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Altered resting-state ascending/descending pathways
associated with the posterior thalamus in migraine

without aura

Ting Wang®°, Wang Zhan®, Qin Chen®, Ning Chen®, Junpeng Zhang?, Qi Liu?,
Li He®, Junran Zhang®®, Hua Huang® and Qiyong Gong®

This study aimed to investigate the dysfunctional
ascending/descending pain pathways at the thalamic level
in patients with migraine without aura (MWoA) using the
effective connectivity analysis of the resting-state functional
MRI. Twenty MWoA and 25 matched healthy controls
participated in the resting-state functional MRI scans. The
directional interactions between the posterior thalamus
(PTH) and other brain regions were investigated using the
Granger causality analysis and choosing bilateral PTH as
two individual seeds. Pearson’s correlation analysis was
carried out between the abnormal effective connectivity and
the headache duration and pain intensity of MWoA.
Compared with healthy controls, MWoA showed decreased
inflows to the bilateral PTH from the ventromedial prefrontal
cortex and the left precuneus/posterior cingulate cortex,
decreased outflow from the left PTH to the ipsilateral
dorsomedial prefrontal cortex, and increased inflow to the
right PTH from the ipsilateral dorsolateral prefrontal cortex.
In addition, the abnormal inflows to the right PTH from the
ventromedial prefrontal cortex and the right dorsolateral
prefrontal cortex correlated positively with the headache
duration and pain intensity, respectively. The abnormal
ascending/descending pain pathways between the

Introduction

Migraine is a disabling neurological condition that man-
ifests with attacks of headache, hypersensitivities to
visual, auditory, olfactory, and somatosensory stimuli,
nausea, and vomiting [1]. It affects about 12% of the
general population and causes substantial personal and
social burden [2]. With the help of neuroimaging tech-
nology, our perception of migraine has transformed from
a vascular into a neurovascular and, most recently, into a
central nervous system disorder [3]. As such, many neu-
roimaging studies in migraine have documented struc-
tural and functional alterations in a variety of cortical
(such as occipital, parietal, and temporal lobes, cingulate
cortex, prefrontal cortex, and insula) and subcortical (such
as thalamus, amygdala, hippocampus, basal ganglia, and
brainstem) pain-processing regions. These areas are often
referred to as being part of the ‘pain matrix’, a group of
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thalamus and these cortical regions indicate a disrupted
pain modulation in affective and sensory domains, which
suggests a disequilibrium of pain inhibition and facilitation
in MWoA. These findings may help to shed light on the
pathophysiologic mechanisms of migraine. NeuroReport
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brain regions consistently activated by pain stimulation
[3,4].

In addition to a general activation of the trigeminal neu-
rons in the thalamic nuclei in functional imaging studies of
migraine, a major network of trigeminovascular-sensitive
neurons from the thalamus to widespread regions of the
cortex has also been identified [5]. The thalamus is a relay
region subserving both sensory and motor processing, with
nerve fibers not only projecting out to the cerebral cortex
in all directions but also receiving feedback information
from these multiple cortical areas [6]. These functionally
distinct and anatomically remote cortical areas that the
thalamus projects to are involved in the processing of
sensory, cognitive, and affective information arising from
the body [7]. Therefore, such a thalamocortical network
may play a role in the ascending and descending pain
pathways responding for the transmission and modulation
of nociceptive signals, and explains some of the common
disturbances in neurological functions during migraine.
However, how the thalamus affects these brain systems
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and whether it is affected by these brain regions in
migraine are poorly understood.

Resting-state effective connectivity and functional con-
nectivity are two effective techniques to address the
integration of functionally specialized areas in human
brain. Both two methods allow the inference of com-
munication between spatially remote brain regions,
whereas effective connectivity additionally allows infer-
ring about the directionality of information transfer
within functionally connected networks, utilizing infor-
mation on time-lagged relationships between brain
regions [8]. Some resting-state functional connectivity
studies in migraine have so far been documented by
choosing pain matrix regions such as periaqueductal gray,
nucleus cuneiformis, and the affective regions (including
the insula, anterior cingulate cortex, and amygdala) as
regions of interest (ROIs) (i.e. seeds), and abnormal
functional connectivities between these seeds and tha-
lamus have been found [9,10]. To date, little is known
about whether these reported abnormal functional con-
nectivities are involved in the pain modulation during the
migraine process. Therefore, studying the directed
influence (effective connectivity) of the thalamus with
the other structures can strengthen our understanding of
the physiopathologic mechanism in migraine.

In the present study, we sought to investigate the
effective connectivity patterns of the bilateral thalamus
with the rest of the brain in migraine using resting-state
functional MRI (rs-fMRI). Granger causality analysis
(GCA) is a special approach to explore such effective
connectivity among regions, can drive the deductive
network on the basis of a certain hypothetical seed
region, and requires no previous knowledge [11]. We
construct an effective connectivity network associated
with the thalamus using the GCA method on rs-fMRI
data to test the hypothesis that abnormal ascending/
descending pathways at the thalamic level exist in
migraine and are involved in the physiopathologic
mechanism of migraine.

Participants and methods

Participants

In the present study, 20 right-handed patients with
migraine without aura (MWoA) (ages 19—44 years) as well
as 25 age-matched, sex-matched, and handedness-
matched healthy controls (HC) were recruited. The
diagnosis of MWoA was made according to the second
edition of the International Classification of Headache
Disorder ICHD-II) [12]. The protocol of this study was
approved by the Medical Ethics Committee of West
China Hospital, Sichuan University, and all participants
provided written informed consent. To avoid any possi-
ble pharmacological interference, all participants had to
be weaned off analgesic drugs 1 week or longer, not
receiving preventive treatment, and not used any other
drugs for at least 1 month before study participation.

Participants had not had a migraine attack at least 72 h
before scanning. In addition, patients were excluded if
they had a migraine precipitated during the 2-day follow-
up. Potential participants were excluded if they had any
contraindication to MRI, had a previous brain injury, had
a neurologic disorder other than migraine, had a psy-
chiatric disorder other than anxiety or depression, or if
they had any acute or chronic pain disorder other than
migraine.

All patients were interviewed to determine the demo-
graphic features (e.g. age, sex, and education). Additional
information including the migraine history [e.g. onset
age, frequency and duration of attacks, and pain intensity
(evaluated using the visual analogue scale)] and the
impact of headache (evaluated with the Migraine
Disability Assessment Scale and six-item Headache
Impact Test) was collected in participants with migraine
by two experienced neurologists. The Allodynia
Symptom Checklist-12 (ASC-12) scale was administered
to estimate the prevalence and severity of cutaneous
allodynia in the migraine population. The yielding score
of each participant was placed into one of the four cate-
gories: 0-2=no allodynia; 3-5=mild allodynia;
6—8 = moderate allodynia; 9 or more =severe allodynia.
For all participants, psychiatric assessments including the
use of 24-item Hamilton Depression Scale (24-HAMD)
and 14-item Hamilton Anxiety Scale (14-HAMA) were
also performed to assess depression and anxiety state.
Demographic and clinical features between MWoA and
HC were determined using an independent-sample 7-test
or the y*-test, as appropriate.

Data acquisition and spatial processing

The experiment was conducted on a 3.0-T scanner (Trio
Tim; Siemens, Erlangen, Germany) using a 16-channel
birdcage head coil and tightly padded clamps were used
to minimize head motion. A routine T1-weighted ima-
ging was first obtained and then the rs-fMRI was
obtained using an echo-planar imaging sequence with the
following protocols: voxel size: 3.75 % 3.75 x 5 mm®, TR:
2000ms, TE: 30ms, FOV: 240x240 mm? matrix:
64x64, and slice thickness: 5mm with no gap.
Throughout the scanning, participants were instructed to
lie in the scanner supine, relaxed, close their eyes, but
remain awake.

The data were preprocessed using SPM8 (The Wellcome
Department of Cognitive Neurology, London, UK, Z#p.//
www.fil.ion.ucl.ac.uklspm/sofrware/spmS). The first five
time points of the resting-state data were discarded
because of instability of the initial MRI signal, leaving
175 time points remaining for further processing. Then,
the functional images were slice-timing corrected and
realigned to the first volume using a six-parameter rigid
body transformation. Images whose head translation
exceeded 2 mm or rotation exceeded 2° were excluded.
The mean 1mage generated was then spatially
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normalized into a standard stereotactic space using the
Montreal Neurological Institute (MNI) echo-planar
imaging template. Computed transformation parameters
were applied to all functional images, interpolated to
isotropic voxels of 2mm?®, and the resulting images were
smoothed using a 4-mm full-width half-maximum iso-
tropic Gaussian kernel. Then, using the Data Processing
Assistant for resting-state fMRI (DPARSF) package [13],
linear drift was removed. A band-pass frequency filter
(0.01 <f<0.08 Hz) was then applied to reduce physio-
logical high-frequency noise. To further reduce the
effects of confounding factors unlikely to be involved in
specific regional correlation, we also removed several
sources of spurious variance by linear regression,
including six head motion parameters, and average sig-
nals from cerebrospinal fluid and white matter according
to previous fMRI studies [14].

Granger causality analysis and statistical analysis

We used Granger causality to describe the effective
connectivity between the reference time series of the
seed regions [left and right posterior thalamus (PTH)]
and the time series of each voxel within the whole brain.
The coordinates (peak MNI coordinates: the right
PTH=3, —14, 6; the left PTH=-6, —21, —3) were
obtained on the basis of previous studies that showed
structural or functional alterations in PTH in patients
with migraine [15,16]. Two 6-mm-radius sphere seeds on
the basis of the peak coordinates were then designed for
GCA. Bivariate first-order coefficient-based voxel-wise
GCA was performed using the REST-GCA in the REST
toolbox [17]. Granger causality estimates the causal effect
of the seed region on every other voxel in the brain (X to
Y effect), as well as the Y to X effect, the causal effect of
every voxel in the brain (Y) on the seed region (X). A
positive coefficient from X to Y indicates that activity in
region X exerts a causal influence on the activity region Y
in the same direction (i.c. positive influence). Similarly, a
negative coefficient from X to Y suggests that the activity
of region X exerts an opposing directional influence on
the activity of region Y (i.e. negative influence). Using
this approach, we are able to construct a Granger causal
model on the basis of the temporal elements of regional
BOLD activity. The voxel-wise GCA maps generated
were then transformed into z scores to improve the nor-
mality [18]. Two-tailed two-sample r-tests were carried
out on the causal effects between MWoA and HC with a
Gaussian random fields-corrected significance voxel level
of P value less than 0.01 and a joint cluster level of P
value less than 0.05. Age, sex ratio, and education were
used as covariates in the two-sample 7-tests.

Pearson’s correlation analysis and statistical analysis

To investigate the association between the headache
characteristic (headache duration and pain intensity) and
the effective connectivity of bilateral PTH in the MWoA
group, the regions showing significantly different
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(increased or decreased) Granger influences between the
MWoA and HC were extracted as ROIs. The mean
Granger causality values within these ROIs were corre-
lated against the headache duration and pain intensity of
all patients using the Pearson correlation analysis.
Statistical analyses were carried out in SPSS (17.0;
SPSS Inc., Chicago, Illinois, USA) and the threshold was
set at P value less than 0.05.

Results

Demographics and clinical data

The demographic and clinical characteristics of all parti-
cipants are presented in Table 1. No participant was
excluded because of head movement. In all MWOoA, the
ASC scores were within 0-2 scores (no allodynia). No
significant difference was found for sex, age, education,
24-HAMD, or 14-HAMA between MWoA and HC
groups.

Abnormality for causal influence to and from the left
posterior thalamus

Two-sample 7test results of resting-state effective con-
nectivity to the left PT'H in MWoA compared with HC
are shown in Table 2 and Fig. 1a. The results showed
significantly decreased causal inflow to the left PTH from
the bilateral ventromedial prefrontal cortex (vmmPFC)
(including the bilateral anterior cingulate cortex, bilateral
olfactory cortex, left caudate nucleus, right rectus gyrus,
the left orbital part of the superior frontal gyrus and the
middle frontal cortex, and the right orbital part of the
medial frontal gyrus), and the ipsilateral precuneus, pos-
terior cingulate cortex (PCC), cuneus, and the middle
cingulate cortex in MWoA compared with HC. MWoA
also showed decreased outflow from the left PTH to
the ipsilateral dorsomedial prefrontal cortex (dmPFC)

Table 1 Demographic and clinical characteristics of the study
participants
Mean £ SD

Information MWOoA (n=20) HC (n=25) P value
Male/female 6/14 10/15 0.208
Age (years) 28.10+£8.50 28.60+6.68 0.826
Education (years) 14.75+3.64 15.76+2.49 0.229
24-HAMD 6.05+6.53 2.92+1.96 0.051
14-HAMA 4.25+5.62 2.20+£1.29 0.125
Duration of migraine (years) 9.6+6.42 - -
Headache frequency (attacks/ 6.20+£7.16 - -

months)
Duration of daily attack (h) 16.48+22.16 - -
ASC-12 0.65+0.88 - -
VAS 54.75+10.94 - -
HIT-6 60.50+£5.84 - -
MIDAS 16.65+19.53 - -

ASC-12, 12-item Allodynia Symptom Checklist; 14-HAMA, 14-item Hamilton
Anxiety Scale; 24-HAMD, 24-item Hamilton Depression Scale; HC, healthy
controls; HIT-6, six-item Headache Impact Test; MIDAS, Migraine Disability
Assessment; MWOoA, patients with migraine without aura; VAS, visual analogue
scale, score range 0-100.
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Table2 Two-sample t-test (voxel-level P < 0.01 and cluster-level P < 0.05 Gaussian random field corrected) of difference in causal influence
to and from the left posterior thalamus in patients with migraine without aura versus healthy controls

Peak voxel MNI coordinates (mm)

Regions X Y

z T value Total voxels Breakdown (number of voxels)

Causal outflow from L thalamus to the rest of the brain (X to Y)

L Cerebrum//Cingulate Gyrus//Supp_Motor_Area_L -2 20

Causal inflow to L thalamus from the rest of the brain (Y to X)

L Cerebrum//Anterior Cingulate//Cingulum_Ant_L —10 30

L Cerebrum//Parietal Lobe//Precuneus_L —66

46 —3.8965 367 Supp_Motor_Area_L (225)
Frontal_Sup_Medial_L (93)
Frontal_Sup_L (49)
—4.2766 276 Olfactory_R (49)
Cingulum_Ant_L (47)
Caudate_L (35)
Frontal_Sup_Orb_L (32)
Olfactory_L (29)
Frontal_Med_Orb_R (29)
Rectus_R (22)
Frontal_Mid_Orb_L (22)
Cingulum_Ant_R (11)
Precuneus_L (153)
Cingulum_Post_L (69)
Cuneus_L (44)
Cingulum_Mid_L (10)

34 —4.0377 276

L, left; MNI, Montreal Neurological Institute; R, right.

(including the left supplementary motor area, the superior
frontal cortex, and the medial superior frontal gyrus).

Abnormality for causal influence to and from the right
posterior thalamus

As shown in Table 3 and Fig. 1b, the results showed
significantly increased causal inflow from the right dor-
solateral prefrontal cortex (DLPFC) (including the right
middle frontal gyrus, triangular, and opercular part of the
inferior frontal gyrus) to the ipsilateral PTH in MWoA
compared with HC. Similar to the left PTH, decreased
inflows to the right PTH in MWoA were also found in
the bilateral vimPFC (including the bilateral rectus gyrus,
right olfactory cortex, and caudate nucleus), and left
PCC, precuneus, and middle cingulate cortex. No sig-
nificant causal outflow from the right PTH to the rest of
the brain was found.

Correlations results

Pearson’s correlation analyses showed that the visual
analogue scale value (pain intensity) correlated positively
with the increased inflow from the right DLPFC to the
ipsilateral PTH (r=0.475, P=0.034). In addition, the
headache duration correlated positively with the
decreased inflow from the bilateral vimPFC to the right
PTH (r=0.455, P=0.044).

Discussion

Using an effective connectivity approach to study the
interaction of PTH with the rest of the brain in MWoA,
we identified altered ascending/descending pathways at
the thalamic level mainly involving the prefrontal cortex
(including the vmPFC, dmPFC, and DLPFC) and the
PCCl/precuneus, which are strongly implicated in the
affective, cognitive, and perceptual pain processing in
migraine. Moreover, we also found a positive correlation

between the descending vmPFC—thalamus pathway and
the headache duration, as well as between the descend-
ing DLPFC—-thalamus pathway and pain intensity, which
may provide us with a better understanding of the
migraine process and progression.

Convergent evidence from functional neuroimaging stu-
dies suggests that the dysfunction in the mPFC is asso-
ciated closely with the cognitive-affective pain dimension
in migraine [19,20]. The mPFC has widespread anato-
mical and functional connections with the thalamus [21]
and altered functional connectivity between the mPFC
and thalamus has commonly been found in migraine
studies [10,22]. In the present study, we found decreased
causal interactions between the mPFC and PTH in
MWOoA compared with HC, which included decreased
inflows from the bilateral vmPFC to both the left and the
right PTH and decreased outflow from the left PTH to
ipsilateral dmPFC. It is known that the two subdivisions
of mPFC (i.e. vmPFC and dmPFC) have a functional
differentiation. The dmPFC is involved in the appraisal
of negative emotion and detection of emotional conflict,
whereas the vmPFC plays a regulatory role with respect
to the limbic region in generating emotion responses
[23]. Therefore, the decreased inflow from the vmPFC to
PTH in the present study may indicate that patients with
migraine suffered from the dysfunctional affective mod-
ulation of pain from mPFC to the thalamus, whereas the
decreased outflow from the PTH to dmPFC may suggest
a disability of ascending negative emotion appraisal and
emotional conflict detection in migraine. In addition, we
also found that the decreased inflow from the bilateral
vmPFC to the right PTH correlated positively with
headache duration in the patients with migraine, which
may suggest that the dysfunctional interaction between
the vmPFC and thalamus may result from the negative
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Altered effective connectivity to and from the PTH of MWoA compared with HC (voxel-level P<0.01 and cluster-level P< 0.05, GRF corrected).
(a) Abnormal effective connectivity pathways associated with the left PTH. (b) Abnormal effective connectivity pathways associated with the right
PTH. The red flag represents the positive correlation between the strength of abnormal effective connectivity pathway and headache duration and
pain intensity. B, bilateral; DLPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; GRF, Gaussian random field; HC, healthy
controls; L, left; MWOoA, patients with migraine without aura; PCC, posterior cingulate cortex; Pre, precuneus; PTH, posterior thalamus; R, right;

vmPFC, ventromedial prefrontal cortex.

emotional accumulation of repetitive and long-term
migraine attacks.

Reduced inflows from the left precuneus/PCC to the
bilateral PTH were also found in MWoA compared with
HC. The involvement of precuneus/PCC is consistent
with previous reports in migraineur studies that show
structural [24] and functional [15] abnormalities in these
regions. Both the precuneus and the PCC are key nodes
of the default mode network, which is the most com-
monly reported intrinsic connectivity network during

resting state and has been implicated in sensation inte-
gration, self-relevant, and internally cognitive-attentional
dimensions of pain in patients with migraine [25].
Moreover, a previous thermal stimuli study had found
that the precuneus/PCC showed decreased activation in
proportion to perceived pain intensity [26]. Therefore,
the decreased connectivity from the precuneus/PCC to
the thalamus may suggest an impairment in pain inte-
gration and dysfunction of pain perception through the
descending PCC/precuncus—thalamus pathway.
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Table 3 Two-sample t-test (voxel-level P < 0.01 and cluster-level P < 0.05 Gaussian random field corrected) of difference in causal influence
to and from the right posterior thalamus in patients with migraine without aura versus healthy controls

Peak voxel MNI coordinates (mm)

Regions X Y z T value Total voxels Breakdown (number of voxels)
Causal inflow to R thalamus from the rest of the brain (Y to X)
L Cerebrum//Frontal Lobe//Sub-Gyral —18 24 —10 —3.8206 257 Sub-Gyral (123)
Rectus_R (42)
Olfactory_R (31)
Caudate_R (29)
Rectus_L (22)
Frontal_Med_Orb_R (10)
R Cerebrum//Frontal_Mid_R 48 24 36 3.7851 196 Frontal_Mid_R (89)
Frontal_Inf_Tri_R (54)
Frontal_Inf_Oper_R (53)
L Cerebrum//Cingulate Gyrus//Cingulum_Post_L -2 —46 30 —4.2594 160 Precuneus_L (85)

Cingulum_Mid_L (38)
Cingulum_Post_L (37)

L, left; MNI, Montreal Neurological Institute; R, right.

The results found increased inflow from the right
DLPFC (including inferior frontal gyrus and middle
frontal gyrus) to ipsilateral PTH in MWoA compared
with HC. Activation in the DLPFC is reported com-
monly in migraine during pain processing [27,28].
Brighina ez a/. [29] have found that repetitive transcranial
magnetic stimulation of the DLPFC can exert a bilateral
control on the pain system, which supports the role of
DLPFC in nociceptive modulation and control, and high-
frequency repetitive transcranial magnetic stimulation
over the DLPFC has been confirmed as an effective
treatment of pain in chronic migraine [30]. Thus, we
speculate that the increased inflow from the DLPFC to
PTH in the present study suggests an abnormal active
control on pain perception through the descending
DLPFC-thalamus pathway in migraine. Furthermore,
we found a positive correlation between the pain inten-
sity and this abnormal effective connectivity pathway.
Enhanced activation of the DLPFC has been found in
patients with migraine in response to painful heat [27].
The hyperactive DLLPFC as well as its related connec-
tions might provide an objective reference of pain
intensity assessment in migraine.

There are several limitations in the present study. First,
although the length of disease course, the history of
medication use, and other characteristics were possible
confounding variables, we could not perform any sub-
group comparisons because of the small sample size of
the patients. Further studies in a larger population with
well-characterized patients with migraine are needed to
verify these findings. Second, we only investigated the
effective connectivity pathways associated with the
PTH. In a future study, more regions implicated in
multiple pain processing should be considered as seed
regions for further effective connectivity analysis to
construct a comprehensive pain circuit model in
migraine. Finally, the current report is a cross-sectional
study. Whether or not the abnormalities of the
cortical-thalamic circuit are altered by headache duration

and medication remains unclear and a longitudinal
investigation is further needed.

Conclusion

The yielded disrupted ascending/descending pathways
between the PTH and cortical regions such as the pre-
frontal cortex and precuneus/PCC show a dysfunctional
pain modulation in sensory and affective domains, which
suggests a disequilibrium of pain inhibition and facilita-
tion in MWoA. In addition, the correlation results showed
that headache duration and pain intensity probably exert
an effect on the altered pain network of MWoA. These
findings provide significant implications for our under-
standing of the pathophysiology of migraine.
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