with severity and chronicity. These WM
changes require further study to delineate their correlation with
neurological dysfunction. At this point, we do not have a way of
addressing or preventing these other than by optimizing migraine
treatments. Second, brainstem changes seen on imaging indicate a
role in the pathophysiology of migraine in pediatrics, which
correlates with adult findings. Third, decreased grey matter density
in the frontal cortex in pediatric migraine patients may be an issue
that needs to be addressed early, as it may be a factor for potential
cognitive dysfunction at a later age. Fourth, increases in temporal
or fusiform gyrus in gray matter are seen only in pediatrics, which
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identifies a uniquely pediatric aspect of migraine and is possibly
connected to the varied presentation between pediatric migraine
and adult migraine. Fifth, the precuneus is larger in female
adolescents, especially in those with migraine. The role of the
precuneus in pain sensitivity and risk of developing chronic pain
conditions is a reasonable possible cause for sex differences in
migraine prevalence in adulthood. The precuneus was not found to
have a role in childhood migraine, although it is possible that
changes in the precuneus during puberty may explain the preva-
lence of sex differences seen in adult migraine. Sixth, vascular
responses to cortical spreading depression are evident in children
as shown by perfusion data. Finally, mitochondrial abnormalities
have been noted in some migraine patients, but whether all
migraine patients are affected by mitochondrial deficiencies is
unknown. Low magnesium levels may partially explain mitochon-
drial disruption. Magnesium as a preventative therapy may be
effective for more widespread use, particularly in pediatric popula-
tions. All of these findings are based on the sparse literature that
investigated pediatric migraine using MRI and spectroscopy and
thus should be used as a guide for further research as opposed to
providing firm conclusions. The more significant conclusion from
this review is the great opportunity for MRI to investigate the
underlying nature of migraine, particularly in pediatric
populations.
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