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Abstract: Over the past decade, human brain imaging investigations have reported altered regional cerebral
blood flow (rCBF) in the interictal phase of migraine. However, there have been conflicting findings across
different investigations, making the use of perfusion imaging in migraine pathophysiology more difficult to
define. These inconsistencies may reflect technical constraints with traditional perfusion imaging methods
such as single-photon emission computed tomography and positron emission tomography. Comparatively,
pseudocontinuous arterial spin labeling (pCASL) is a recently developed magnetic resonance imaging tech-
nique that is noninvasive and offers superior spatial resolution and increased sensitivity. Using pCASL, we
have previously shown increased rCBF within the primary somatosensory cortex (S1) in adult migraineurs,
where blood flow was positively associated with migraine frequency. Whether these observations are pre-
sent in pediatric and young adult populations remains unknown. This is an important question given the
age-related variants of migraine prevalence, symptomology, and treatments. In this investigation, we used
pCASL to quantitatively compare and contrast blood flow within S1 in pediatric and young adult migrai-
neurs as compared with healthy controls. In migraine patients, we found significant resting rCBF increases
within bilateral S1 as compared with healthy controls. Furthermore, within the right S1, we report a positive
correlation between blood flow value with migraine attack frequency and cutaneous allodynia symptom
profile. Our results reveal that pediatric and young adult migraineurs exhibit analogous rCBF changes with
adult migraineurs, further supporting the possibility that these alterations within S1 are a consequence of
repeated migraine attacks. Hum Brain Mapp 38:4078–4087, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Neuroimaging investigations have shown alterations in
cerebral perfusion [Hodkinson et al., 2015], volume [DaSilva
et al., 2007a], structure [DaSilva et al., 2007b], chemical com-
position [Prescot et al., 2009], and low-frequency oscillations
[Hodkinson et al., 2016] in the interictal phase of the
migraine brain. However, there have been inconsistent find-
ings across studies making the use of imaging as a potential
brain biomarker for migraine more difficult to define. One
cortical region that appears to show consistency of migraine-
induced changes across multiple adult studies is the primary
somatosensory cortex [DaSilva et al., 2007a; Hodkinson
et al., 2015; Maleki et al., 2012]. One question related to this
is whether these changes are also present in the pediatric
and young adult migraine population. This is an important
question given the variants of migraine prevalence, symp-
toms, and treatments from pediatric through to adult popu-
lations with episodic migraine [Sonal Sekhar et al., 2012], a
population that is less affected by disease duration.

Blood flow in the brain is coupled to regional metabo-
lism that is regulated by neurons and astrocytes [Attwell
et al., 2010], and it may be that resting cerebral blood
flow reflects the underlying pathophysiology of migraine.
Certainly, abnormal cerebral blood flow has been
reported in the interictal phase of the migraine brain. For
example, single-photon emission tomography (SPECT)
investigations have reported hyperperfusion in wide-
spread cortical regions [Cheng et al., 2013; De Benedittis
et al., 1999], whereas others have reported primarily nor-
mal cerebral blood flow in migraine patients [Bartolini
et al., 2005; Soriani et al., 1997]. Moreover, positron emis-
sion tomography (PET) investigations in migraine
patients also report conflicting findings, with both wide-
spread hypoperfusion [Kim et al., 2010] and hyperperfu-
sion [Kassab et al., 2009] reported in cortical regions such
as the primary somatosensory cortex. These inconsisten-
cies may reflect technical constraints such as the rela-
tively poor spatial resolution and sensitivity to traditional
nuclear functional imaging techniques. Furthermore,
these methods are invasive and are reliant upon radioac-
tive tracers or contrasts, limiting its repeatability and
application which is particularly problematic in pediatric
and adolescent populations.

We have previously employed a recently developed
magnetic resonance imaging technique, psuedocontinuous
arterial spin labeling (pCASL), to investigate changes in
regional cerebral blood flow in the interictal phase of
migraine within an adult population [Hodkinson et al.,
2015]. PCASL is noninvasive, offers superior spatial resolu-
tion, and allows for the absolute quantification of cerebral
blood flow. Specifically, migraine patients displayed bilat-
eral hyperperfusion within the primary somatosensory
cortex, where the degree of blood flow was positively cor-
related to migraine frequency [Hodkinson et al., 2015].
Here, we used pCASL to extend our previous findings
and determine whether these correspond with developing

brains of pediatric and young adult populations. Although
there are variants in prevalence, symptomology, and treat-
ments, these differences are not substantial to prompt differ-
ential diagnosis. Given this, we hypothesize that pediatric
and young adult migraine patients will display greater
regional blood flow within the primary somatosensory cor-
tex as compared to healthy controls, and that these values
will be positively correlated with migraine frequency.

MATERIALS AND METHODS

Subjects

Twenty-six migraine patients (13 males, 13 females;
mean 6 SEM age: 15.7 6 0.95 years; range 8–24 years) and
26 healthy age- and gender-matched controls (13 males,
13 females; mean 6 SEM age: 15.5 6 0.89 years; range
9–24 years) were recruited for the study. All migraine
patients were recruited by the Neurology and Headache
Clinics at Boston Children’s Hospital and advertisements
within the general community (Longwood Medical and
Greater Boston Area). Nine patients were recruited from
Boston Children’s Hospital Clinics (either the Neurology
or Headache Clinic) with the remainder recruited from
the Greater Boston Area (craigslist, flyers around com-
munity, word-of-mouth). Migraine patients were diag-
nosed in accordance with the International Classification
for Headache Disorders, second edition (ICHD-II) (2004).
Patients were excluded from the study if they reported
symptoms of developing a migraine attack 72 h prior to
the study, or 24 h following the study session. Migraine
patients were not on any daily preventative medications
at the time of the study. Healthy controls were recruited
from the following sources: (1) flyers posted on bulletin
boards in the Longwood Medical Area and Greater Bos-
ton Area; (2) online list servers (e.g., craigslist, college
job boards); (3) previous participants in the group’s stud-
ies; and (4) word of mouth. Healthy controls were
excluded if they reported symptoms consistent with any
type of migraine, or if they had any ongoing pain condi-
tion. All subjects were instructed not to take other medi-
cations and to avoid caffeine within 4 h of the study
scanning session. Four controls and two patients were
taking daily vitamins. Two controls and two patients
were taking allergy medications. One patient was taking
asthma medications. On the day of the study session, all
migraine patients were required to report, on average,
their migraine frequency, duration, quality, and their
pain distribution [Barmettler et al., 2015]. In addition, all
patients completed items derived from the Allodynia
Symptom Questionnaire [Ashkenazi et al., 2007; Jaku-
bowski et al., 2005; Lipton et al., 2008]. All procedures
for the study were approved by the Institutional Review
Board at Boston Children’s Hospital, Harvard Medical
School.
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MRI Acquisition

All subjects were positioned supine within a Siemens
Magnetom Trio 3 T MRI scanner (Siemens Healthcare Inc.,
USA), and data acquired using a 32-channel head coil. For
image registration, a high-resolution T1-weighted anatomi-
cal image was collected (repetition time 5 2,520 ms, echo
time 5 1.7 ms, raw voxel size 5 1.0 3 1.0 3 1.0 mm thick).
With the subject still at rest, a sequence of pseudocontinu-
ous arterial spin labeling (pCASL) [Wu et al., 2007] covering
the whole brain was collected (40 label/control image sets,
24 axial slices in ascending order, TR/TE 5 3,890/12 ms,
matrix 5 64 3 64, raw voxel size 5 3.4 3 3.4 3 6.0 mm
thick, labeling time 5 1,480 ms, post label delay time 5

1,300 ms, slice acquisition time 5 46.25 ms). The total
pCASL acquisition time corresponded to 5.2 min.

MRI Analysis

Image preprocessing

Using SPM12 [Friston et al., 1994], image preprocessing
and quantification of cerebral blood flow (CBF) maps were
undertaken with the ASL toolbox [Wang et al., 2008]. For
each subject, label and control image series were indepen-
dently motion corrected to remove artificially induced
motion [Wang, 2012]. The difference between the control
and label acquisitions were then estimated by surround

subtraction [Lu et al., 2006] and CBF was quantified
according to the following equation:

CBFðmL=100 g=minÞ5 60003DM3k3R1a

ð23a3M03ðeð2x3R1aÞ2eð2ðt1xÞ3R1aÞÞ

where DM is the difference between the label and control
images (i.e., perfusion difference), k is the blood/tissue
water partition coefficient, R1a is the longitudinal relaxation
rate of blood, a is the tagging efficiency, x is the postlabel-
ing delay time, s is the duration of the labeling RF pulse
train, and M0 is estimated by the control image intensity
[Wang et al., 2008]. The parameters set in this investigation
were k 5 0.9 g/mL [Herscovitch and Raichle, 1985], a 5 0.85
[Dai et al., 2008], x 5 1,300 ms, and s 5 1,480 ms. Given that
the T1 relaxation time of blood varies considerably with
age and gender in pediatric populations, we set this param-
eter in accordance with a population-based estimate of
blood T1 as predicted by Wu et al. [2010]. The transforma-
tion of pCASL image series to absolute units of CBF (mL/
100 g/min) was computated in native space.

The T1-weighted image was then spatially normalized
to the Montreal Neurological Institute (MNI) template
using SPM12’s unified segmentation and these parameters
applied to the T1-coregistered mean CBF map. The resul-
tant spatially normalized (2 mm isotropic) CBF maps were
then spatially smoothed using an 8 mm full-width at half-
maximum (FWHM) Gaussian filter.

TABLE I. Clinical characteristics of migraine patients

Patient code
Age

(years) Gender
Age of
onset

Duration
(years)

Frequency
(/month) Laterality Analgesic medication

M01 15 F 7 8 3 U (L & R) Sumatriptan, ibuprofen
M02 13 F 10 3 6 U (L & R) None
M03 13 M 9 4 2 B Naproxen, sumatriptan,

ondansetron
M04 23 F 13 10 7 B None
M05 16 M 13 3 2 B Imitrex, ibuprofen
M06 23 M 9 14 2 B Acetaminophen
M07 13 M 11 2 1 B Naproxen, imitrex
M08 16 F 10 6 4 B Imitrex, motrin
M09 9 F 7 2 1 U (L & R) Tyenol, ibuprofen
M10 15 F 11 4 0.5 U (L) Imitrex
M11 15 M 12 3 1 B Imitrex, naproxen
M12 8 F 8 0.5 5 B None
M13 16 M 13 3 0.3 U (L) Almotriptan
M14 13 F 11 2 1 U (L) Ibuprofen, imitrex
M15 9 M 5 4 5 B Imitrex
M16 16 F 6 10 3 B Ibuprofen, riboflavin,

sumatriptan
M17 24 M 14 10 0.2 B Advil
M18 21 F 14 7 1.5 B Ibuprofen
M19 10 M 7 3 2 U (L & R) Zomatriptan, ondansetron
M20 8 M 7 1 15 B Ibuprofen
M21 22 F 9 13 0.2 U (L) Excedrin migraine
M22 13 F 10 3 1 U (L & R) Imitrex
Mean 6 SEM 15.1 6 1.1 9.8 6 0.6 5.2 6 0.9 2.9 6 0.7

F, female; M, male; B, bilateral; U, unilateral; L, left; R, right.
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Resting CBF analysis

Significant differences in regional CBF between controls
and migraineurs were determined within a general linear
model using independent two-sample t tests. To account for
the nonlinear trajectories of age on regional CBF observed in
pediatric populations [Satterthwaite et al., 2014], we applied
a quadratic transformation to each subjects age and included
these values as a nuisance variable. Gender and global CBF
were also factored out by modeling them as nuisance varia-
bles. The primary somatosensory cortex, derived from the
Harvard–Oxford cortical atlas [Smith et al., 2004], was set at
a probabilistic threshold of 25%, binarized and included as
an explicit mask so that only voxels within this region were
explored. Following an initial uncorrected threshold of
P< 0.001, small volume corrections of 12-mm-radius spheres
were performed using the local activation peak coordinates
from the group comparison. For each cluster, absolute blood
flow values were extracted and significant differences in
resting blood flow between controls and migraine patients
were identified using two-sample t test (P< 0.05). Significant
linear relationships between blood flow values and age,
disease duration, and frequency were determined using
Pearson’s partial correlation analyses, while controlling for
global CBF influences (P< 0.05).

RESULTS

Clinical Demographics

Following the scanning session, four migraine patients
were excluded from the study due to reports of a migraine
attack within 24 hrs, with the remaining 22 patients

(10 males, 12 females; mean 6 SEM age: 15.1 6 1.1 years;
range 8–24 years) included in the analysis. Subsequently,
the 4 age- and gender-matched controls were excluded,
with the remaining 22 controls (10 males, 12 females;
mean 6 SEM age: 14.9 6 0.9 years; range 9–24 years)
included in the analysis. Patients reported, on average, a
migraine duration of 5 years (6SEM: 0.86, range: 0.5–14
years) and an average migraine attack frequency of 3/
month (6SEM: 0.71, range: 0.5–15 episodes). Of the 22
patients, 13 reported bilateral pain (59%), 5 with unilateral
pain occurring on the right or left side (23%), and 4 with
unilateral pain confined to the left side (18%) during a
migraine attack. Individual migraine patient characteristics,
including pain duration, frequency, laterality, and analgesic
medications are displayed in Table I. Finally, analogous
with our previous migraine investigation [Hodkinson et al.,
2015], we found a significant correlation between migraine
duration and the patients’ age (r 5 0.84, P 5 0.0001).

Migraine patients were also required to complete the
Allodynia Symptom Questionnaire to determine if, during
a migraine attack, they typically developed cutaneous allo-
dynia (Fig. 1A). Of the 22 patients, 18 reported at least one
symptom of cutaneous allodynia (82%), with 11 of these
patients reporting at least three symptoms (61%). Given
these reports, it is pertinent to note that some descriptors
were gender specific, including “shaving” and “necklace”
and that not all items were applicable to all patients, such
as “eyeglasses.” In contrast, patients reported their pain
quality during a migraine attack, with the greatest propor-
tion of patients describing their pain as “throbbing” (77%)
and “pounding” (73%) (Fig. 1B). Finally, 19 of the 22
patients illustrated their typical pain distribution during a
migraine attack, revealing a predominate spread to the
frontotemporal region (Fig. 1C).

Figure 1.

(A) Cutaneous allodynia symptom profile; frequency (percentage of patients) responses to

Allodynia Symptom Questionnaire items of skin hypersensitivity. (B) Pain quality; frequency

(percentage of patients) of descriptors chosen. (C) Pain distribution; overlap of individual pain

referral patterns, where the pink–orange–red scale bar corresponds to degree of overlap. [Color

figure can be viewed at wileyonlinelibrary.com]
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Resting Cerebral Blood Flow

Within the primary somatosensory cortex, migraine
patients displayed significantly greater rCBF as compared
with healthy controls (Fig. 2A). Significant increases in
rCBF were observed in both the left (mean [6SEM]
mL/100g/min; controls: 52.4 6 1.9, migraineurs: 64.2 6 3.0;
P 5 0.0023) and the right (controls: 55.1 6 2.0, migraineurs:
67.1 6 2.6; P 5 0.0009) primary somatosensory cortex (Fig.
2B and Table II). There were no significant rCBF decreases
in migraine patients as compared with controls. Further-
more, there was no significant difference in global CBF
between these groups (controls: 48.2 6 1.7, migraineurs:
47.0 6 2.0; P 5 0.66).

Within the right primary somatosensory cortex, rCBF was
positively correlated with migraine attack frequency
(r 5 0.40, P 5 0.033) and cutaneous allodynia (CA) symptom
profile (r 5 0.46, P 5 0.031) (Fig. 3). In contrast, no signifi-
cant correlations were observed in rCBF with the duration
of migraine (r 5 0.36, 0.10) or the patients’ age (r 5 0.10,
P 5 0.66). Within the left primary somatosensory cortex, no
significant correlations were observed between rCBF and
the patients’ headache characteristics (migraine frequency:
r 5 0.23, P 5 0.15; CA symptom: r 5 0.10, P 5 0.66; duration:
r 5 0.08, P 5 0.72; age: r 5 20.14, P 5 0.53) (Fig. 3).

Finally, we are confident that movement did not have
significantly impact our results as there were no significant
movement-related differences between healthy controls

Figure 2.

(A) Regional blood flow increases (hot scale bar) in migraine

subjects as compared with healthy controls, overlaid onto axials,

coronals and a sagittal T1-weighted anatomical image set. Slice

locations are located at the top left of each image and are in

Montreal Neurological Institute space. Note that voxel-wise

comparison was restricted to the primary somatosensory cor-

tex, derived from Harvard–Oxford probabilistic cortical atlas.

(B) Plots of cerebral blood flow (CBF) values for the left (top)

and right (bottom) primary somatosensory cortex. Individual

data plots are shown in blue, with the mean (red line), 1 stan-

dard deviation (dark-grey region) and with the 95% confidence

interval (light-grey region). Significant differences between

migraine patients and healthy controls were determined using an

independent two-sample t test, with the P value above the plots.

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE II. Brain regions in which cerebral blood flow (CBF) were significantly greater in migraine subjects as

compared with healthy controls

X Y Z t value Cluster size

Mean 6 SEM CBF

(ml/100 g/min)

Controls Migraineurs

Migraineurs > Controls
Left primary somatosensory cortex 246 232 40 3.55 39 52.4 6 1.9 64.2 6 3.0
Right primary somatosensory cortex 38 222 46 3.57 50 55.1 6 2.0 67.1 6 2.6

Locations are in Montreal Neurological Institute (MNI) space.
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and migraineurs in translation (mean [6STD] mm; x, con-
trols: 0.12 6 0.11, migraineurs: 0.11 6 0.19, P 5 0.95; y, controls:
0.10 6 0.09, migraineurs: 0.11 6 0.12, P 5 0.75; z, controls:
0.25 6 0.37, migraineurs: 0.31 6 0.42, P 5 0.61) or rotation
(mean [6STD] degrees; roll, controls: 0.005 6 0.008, migrai-
neurs: 0.005 6 0.005, P 5 0.86; pitch, controls: 0.002 6 0.010,
migraineurs: 0.002 6 0.001, P 5 0.89; yaw, controls: 0.003 6

0.005, migraineurs: 0.002 6 0.003, P 5 0.37).

DISCUSSION

Consistent with our hypothesis, these data reveal that
pediatric and young adult migraine patients have greater
rCBF within the primary somatosensory cortex (S1) as
compared to healthy controls. Furthermore, analogous
with our previous adult investigation [Hodkinson et al.,
2015], we found that resting rCBF within the right S1 was
positively correlated with migraine frequency. In addition,
somatosensory blood flow was positively correlated with
cutaneous allodynia symptom profile. Analogous findings
were also reported with other headache characteristics,
specifically, no association between resting rCBF and
duration or age were observed. However, in contrast to
our initial hypothesis, we found no relationship between
resting rCBF within the left S1 and migraine frequency.

These results support the idea that pediatric and young
adult patients exhibit similar patterns of altered rCBF
within the somatosensory cortices, and that these changes
are related to the degree of migraine frequency.

S1 and Migraine

Over recent years, brain imaging investigations have
highlighted the role of S1 in pain processing; stimulus
localization and intensity [Timmermann et al., 2001; Tor-
quati et al., 2002], discrimination [Bornh€ovd et al., 2002;
Moulton et al., 2005; Torquati et al., 2002], and perceived
spread [Macefield et al., 2007]. However, we, and others
have shown alterations in S1 in the interictal period (i.e.,
the absence of migraine-related head pain). Instead, these
resting changes may be the consequence of repetitive
headache pain that, over time, induce morphometric and
functional changes in S1. Indeed, a number of primary
afferent nociceptive drivers may contribute to these
changes including: (1) sensitization within the trigeminal
primary afferent [Strassman et al., 1996], that may perpetu-
ate via the trigeminothalamic tract to contribute to the
somatosensory hyperexcitability [Lang et al., 2004;
Schwedt et al., 2014] and loss of habituation [Stankewitz
et al., 2013] and (2) cephalic cutaneous allodynia observed

Figure 3.

Partial correlation between cerebral blood flow (CBF) values

within the primary somatosensory cortex and clinically reported

headache characteristics (controlling for global CBF). Clinical

variables include (from left to right) migraine frequency (per

month), number of cutaneous allodynia (CA) symptoms,

duration of migraine (years), and age of the patients (years).

Note that the right primary somatosensory cortex was posi-

tively correlated with migraine attack frequency. [Color figure

can be viewed at wileyonlinelibrary.com]
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in most migraine patients [Bigal et al., 2008; Burstein et al.,
2000; Lipton et al., 2008]. Indeed, we observed a significant
relationship between blood flow in S1 and the number of
cutaneous allodynia symptoms. Although we did not
report a significant relationship in our previous adult
investigation, it is pertinent to note that we observed a
positive linear trend [Hodkinson et al., 2015]. These
peripheral nociceptive drivers seem to produce changes in
S1 in the homunculus where the head, and more particu-
larly the forehead is represented in healthy subjects
[DaSilva et al., 2002] and in migraine patients [Maleki
et al., 2012].

Although a number of authors have reported blood flow
increases in S1 during the interictal phase of migraine
[Hodkinson et al., 2015; Kassab et al., 2009], there are con-
flicting findings across different investigations. In addition
to other brain sites, positron emission tomography (PET)
investigations have reported both blood flow increases
[Kassab et al., 2009] and decreases [Kim et al., 2010] within
S1 in migraine patients as compared with healthy controls.
In striking contrast, the application of pCASL has yielded
consistent findings with our previous study [Hodkinson
et al., 2015], further supporting the role of S1 in migraine
and the use of pCASL as an objective and reliable method
to assess slowly evolving changes in cerebral blood flow
[Hodkinson et al., 2013]. Within the right S1, we also
found a consistent relationship between resting blood flow
and migraine attack frequency; that is, the more frequent
the attack, the greater the blood flow [Hodkinson et al.,
2015]. This result may simply reflect laterality, a question
that has not been closely evaluated in the migraine litera-
ture. However, is it worth noting that our migraine cohort
exhibited predominate left-sided migraine attacks, and
therefore, it is not surprising that we found a greater
blood flow difference and attack frequency association
within the contralateral (right) somatosensory cortex.

In conjunction with altered baseline rCBF, numerous
brain imaging investigations have reported increased S1
responsiveness in the interictal phase of migraine patients.
For example, in response to noxious heat stimulation,
high-frequency migraine patients were associated with sig-
nificantly greater activation within S1 as compared with
the low-frequency group [Maleki et al., 2012]. Similarly,
Schwedt et al. [2014] employed blood oxygen level depen-
dent (BOLD) contrast and reported significant increases in
S1 activation in migraine patients’ as compared with
healthy controls; however, activation strength was not
correlated with migraine frequency. In contrast, Lang et al.
[2004] employed a magnetoencephalogram (MEG) in
migraine patients and reported, in response to electrical
stimulation, increased S1 excitability (N20m population) as
compared to healthy controls that was positively associ-
ated with migraine frequency but not disease duration or
age-related affect. Although these findings are highly sup-
portive of migraine attack-induced changes, it is pertinent
to note that equivalent dipole moment strength of N20m

has been shown to be significantly associated with age in
adult populations [Huttunen et al., 1999]. This is an impor-
tant consideration given our pediatric and young adult
population, and therefore whether these findings are
directly applicable remain relatively unclear. Taken
together, these resting blood flow changes and altered
responsivity within S1 suggest that they are more likely to
be the consequence of repetitive migraine attacks, rather
than a component of the disease etiology.

Other Changes in S1 in Migraineurs

Given these functional alternations, it is conceivable that
altered resting regional metabolism may be accompanied
by volumetric and/or structural changes, or vice versa.
However, it is pertinent to note that the association
between changes in perfusion and tissue volume has
yielded mixed results. Some investigations report a causal
relationship between cerebral blood flow and grey matter
volume [Fierstra et al., 2010; V�arkuti et al., 2011], whereas
others do not [Chen et al., 2011]. The reasons may vary
from patient subtype and medications to magnetic sequen-
ces. However, in our group of adults and children using
multiple approaches and the same magnets, we observe
similar results. Thus, while it does remain in dispute, this
section highlights the morphometric changes observed
within the primary somatosensory cortex in migraine
patients. Our focus on somatosensory volumetric and
structural changes provides the reader with an overview
of the potential contributions of associated morphometric
changes. Indeed, we have included evidence for S1 func-
tionally related structural changes in high- and low-
frequency migraine patients [Maleki et al., 2012].

Although numerous investigations have employed
voxel-based morphometry (VBM) to examine grey matter
structure within migraine patients, to the best of our
knowledge, no study to date has shown alterations within
S1 cortex as compared with healthy controls [Jin et al.,
2013; Rocca et al., 2006; Schmidt-Wilcke et al., 2008; Valfre
et al., 2008]. Instead, consistent reductions in grey matter
volume have been observed in higher brain sites, includ-
ing the dorsolateral prefrontal cortex [Rocca et al., 2006;
Schmidt-Wilcke et al., 2008], and it may be these reduc-
tions in grey matter volume that drive the functional alter-
ations observed in migraine. For example, migraine
patients’ exhibit altered pain modulation [Sandrini et al.,
2006] and sensory processing, both of which can be modu-
lated by the dorsolateral prefrontal cortex [Lorenz et al.,
2003; O’Reilly, 2010; Sandrini et al., 2006; Youssef et al.,
2016]. Alternatively, it may reflect technical constraints.
Indeed, the majority of investigations employing a recently
developed morphometric analysis, surface-based mor-
phometry (SBM), have reported alterations in S1 cortical
thickness in migraine patients. Measures of SBM have
been associated with high consistency throughout aging
[Fjell et al., 2009], and increased age-related sensitivity
as compared with traditional VBM methods [Hutton
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et al., 2009]. Nonetheless, recent SBM investigations have
reported inconsistent findings in migraine patients as com-
pared with healthy controls, reporting increased [DaSilva
et al., 2007a; Kim et al., 2014], reduced [Hougaard et al.,
2016], or no change [Datta et al., 2011] in S1 cortical thick-
ness. In contrast, Maleki et al. [2012] compared high- with
low-frequency migraine patients. High-frequency migraine
patients were associated with increased S1 cortical thick-
ness in conjunction with increased noxious-induced activa-
tion; this is a critical distinction and highlights a potential
adaptive response of S1 to repeated migraine attacks
[Maleki et al., 2012]. Although, these functionally related
structural changes may reflect the observed changes in
resting metabolic state in migraine, direct evidence for
neural plasticity, and synaptic remodeling is required.

S1 Across Age in Migraineurs

Notwithstanding the contribution of adult investiga-
tions, little is known about the developing brain in
migraine patients. This is surprising given that pediatric
cohorts offer the unique opportunity to investigate
migraine at the earliest stage of the disease, evaluating
whether these altered resting changes develop with dis-
ease or whether it represents a relatively stable biomarker
that prompts an individual to frequent migraine attacks.
Instead, this may reflect technical, biological, and recruit-
ment constraints in pediatric investigations as compared
with imaging adults [Thukral, 2015]. To the best of our
knowledge, this study is the first to quantitatively compare
resting rCBF in pediatric and young adult migraine
patients as compared with healthy controls. Here, we
report similar findings with our previous adult investiga-
tion [Hodkinson et al., 2015] and speculate that these
altered resting rCBF changes are the consequence of
repeated attacks, although we cannot rule out the possibil-
ity that altered resting metabolic demand may be further
modified by migraine disease, or both. Interestingly, mor-
phometric changes in a pediatric cohort also report similar
findings with adult populations. Specifically, Rocca et al.
[2014] reported no S1 grey matter changes as compared
with healthy controls, where reductions were observed in
other brain sites including the dorsolateral prefrontal
cortex.

Collectively, the few pediatric migraine investigations
that have been undertaken reveal similar resting functional
and structural alterations as those reported in adult popu-
lations. Of course, whether these resting brain alterations
precede the migraine disease, or whether it is a conse-
quence of repeated migraine attacks remains unclear.
However, the finding that similar changes are observed in
adults as in children raises the question as to whether the
changes are a consequence of repeated migraine attacks ver-
sus a predisposing condition of the disease state. With
respect to the former, (1) the region involved includes the
somatosensory cortex involving the head suggesting a

correlation of nociceptive drive enhancing dendritic com-
plexity, cortical thickening, and a substrate that may have
associated increased blood flow; (2) we observe changes
across age; and (3) adult patients with increased frequency
show increased changes in S1 cortex [Maleki et al., 2012]. It
should be noted that repeated motor stimuli increase cortical
structure and morphometry in the motor regions with train-
ing [H€anggi et al., 2015], a process that may parallel the
repeated sensory nociceptive attacks. However, the dynamic
range of cortical changes in S1 is noted in another study of
disease reversal [Hubbard et al., 2016] from chronic to epi-
sodic migraine. There is no way of defining the predisposing
versus specific nociceptive drive. Despite these, investigating
migraine at the earliest stage (i.e., pediatric populations) will
provide greater insight into answering these questions, and
whether these resting alterations are reversible following
recovery.

LIMITATIONS

There are a number of limitations of this investigation
worth noting. First, an important biological consideration
is the differential trajectories of cerebral blood flow
throughout development in age and gender when compar-
ing to adult investigations [Satterthwaite et al., 2014]. In
this investigation, we accounted for the differential T1
relaxation time of blood within age and gender; however,
a potential limitation is that we assume the model derived
by Wu et al. [2010]. Second, pubertal status can influence
the evolution of cerebral blood flow [Satterthwaite et al.,
2014]. Here, we did not account for the circulatory hor-
monal levels for these subjects, and therefore, potential
influence of neuroendocrine factors driving these observed
results remains unclear. Finally, given the intrinsic resolu-
tion of ASL, the effects of partial volume due to heteroge-
neous raw voxels are problematic and hence can influence
the blood flow values reported in this investigation [Asl-
lani et al., 2008].

CONCLUSIONS

These data reveal that pediatric and young adult
migraine patient populations are associated with increased
resting blood flow within the primary somatosensory cor-
tex. Furthermore, consistent with adult populations, the
degree of blood flow was positively related to migraine
frequency, suggesting that repeated migraine attacks over
time result in abnormal resting metabolic demand, likely
reflecting neuronal and/or glial adaptive or maladaptive
alterations.
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