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The thalamus contains third-order relay neurons of the trigeminal system, and animal models as well as preliminary imaging studies in
small cohorts of migraine patients have suggested a role of the thalamus in headache pathophysiology. However, larger studies using
advanced imaging techniques in substantial patient populations are lacking. In the present study, we investigated changes of thalamic
volume and shape in a large multicenter cohort of patients with migraine. High-resolution T1-weighted MRI data acquired at 3 tesla in 131
patients with migraine (38 with aura; 30.8 � 9 years old; 109 women; monthly attack frequency: 3.2 � 2.5; disease duration: 14 � 8.4
years) and 115 matched healthy subjects (29 � 7 years old; 81 women) from four international tertiary headache centers were analyzed.
The thalamus and thalamic subnuclei, striatum, and globus pallidus were segmented using a fully automated multiatlas approach.
Deformation-based shape analysis was performed to localize surface abnormalities. Differences between patients with migraine and
healthy subjects were assessed using an ANCOVA model. After correction for multiple comparisons, performed using the false discovery
rate approach (p � 0.05 corrected), significant volume reductions of the following thalamic nuclei were observed in migraineurs: central
nuclear complex (F(1,233) � 6.79), anterior nucleus (F(1,237) � 7.38), and lateral dorsal nucleus (F(1,238) � 6.79). Moreover, reduced striatal
volume (F(1,238) � 6.9) was observed in patients. This large-scale study indicates structural thalamic abnormalities in patients with
migraine. The thalamic nuclei with abnormal volumes are densely connected to the limbic system. The data hence lend support to the view
that higher-order integration systems are altered in migraine.
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Introduction
Migraine is a common, complex, and disabling neurological dis-
order characterized by repeated attacks with a multitude of sen-

sory symptoms, including head pain (Murray et al., 2012).
Approximately 20%–30% of patients with migraine also suffer
from aura, manifesting as positive and negative neurological
symptoms, most commonly visual disturbance. Despite some ad-
vances, especially regarding mechanisms involved in the genera-
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Significance Statement

This multicenter imaging study shows morphological thalamic abnormalities in a large cohort of patients with episodic migraine
compared with healthy subjects using state-of-the-art MRI and advanced, fully automated multiatlas segmentation techniques.
The results stress that migraine is a disorder of the CNS in which not only is brain function abnormal, but also brain structure is
undergoing significant remodeling.
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tion of migraine aura, the pathophysiology of migraine is still
poorly understood. Third-order trigeminovascular nociceptive
neurons are located in the thalamus and are likely to mediate
migraine pain. Indeed, thalamic activation (and activation of
other brain areas) has been demonstrated during the headache
phase of migraine attacks using H2

15O-PET (Afridi et al., 2005)
and most recently even in the premonitory phase of attacks
(Maniyar et al., 2014).

Moreover, previous studies using different MRI measures,
such as quantitative T1 and T2�, magnetization transfer ratio, and
fractional anisotropy, have suggested microstructural alterations
in the thalamus of patients with migraine with aura (MwA)
(Granziera et al., 2014), without aura (MwoA) (Coppola et al.,
2014), or in both subgroups (DaSilva et al., 2007). However,
other structural MRI studies did not detect significant differences
between patients with migraine and healthy subjects in terms of
global thalamic volume or local thalamic gray matter density
(Rocca et al., 2006; Kim et al., 2008; Valfrè et al., 2008; Granziera
et al., 2014).

Although thalamic abnormalities are hence likely to play a role
at least in subgroups of patients with migraine, the relatively
small sample size of previous studies (ranging from 16 to 27
patients) and partly inconsistent results limit the generalizability
of such findings. Moreover, previous studies did not address
structural abnormalities of volume and shape in distinct thalamic
subregions (subnuclei) in patients with migraine.

The main objective of the present study was to investigate the
morphology of the thalamus in a large cohort of patients with
migraine and to compare them with healthy subjects using ad-
vanced structural neuroimaging techniques. Moreover, the vol-
ume and shape of the striatum and globus pallidus were studied
as secondary outcomes as abnormalities of those brain areas have
also been suggested to contribute to migraine pathophysiology
(Maleki et al., 2011).

Materials and Methods
Subjects
Existing data from four academic headache centers were pooled for this
study. The participating centers were located in Germany (Munich and
Hamburg), Denmark (Glostrup), and the United States (San Francisco).
The structural MRI data provided by the centers had originally been
acquired in the context of local functional imaging studies to exclude
structural abnormalities and for coregistration purposes. Only data from
studies, which had recruited both migraineurs and healthy subjects
within the same study context, were considered. Data of patients and
controls had to be obtained at the same scanner using the same parame-
ters. None of the structural MRI datasets had previously been analyzed
and published using quantitative neuroimaging techniques. Written in-
formed consent was obtained from the participants at each center when
the data were acquired. The original study protocols were approved by
the local ethics committees and conducted in accordance with the Dec-
laration of Helsinki.

Overall, 246 subjects (131 patients with migraine, 38 with aura and 93
without aura, and 115 healthy subjects) with an age range of 18 –55 years
were included in the study. All patients met the criteria for episodic
migraine as defined by the International Classification of Headache Dis-
orders, second edition (Headache Classification Committee of the Inter-
national Headache Society, 2013). None of the patients had medication
overuse headache. Patients with a previous history of cardiovascular,
psychiatric, or neurological disease other than migraine were excluded.
Infrequent episodic tension-type headache was allowed in both groups.
Table 1 summarizes the demographic characteristics of the patients and
healthy subjects. Table 2 summarizes the clinical characteristics of pa-
tients. Three patients (two with and one without aura) were on preven-
tive medication (two on �-blockers, one on an antidepressant). The
other patients were not on daily medication.

MRI acquisition
All MRI datasets were acquired on 3 tesla systems. Patients were interictal
at the time of image acquisition. The four centers used different MRI
systems and vendors (Siemens, General Electric, and Philips). Table 3
summarizes the relevant parameters used at each site.

MRI analysis
Subcortical structures (including thalamic subnuclei) were automati-
cally identified using a segmentation method based on a multiatlas strat-
egy. This approach uses the population variability of the cohort being
analyzed to refine the final segmentation by using “multiple automati-
cally generated templates from different brains” (MAGeT Brain algo-

Correspondence should be addressed to Prof. Dr. Till Sprenger, Department of Neurology, DKD Helios Klinik
Wiesbaden, Aukammallee 33, 65191 Wiesbaden, Germany. E-mail: till.sprenger@helios-kliniken.de.

DOI:10.1523/JNEUROSCI.2154-15.2015
Copyright © 2015 the authors 0270-6474/15/3513801-07$15.00/0

Table 1. Demographic characteristics of study populationa

Healthy control subjects Episodic migraine patients

N Age (yr) �mean � SD (range)� Gender �female/male (%)� N Age (yr) �mean � SD (range)� Gender �female/male (%)�

Center A 20 30.3 � 6.9 (25–51) 16 (80)/4 (20) 19 31 � 7.5 (23– 47) 14 (70)/5 (30)
Center B 53 29.4 � 6.9 (22– 48) 27 (51)/26 (49) 54 31.9 � 10 (19 –53) 45 (83)/9 (17)
Center C 20 24.6 � 5.8 (19 – 46) 20 (100)/0 (0) 21 25.2 � 6.4 (19 – 47) 21 (100)/0 (0)
Center D, scanner 1 7 28 � 7.3 (19 – 40) 6 (86)/1 (14) 23 31.3 � 8.1 (19 – 47) 18 (78)/5 (22)
Center D, scanner 2 15 32.6 � 8.5 (21–52) 12 (80)/3 (20) 14 33.6 � 9.5 (23– 48) 11 (78)/3 (22)
Whole sample 115 29.1 � 7.2 (19 –52) 81 (70)/34 (30) 131 30.8 � 9 (19 –53) 109 (83)/22 (17)
aCenter A, Munich; Center B, Hamburg; Center C, Glostrup; Center D, San Francisco.

Table 2. Clinical characteristics of patients with migraine by centera

Duration of migraine disorder
(yr) �mean � SD (range)�

Headache days per month
�mean � SD (range)� MwA/MwoA (%)

Headache side (left/right/bilaterally/
unspecified) �no. (%)�

Center A 16.9 � 6.5 (3–26) 2.6 � 1.9 (0.75– 8) 12 (63)/7 (37) 6 (31)/4 (21)/9 (48)/0 (0)
Center B 11.3 � 7.1 (2–30) 3.5 � 2.7 (1–15) 21 (39)/33 (61) 10 (18)/9 (17)/29 (54)/6 (11)
Center C 9.9 � 5.6 (2–22) 2.1 � 1.1 (1– 4) 1 (5)/20 (95) 2 (9)/5 (24)/14 (67)/0 (0)
Center D, scanner 1 17.7 � 10.6 (1– 41) 4.1 � 2.8 (1–9) 4 (17)/19 (83) 4 (17)/4 (17)/8 (35)/7 (30)
Center D, scanner 2 21.2 � 8.4 (9 –33) 4.2 � 2.3 (2–10) 0 (0)/14 (100) 1 (7)/5 (36)/8 (57)/0 (0)
Whole sample 14.1 � 8.5 (1– 41) 3.3 � 2.5 (0.75–15) 38 (29)/93 (71) 23 (17)/27 (21)/68 (52)/13 (10)
aCenter A, Munich; Center B, Hamburg; Center C, Glostrup; Center D, San Francisco.
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rithm) (Chakravarty et al., 2013). Unlike other multiatlas approaches,
the MAGeT algorithm uses a single atlas derived from manually seg-
mented serial histological data as the initial input (Chakravarty et al.,
2006). This initial input was used to segment a subset of subjects that are
representative for the demographical and/or clinical features of the whole
cohort to adequately capture the neuroanatomical variability of the sam-
ple (Chakravarty et al., 2008). Thereby, a nonlinear registration (SyN
algorithm) (Avants et al., 2008) of the atlas to the data of the chosen
subset of subjects is applied. This newly segmented set of subjects was
then used as a template library for the remainder of the dataset. Once
each subject is matched to each of these templates using this technique,
there are numerous candidate segmentations available for each subject
that are fused using a voxelwise majority vote (i.e., for each voxel the label
occurring most frequently is retained for the final segmentation) (Collins
and Pruessner, 2010). Two sets of segmentation were produced using this
analysis pipeline: the first included the thalamus, the striatum, and the
globus pallidus, and the second one included the thalamic subnuclei
using the Hirai and Jones nomenclature (Hirai and Jones, 1989). All
segmentations were visually inspected to confirm anatomical accuracy by
a trained researcher. Thereby, specific attention was paid to the borders
of the thalamus toward cerebrospinal fluid spaces and toward the sur-
rounding white matter. The representative sample, which was chosen
from the whole group (matched for age, gender, and migraine subtype to
the whole group) to generate the template library included 31 subjects
(15 patients with migraine, mean age 34.8 � 10.7 years; 11 MwoA; mean
disease duration: 14.2 � 10.4 years; 11 women) and 16 healthy subjects
(mean age 32.6 � 9.3 years; 11 women). This number of subjects was
found optimal to capture the population variability in previous work,
and increasing the number did not increase the accuracy of the method
(Pipitone et al., 2014). The ability of the MAGeT brain algorithm to
accurately identify thalamic subregions has been previously validated
against manual segmentations (Chakravarty et al., 2009b), intraoperative
recordings (Chakravarty et al., 2008), and fMRI findings (Chakravarty et
al., 2009a). This segmentation approach has previously been used to
investigate the morphology of thalamic nuclei in attention deficit hyper-
activity disorder (Ivanov et al., 2010), Tourette syndrome (Miller et al.,
2010), and multiple sclerosis (Magon et al., 2014).

Shape analysis was performed using an extension of the surface-based
methodology proposed by Lerch et al. (2008). First, surface-based repre-
sentations were generated for each structure. For each subject, 31
nonlinear transformations mapped to the original template were concat-
enated and then averaged to limit noise and error and to increase
accuracy (Frey et al., 2011). The dot products between the nonlinear
transformation and the surface model normal were used as indices of
shape. Such shape indices were estimated to provide a local measure of
inward and outward displacement of the thalamic surface relative to the
atlas. Outward displacements indicate that the segmented area/nucleus is
smaller than the corresponding point in the template. Local inward dis-
placements indicate that the according area is larger than the template.

Moreover, the native brain volume (nBV) was computed for each
subject using the high-resolution T1w images with the fully auto-
mated tool “Structural Image Evaluation, using Normalization, of
Atrophy” for cross-sectional studies (SIENAX version 2.6) (Smith et
al., 2004).

Statistical analysis
Power analysis. Power analysis was performed for the ANCOVA model
by using the G� Power3 software (Faul et al., 2007) to estimate the de-
tectable effect size for the enrolled sample (� � 0.05 and power � 0.95).

Analysis of volumes. For each segmented structure, patients and
healthy subjects were compared using an ANCOVA model, including
age, gender, MRI scanner, and nBV as covariates. The covariates and
the interaction terms were added stepwise and kept in the model if
statistically significant. For the comparison of patients with MwA and
MwoA to healthy controls and for comparisons between the different
migraine subtypes, subgroups matched for age, gender, and MRI
scanner were selected pseudorandomly: MwA subgroup (mean age:
32.5 � 8.7 years, range: 21–50 years; 31 women; mean disease dura-
tion: 13.3 � 8.14 years; mean days with headache per month: 3.2 �
1.9), MwoA subgroup (mean age: 32.5 � 10.1 years, range 19 –53
years; 31 women; mean disease duration: 15.8 � 9.8 years, mean days
with headache per month: 3.5 � 2.8), and healthy subject subgroup
(mean age 31.7 � 8.7 years, range: 22– 48 years; 31 women). In pa-
tients with predominantly lateralized headache, the volumes of the
segmented structures of the hemisphere contralateral to the pain were
compared with the ipsilateral hemisphere within these patients. In
addition, patients with low headache frequency (�3 headache days
per month) were compared with patients with higher attack fre-
quency (from 8 to 14 d per month). For each ANCOVA model, the
following assumptions were tested: normality was tested using the
Shapiro–Wilk test (Royston, 1982), linearity and homoscedasticity
using the Levene’s test (Brown and Forsythe, 1974), and homogeneity
of the regression slopes was verified using the significance of the
interaction terms. Model outliers (standardized residuals ��3�) were
excluded.

Furthermore, hierarchical multiple linear regression (MLR) analy-
sis with two blocks was performed to investigate the relation between
volumes and clinical factors in patients. Age, gender, MRI scanner,
and nBV were entered in the model by using a stepwise approach.
Then, disease duration and headache days per month were added in
the model. For each MLR model, the following assumptions were
tested: linearity and homoscedasticity were tested by plotting the re-
gression standardized predicted value. The assumption of normality
of the residuals was tested using the Shapiro–Wilk test and the
probability-probability plot. Moreover, autocorrelations were tested
by using Durbin–Watson test. Colinearity was tested using the vari-
ance inflated factor as index.

To reduce the risk of Type I errors, the results were corrected for
multiple comparisons using the False Discovery Rate (FDR) approach set
at an � level of 0.05. For each covariate, which remained significant after
correction for multiple comparisons, the F value, the uncorrected p
value, and Cohen’s d (Borenstein, 2009), including the 95% CIs (d(CI)),
are reported (Table 4). All analyses were performed using R version 3.0.0
(http://www.r-project.org). R is an open source toolbox for statistical
computing running under Unix (Ubuntu Linux used here) and provid-
ing a variety of advanced statistical tests.

Shape analysis. The same comparisons performed to investigate dif-
ferences of volume were performed for each of the following struc-
tures to investigate differences of shape: thalamus, globus pallidus,
and striatum at vertex level to investigate differences. Age, gender,
MRI scanner, nBV, and the interaction terms were included in the
model in a stepwise fashion if significant. Results were corrected for
multiple comparisons using FDR at an � level of 0.05. These analyses
were performed using the RMINC package (R for Medical Imaging
NetCDF), an image analysis software library developed for R.

Table 3. MRI parameters used for the acquisition of the high-resolution T1-weighted datasetsa

MRI system Magnetic field (tesla) Slices TE (ms) TR (ms) Spatial resolution Flip angle Coil channels

Center A Philips Achieva 3 170 3.99 9000 Isotropic 1 mm 8 8
Center B Siemens TrioTim 3 170 2.98 2300 Isotropic 1 mm 9 12
Center C Philips Achieva 3 170 4.6 9900 Isotropic 1 mm 8 8
Center D- scanner 1 GE Signa 3 156 1.5 6300 Isotropic 1 mm 15 8
Center D- scanner 2 Siemens TrioTim 3 170 2.98 2300 Isotropic 1 mm 9 12
aCenter A, Munich; Center B, Hamburg; Center C, Glostrup; Center D, San Francisco.
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Results
The power analysis showed that, with the sample size of the over-
all study population, it is possible to detect differences between
groups with a small/medium effect size.

After visual accuracy assessment, we concluded that all nuclei
were accurately segmented (Fig. 1).

In patients with migraine, we found a statistically significant
volume reduction (corrected for multiple comparisons) in the
following thalamic subnuclei (Fig. 2): anterior thalamic nucleus
(ATN; 247 � 46 mm3 vs 269 � 44 mm3), central nuclear complex
(CN; 459 � 47 mm3 vs 480 � 53 mm3), and lateral dorsal nucleus
(LDN; 52 � 18 mm3 vs 60 � 16 mm3). MRI scanner and nBV
were identified as significant covariates for all these nuclei (ATN,
CN, and LDN) as well as gender only for the CN. Moreover, the
volume of the striatum was significantly reduced in patients with
migraine compared with healthy subjects (16,886 � 1857 mm3 vs
17,817 � 1942 mm3) with MRI scanner and nBV as significant
covariates (Table 4). No significant differences between groups
were observed in the globus pallidus. For each tested model, the
interaction terms were not statistically significant. All other
planned subgroup comparisons (healthy subjects vs MwA,
healthy subjects vs MwoA, MwA vs MwoA, and contralateral vs
ipsilateral thalamus in patients with predominantly lateralized
migraine) did not show significant differences after correction for
multiple comparisons. Disease duration and days of headache
per month were not significantly related to any volume. All AN-

COVA and MLR models met the assumptions and were thus
accurate for the sample and generalizable to the population level.

The shape analysis showed neither significant displacement
differences between groups nor any relation to clinical features.

Discussion
In the present study, we investigated the morphology of the thal-
amus and basal ganglia in a large multicenter cohort of patients
with migraine using high-resolution MRI data acquired on state-
of-the-art 3 tesla scanners. The comparisons with healthy sub-
jects revealed that patients had smaller volumes of the central
nuclear complex, the anterior nucleus, and the dorsolateral nu-
cleus. Moreover, patients had smaller striatal volumes. However,
no relationship to clinical parameters was found.

The affected thalamic nuclei are all part of a limbic cortical–
subcortical network involved in the processing of affective
and cognitive components of pain (Rainville, 2002; Vogt, 2005).
The limbic system has been previously suggested as an impor-
tant component of migraine pathophysiology (Burstein and
Jakubowski, 2005; O’Carroll, 2007), and several small studies
have shown abnormalities of limbic regions in patients with mi-
graine. Specifically, interictal hypometabolism has been reported
in patients with migraine in the insula, cingulate cortex (CC), and
prefrontal cortex using PET (Kim et al., 2010) and a reduction of
gray matter density using voxel-based morphometry in the in-
sula, CC, and frontal gyri (Rocca et al., 2006; Schmidt-Wilcke et
al., 2008), supporting the importance of the limbic system in
migraine pathophysiology. However, it has to be kept in mind
that the spatial resolution of MRI at 3 tesla does not currently
allow to dissect the reductions of volume in terms of underlying
microstructural changes. Volume changes as evidenced by MRI
may be influenced by many different pathophysiological pro-
cesses, including change of synaptic and neuronal density, abnor-
mal dendritic arborization, abnormalities of white matter within
the thalamus, abnormal water content, and many other processes
(Vercellino et al., 2009; Sinjab et al., 2013). In the future, it may be
useful to combine neuroimaging with electrophysiological re-
cordings to better understand how structural and functional ab-
normalities are related in migraine (de Tommaso et al., 2014).
Electrophysiological methods may also be better suited to deter-
mine alterations in the sensory trigeminal-thalamic system at
present (de Tommaso et al., 2014).

Table 4. Statistical results of ANCOVA model between migraineurs and controlsa

Brain structure
Significant
covariates F (dof) Uncorrected p Cohen’s d(CI)

Anterior thalamic
nucleus

Groups 7.38 (1,237) 0.007 0.3 (0.1– 0.6)
MRI scanner 10.52 (4,237) 0.0001
nBV 43.73 (1,237) 0.0001

Central thalamic
nuclear complex

Groups 6.79 (1,233) 0.009 0.3 (0.1– 0.5)
MRI scanner 4.72 (4,233) 0.0001
nBV 102.38 (1,233) 0.0001
Gender 7.04 (1,233) 0.01

Lateral dorsal
thalamic nucleus

Groups 6.79 (1,238) 0.009 0.3 (0.1– 0.6)
MRI scanner 8.59 (4,238) 0.001
nBV 11.56 (1,238) 0.0001

Striatum Groups 6.9 (1,238) 0.009 0.3 (0.1– 0.5)
MRI scanner 13.56 (4,238) 0.0001
nBV 258.73 (1,238) 0.0001

aFor each statistical model, only covariates, which were significant after correction for multiple comparisons (FDR-
corrected threshold of p � 0.05), are shown.

Figure 1. Exemplary subcortical segmentation of one study patient. First row, Thalamus
(blue), striatum (red), and globus pallidus (green). Second row, Segmented thalamic subnuclei.

Figure 2. The location and size of the thalamic nuclei with smaller volumes in patients with
migraine compared with healthy subjects (according to Hirai and Jones nomenclature). In these
nuclei, significant between-group differences (migraine vs controls) were observed at a signif-
icance level of p � 0.05 (FDR corrected). The atlas labels are shown and overlaid on high-
resolution T1-weighted MRI images (Colin27 MRI template). Blue represents anterior nucleus.
Pink represents lateral dorsal nucleus. Cyan represents central nuclear complex. a, Coronal view.
b, Sagittal view.
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Specific role and neuroanatomical connections of affected
thalamic nuclei
The central nuclear complex belongs to the intralaminar nuclei
and includes the central medial nucleus (CM) and the parafas-
cicular nucleus (Pf). The CM/Pf complex has reciprocal connec-
tions with the prefrontal cortex and cingulate cortex (Sadikot and
Rymar, 2009) and receives dense input from the basal ganglia
(Van der Werf et al., 2002; Sadikot and Rymar, 2009; Vertes et al.,
2012). It has been reported that the intralaminar nuclei, including
the CM/Pf complex, are relevant for synchronizing/desynchronizing
the activity between different brain networks according to behav-
ioral demands (Saalmann, 2014). Interestingly, previous studies
have indicated abnormal cortical synchronization patterns in pa-
tients with migraine compared with healthy subjects (de Tommaso
et al., 2007).

Moreover, the CM/Pf nuclear complex projects densely to the
striatum and cortex (Goadsby et al., 1993; Benarroch, 2008).
More specifically, the CM projects to sensorimotor regions of the
striatum, whereas the Pf projects to cognitive and limbic regions
of the striatum (Van der Werf et al., 2002; Saalmann, 2014).
Together with the observation of striatal volume reductions in
our study, this suggests an involvement of thalamostriatal loops
in migraine pathogenesis. Indeed, the striatum, due to its wide-
spread reciprocal cortical connections, is involved in a variety of
brain functions. Previously, Maleki et al. (2011) reported an al-
tered response to experimental pain stimulation in the striatum
and an increased volume of the caudate nucleus in patients with
higher migraine frequency.

The main input of the ATN originates from the subiculum,
the anterior cingulate cortex (ACC), the posterior cingulate cor-
tex, the retrosplenial cortex, and the inferior parietal lobule. It
also receives input from the amygdala and hypothalamus and
projects mainly to the hippocampal formation via the anterior
and posterior CC and the retrosplenial cortex (Child and Benar-
roch, 2013). This network suggests a role of ATN in brain func-
tions, such as emotion, cognitive control, and pain processing
(Vogt, 2005; Shackman et al., 2011). The CC is part of the limbic
system and one of the key structures of the pain matrix (Fuchs et
al., 2014). Specifically, the ACC and anterior midcingulate cortex
(aMCC) have connections to the orbitofrontal cortex, and
amygdala, and are therefore thought to be involved in the pro-
cessing of emotions as well as cognition and thus in the process-
ing of the affective component of pain (Vogt, 2014). Several
studies have shown decreases of gray matter density in the CC
(Rocca et al., 2006; Kim et al., 2008; Schmidt-Wilcke et al., 2008)
as well as a differential response of ACC and aMCC during pain
stimulation when comparing healthy subjects (Aderjan et al.,
2010; Russo et al., 2012) with patients with migraine. Moreover,
the involvement of the anterior portion of the thalamus is con-
sistent with previous functional and morphological observations.
Indeed, Afridi et al. (2005) reported an increased activity of the
anterior thalamus during acute migraine attacks as studied by
PET. Granziera et al. (2014) observed microstructural alterations
with shorter T1 and T2� relaxation times and higher magnetiza-
tion transfer ratios in the thalamus of patients with MwA.
Although they did not specifically quantify the structural abnor-
malities in specific thalamic nuclei, the alterations seem to affect
the ATN and the LDN. The LDN is located posteriorly and adja-
cent to the ATN. These two nuclei are structurally similar and
share similar connectivity (Aggleton et al., 2014). Noseda et al.
(2011) observed in animal models that trigeminal neurons lo-
cated in the posterior nucleus, LDN, and lateral-posterior nu-
cleus project to the trigeminal and nontrigeminal somatosensory

cortex (S1 and S2), motor cortex (M1), and visual cortex (V1 and
V2). The authors interpreted the broad connections between tri-
geminal neurons localized in these thalamic nuclei and the cortex
as a possible explanation for a variety of neurological symptoms
associated with migraine (Noseda et al., 2011).

Lack of correlation with clinical characteristics and
study limitations
We did not observe a relation between the volumes of thalamic
nuclei and clinical characteristics, such as headache frequency or
the duration of the disorder, in our cohort of patients. The vol-
ume reductions of specific thalamic nuclei may instead relate to
the genetic background of patients with migraine. An alternative
explanation may be that age-related plasticity masks plasticity
associated with the disorder. It has been shown that age can lead
to both increases as well as decreases of dendritic size or number
of synapses, potentially leveling out disease-related plasticity
when a compound outcome, such as thalamic volume, is applied
(Kolb et al., 2003; Kolb and Gibb, 2010, 2014).

These considerations point out the complex relationship be-
tween disease evolution and brain morphological changes, which
may not be sufficiently described by a linear association over the
lifespan and course of a disorder. This complex relation could
also explain the somewhat inconsistent results regarding volume
of brain structures of patients with migraine reported in previous
studies (Maleki et al., 2011). In this regard, the cross-sectional
design of our study is a limitation. Longitudinal studies, includ-
ing an exhaustive assessment of brain functions, may be needed
to clarify the relation between morphological changes and clini-
cal features and the role of limbic structures in the pathophysiol-
ogy of the disorder. Indeed, Liu et al. (2013) investigated brain
morphological changes longitudinally in a group of patients with
newly diagnosed MwoA with two structural MRI sessions 1 year
apart. They reported cortical gray matter changes in brain regions
involved in the processing of pain. These results support the view
of cortical gray matter changes as a consequence of the ongoing
disorder, at least at early stages of the disorder.

Another potential limitation of our study relates to the T1-
weighted images as the only input for the segmentation of the
thalamic nuclei. It has been suggested that a multimodal imaging
strategy (T1-and T2-weighted images, and diffusion tensor im-
ages) could improve the segmentation accuracy (Traynor et al.,
2011). The large sample size of our study and the use of a well-
validated multiatlas segmentation technique outweigh these po-
tential disadvantages in terms of segmentation accuracy.

In the ANCOVA model, scanner type turned out to be a signifi-
cant covariate. This is not surprising considering the well-known
variability in coil and gradient properties between scanners. How-
ever, the interaction terms of the ANCOVA models were not statis-
tically significant; and hence, the impact of the scanner type is the
same in patients and controls and should therefore not influence
group differences between patients and controls.

We pooled data of patients with migraine with and without
aura. The subgroup analyses of only patients with aura and only
patients without aura versus healthy subjects, did not show sig-
nificant results after correction for multiple comparisons. This
might be caused by the smaller sample sizes in the subgroup analyses.
Together, we cannot exclude that there are specific abnormalities in
either migraine with or without aura. However, there is so far no
strong indication that the underlying migraine biology is different in
patients with versus without aura.

The study indicates morphological abnormalities in several
thalamic nuclei in patients with migraine. The neuroanatomical
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connections of the affected nuclei suggest that they contribute to
the limbic system. The findings lend support to the view that
higher-order integration systems are abnormal in terms of struc-
ture (Maizels et al., 2012), which in turn may alter function in
migraine.
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