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Abstract 

Background: The thalamus plays a crucial role in transmitting nociceptive information to various cortical regions 
involving migraine-related allodynia and photophobia. Abnormal structural and functional alterations related to 
the thalamus have been well established. However, it is unknown whether the brain structure and function of the 
thalamic subregions are differentially affected in this disorder. In this study, we aimed to clarify this issue by compar-
ing the structure and function of 16 thalamic subregions between patients with episodic migraine (EM) and healthy 
controls (HCs).

Methods: Twenty-seven patients with EM and 30 sex-, age- and education-matched HCs underwent resting-state 
functional and structural magnetic resonance imaging scans. Functional connectivity (rsFC), grey matter volume 
(GMV), and diffusion tensor imaging (DTI) parameters of each subregion of the thalamus were calculated and 
compared between the two groups. Furthermore, correlation analyses between neuroimaging changes and clinical 
features were performed in this study.

Results: First, compared with HCs, patients with EM exhibited decreased rsFC between the anterior-medial-posterior 
subregions of the thalamus and brain regions mainly involved in the medial system of the pain processing pathway 
and default mode network (DMN). Second, for the whole thalamus and each of its subregions, there were no sig-
nificant differences in GMV between patients with EM and HCs (P > 0.05, Bonferroni corrected). Third, there was no 
significant difference in DTI parameters between the two groups (P > 0.05). Finally, decreased rsFC was closely related 
to scores on the Hamilton Rating Scale for Anxiety (HAMA) and Big Five Inventory (BFI) scales.

Conclusion: Selective functional hypoconnectivity in the thalamic subregions provides neuroimaging evidence 
supporting the important role of thalamocortical pathway dysfunction in episodic migraine, specifically, that it may 
modulate emotion and different personality traits in migraine patients.
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Background
Migraine is a highly prevalent neurological disor-
der that affects over 1 billion people worldwide [1]. A 
migraine attack comprises moderate-to-severe inten-
sity headache, with a combination of nausea, vomiting, 
and hypersensitivities to visual, auditory, olfactory, and 
somatosensory stimuli [2]. However, the neural basis 
of migraine remains poorly understood. Previous stud-
ies have highlighted the importance of the thalamus in 
migraine pathology. The thalamus is considered the relay 
centre for transmitting nociceptive information via the 
trigeminovascular pain pathway from lower brain areas 
to various cortical regions [3, 4]. Given its widespread 
connections between the midbrain and cortex, the thala-
mus is involved in a wide range of functions, including 
pain modulation, the sleep–wake cycle, awareness, cog-
nitive and emotional behaviours, and the modulation of 
visual information [5, 6]. Its heterogeneous functionality 
is based on the fact that the thalamus is a multifactorial 
construct. Identifying the structural and functional con-
nectivity changes in each thalamic subregion may help 
clarify the neural underpinnings of migraine.

Resting-state functional magnetic resonance imag-
ing (fMRI) has emerged as a noninvasive imaging tech-
nique for measuring spontaneous brain activity based on 
blood oxygen level-dependent signals in vivo [7, 8]. Rest-
ing-state functional connectivity (rsFC), which reflects 
correlations of activity between brain areas, is a funda-
mental tool for characterizing brain network alterations 
[9–11]. With advanced fMRI techniques, the rsFC of the 
human thalamus has been investigated in health and dis-
ease, most extensively in patients with migraine [8, 12]. 
Based on previous fMRI findings, the thalamus is mostly 
connected to brain regions involved in pain encoding 
and visual processing during and between spontaneous 
attacks [13, 14].

The thalamus is a region with high heterogeneity in 
cytoarchitecture, connectivity and functionality [3, 6]. 
Several lines of clinical and experimental evidence have 
strongly suggested that the posterior, lateral posterior/
dorsal, and ventroposteromedial (VPM) thalamic nuclei 
are likely involved in migraine pathophysiology. Using 
rsFC analysis, abnormal connectivity between the pos-
terior thalami and various prefrontal cortical areas has 
been reported in the interictal state, suggesting that pain 
modulation is disrupted in migraine [15]. The functional 
connectivity is altered in migraine patients with allodynia 
between the two bilateral posterior thalami and brain 
regions involved in emotional-cognitive pain processing 

and regulation (i.e., limbic, parieto-occipital and tem-
poroparietal brain regions, and the medial prefrontal 
cortex) [16]. A recent study using fMRI in migraineurs 
without aura  showed reduced FC between the anterior 
dorsal thalamic nucleus and left precuneus and between 
the ventral posterior nucleus and left precuneus, right 
inferior parietal lobule and right middle frontal gyrus 
[17]. Moreover, in rats, noxious stimulation of the dura 
was used to reveal ascending projections from brainstem 
trigeminovascular neurons to higher-order neurons in 
the posterior and VPM thalamic nuclei [18].

Structural neuroimaging methods have also been used 
to investigate structural abnormalities of the thalamus 
in patients with migraine. A multicentre imaging study 
using high-resolution T1-weighted MRI showed mor-
phological thalamic abnormalities in a large cohort of 
patients with EM compared with healthy subjects [19]. 
With the diffusion tensor imaging technique (DTI), pre-
vious studies have also reported changes in fractional 
anisotropy (FA) and mean diffusivity (MD) values in the 
bilateral thalami in migraine patients without aura versus 
controls [20, 21].

However, in patients with migraine, the subtler distinc-
tions of the thalamic subregions in communication with 
the cerebral cortex are still elusive. Therefore, in the cur-
rent study, we hypothesized that the thalamic subregions 
are not uniformly impaired in patients with migraine. To 
address this hypothesis, we conducted a systematic study 
investigating the functional connectivity and structure of 
each thalamic subregion in patients with interictal epi-
sodic migraine (EM) and healthy controls (HCs) using 
a combined analysis of multimodal MRI data. Based on 
connection properties derived from multimodal neuro-
imaging techniques, the thalamus was subdivided into 
16 subregions in  vivo. Using high-resolution structural 
and functional MRI, FC maps, VBM, and DTI parameters 
of the 16 thalamic subregions were calculated and com-
pared between the two groups. Finally, correlation analy-
ses between neuroimaging changes and clinical features 
were performed in this study.

Methods
Participants
Between November 2021 and April 2022, a total of fifty-
seven right-handed individuals were enrolled in the pre-
sent study, including 27 patients with EM—20 without 
aura (MWoA) and 7 with aura (MWA)—recruited con-
secutively from the Headache Clinic of First Affiliated 
Hospital of University of Science and Technology of 
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China (USTC; Anhui Provincial Hospital), and 30 HCs 
recruited from the local community via advertisements. 
EM (with and without aura) was diagnosed according to 
the International Classification of Headache Disorders-
III (ICHD-III) [22]. No migraine preventive medica-
tion was used by the participants in the past 3  months. 
The inclusion criteria for patients and controls included 
18–55  years of age, right-handedness, and Han ethnic-
ity. The exclusion criteria were as follows: (I) presence of 
other neurological diseases; (II) a history of significant 
physical or psychiatric illnesses; (III) a history of head 
injury with loss of consciousness; and (IV) pregnancy or 
any contraindications for MRI. To avoid measuring imag-
ing changes associated with acute migraine symptoms, all 
patients were scanned during an interictal period, at least 
72 h after and 24 h prior to a migraine event. The study 
procedures were approved by the Ethical Committee of 
First Affiliated Hospital of USTC and complied with the 
Declaration of Helsinki. Written informed consent was 
obtained from all participants before study entry.

Clinical assessment
Demographic information of the participants (includ-
ing age, sex, years of education) was recorded. Migraine 
family history, migraine duration, the Headache Impact 
Test-6 (HIT-6) [23], and a visual analogue scale (VAS) 
[24] were used to assess the impact of migraine. The 
14-item Hamilton Rating Scale for Anxiety (HAMA) [25] 
and the Beck Depression Inventory, 2nd edition (BDI-II) 
[26] were applied to assess the anxiety and depression 
status of the patients. The Montreal Cognitive Assess-
ment (MoCA) [27] was used to evaluate cognitive func-
tion. The Big Five Inventory–60 items (BFI) measures 
personality traits [28]. Several subjects did not undergo 
the whole clinical assessment due to personal reasons, 
e.g., low education level or insufficient time.

MRI acquisition
All the subjects underwent MRI scans on a GE 3.0  T 
MR system (DISCOVERY MR750, GE Healthcare, 
Milwaukee, WI, USA) with a 24-channel head coil at 
the MRI Center of The First Affiliated Hospital of Uni-
versity of USTC. Earplugs were used to reduce scan-
ner noise, and tight but comfortable foam padding was 
used to minimize head motion. Before the scanning, 
all subjects were instructed to keep their eyes closed, 
relax, move as little as possible, think of nothing in par-
ticular, and not fall asleep during the scans. High-reso-
lution, three-dimensional (3D), T1-weighted structural 
images were acquired using a brain volume (BRAVO) 
sequence with the following parameters: repetition 
time (TR) = 8.5  ms; echo time (TE) = 3.2  ms; flip angle 
(FA) = 12°; field of view (FOV) = 256  mm × 256  mm; 

matrix = 256 × 256; slice thickness = 1  mm, no gap; 144 
axial slices; and acquisition time = 240  s. Resting-state 
BOLD data were acquired using a gradient-echo single-
shot echo planar imaging (GRE-SS-EPI) sequence with 
the following parameters: TR = 2,000  ms; TE = 30  ms; 
FA = 90°; FOV = 240  mm × 240  mm; matrix = 64 × 64; 
slice thickness = 4 mm without gap; 36 interleaved axial 
slices; 240 volumes; and acquisition time = 480  s. DTI 
data were acquired using a spin‒echo single-shot echo 
planar imaging (SE-SS-EPI) sequence with the follow-
ing parameters: TR = 5, 260  ms; TE = 99  ms; FA = 90°; 
FOV = 220  mm × 220  mm; matrix = 128 × 128; slice 
thickness = 5  mm; slice gap = 1  mm; 19 axial slices; 25 
diffusion gradient directions (b = 1000  s/mm2) plus five 
b = 0 reference images; and acquisition time = 142  s. In 
addition, conventional MRI examination was underwent 
to exclude the subjects with cerebral infarction, malacia, 
or occupying lesions.

Definition of thalamic subregions
The thalamic subregions were defined according to a 
connectivity-based parcellation study using multimodal 
neuroimaging techniques [29]. In each hemisphere, 
the thalamus was parcellated into the medial prefrontal 
thalamus (mPFtha), premotor thalamus (mPMtha), sen-
sory thalamus (Stha), rostral temporal thalamus (rTtha), 
posterior parietal thalamus (PPtha), occipital thalamus 
(Otha), caudal temporal thalamus (cTtha), and lateral 
prefrontal thalamus (lPFtha). Thus, we defined a total of 
16 regions of interest (ROIs) for the bilateral parts of the 
thalamus (Fig. 1).

fMRI data preprocessing
The functional data were preprocessed and analysed 
using the Statistical Parametric Mapping software 
(SPM12; http:// www. fil. ion. ucl. ac. uk/ spm) and the Data 
Processing and Analysis for Brain Imaging (DPABI_ 
V3.1_180801; http:// rfmri. org/ dpabi) [30] in MATLAB 
R2016b (MathWorks, Inc.) as follows: (1) Removal of the 
first 10 volumes of the resting-state functional images; 
(2) Slice timing correction; (3) Head motion correction; 
(4) Regression of several nuisance covariates (linear drift, 
estimated motion parameters based on the Friston-24 
model, spike volumes with FD > 0.5, white matter signal, 
and cerebrospinal fluid signal) from the data; (5) Data 
detrending and bandpass-filtering from 0.01 to 0.1  Hz; 
(6) Spatial normalization using DARTEL; and (7) Data 
smoothing with a Gaussian kernel of 6 × 6 × 6  mm3 full-
width at half-maximum (FWHM). We also calculated 
FD, which indexes the volume-to-volume changes in 
head position.

The rsFC analysis was processed using DPABI software 
(V3.1_180801). For each individual, Pearson’s correlation 

http://www.fil.ion.ucl.ac.uk/spm
http://rfmri.org/dpabi
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coefficients between the mean time courses of each tha-
lamic subregion and those of each voxel in other parts 
of the brain were computed. Then, the correlation coef-
ficients were converted into Fisher’s z values to improve 
normality. For each group, individuals’ z values were 
then entered into a random-effect one-sample t test in a 
voxelwise manner to identify brain regions that showed 
significant positive correlations with each ROI. Finally, a 
2-sample t test was performed within the positive rsFC 
mask to quantitatively test group differences in the rsFC 
of each ROI. Multiple comparisons for these analyses 
were corrected using a cluster-level familywise error 
(FWE) method with a corrected threshold of P < 0.05.

GMV calculation
Structural scans were processed using CAT12 (CAT12, 
http:// www. neuro. uni- jena. de/ cat/) for SPM12 in MAT-
LAB R2016b for VBM analysis). VBM includes spatial 
normalization, segmentation and smoothing. In brief, 
each participant’s original T1 image was spatially nor-
malized and segmented into grey and white matter and 
cerebrospinal fluid (CSF). After data preprocessing, the 
modulated normalized GMV was smoothed using a 
6 mm FWHM Gaussian kernel.

The GMV of each thalamic subregion was extracted 
and compared between the two groups using the two-
sample t test. Multiple comparisons were corrected using 
the Bonferroni method with a significance threshold of 
P < 0.05/16 = 0.003 (16 thalamic subregions). Moreo-
ver, the GMV of the whole thalamus was also compared 

between the two groups, and a p value < 0.05 was consid-
ered significant.

DTI analysis
The DTI datasets were preprocessed with the FMRIB 
Software Library (FSL v6.0.1, https:// fsl. fmrib. ox. ac. uk/ 
fsl/ fslwi ki) [31, 32]. The FSL Diffusion Toolbox (FDT) 
was used to correct eddy current distortions and head 
motion. The brain extraction tool (BET) was used to 
create brain masks from the b0 images. An automated 
quality control framework was used to assess the diffu-
sion MRI data [33]. AD (axial diffusivity), FA, MD, and 
RD (radial diffusivity) were calculated by using the FSL 
toolbox DTIFIT. These images were then coregistered 
to each subject’s T1-weighted images using the FLIRT 
linear registration tool, yielding the normalized FA, AD, 
RD, and MD. Finally, the mean FA, AD, RD, and MD 
values of each thalamic subregion were extracted and 
compared between the two groups using the two-sam-
ple t test. Multiple comparisons were corrected using 
the Bonferroni method with a significance threshold of 
P < 0.05/16 = 0.003 (16 thalamic subregions).

Correlations between imaging and clinical parameters
To determine whether thalamic rsFC, GMV, and DTI 
abnormalities of the thalamic subregions with signifi-
cant intergroup differences were associated with illness 
duration and symptom severity (HIT-6, VAS, HAMA, 
BDI-II, MoCA, and BFI scores), we calculated partial cor-
relations (two‐tailed) in the migraine group after control-
ling for age, sex, education, TIV, and FD to explore the 

Fig. 1 Illustration of subregions of the bilateral thalami. Abbreviations: mPFtha, medial prefrontal thalamus; mPMtha, premotor thalamus; Stha, 
sensory thalamus; rTtha, rostral temporal thalamus; PPtha, posterior parietal thalamus; Otha, occipital thalamus; cTtha, caudal temporal thalamus; 
lPFtha, lateral prefrontal thalamus; L, left; R, right

http://www.neuro.uni-jena.de/cat/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
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association between the mean values extracted from each 
significantly different region and clinical parameters. A p 
value < 0.05 was considered significant.

Sample size calculation
As our primary goal was to detect differences in the 
functional connectivity of each thalamic subregion 
between EMs and HCs, the sample size was calculated 
based on pilot data from 20 subjects, ten for each group. 
For the EM group, the rsFC between L-mPMtha and 
Frontal_Mid_L was 0.13 ± 0.119, between L-rTtha and 
Frontal_Sup_L was 0.18 ± 0.062, and between L-PPtha 
and Precuneus_R was 0.25 ± 0.142. For the HC group, 
the rsFC between L-mPMtha and Frontal_Mid_L was 
0.31 ± 0.101, between L-rTtha and Frontal_Sup_L was 
0.40 ± 0.135, and between L-PPtha and Precuneus_R was 
0.45 ± 0.106. To achieve a desired power of 90% with a 

significance level of 5%, the required sample size was 10 
subjects for each group as calculated by PASS software 
(https:// www. ncss. com/ softw are/ pass). For a more con-
servative estimate, we decided to complete the enrolment 
when 27 EM and 30 HC subjects had been included in 
the current study.

Results
Demographic, clinical, and MRI characteristics
The main demographic, clinical, and MRI data of all the 
subjects are listed in Table 1. The patients with EM and 
HCs did not show significant differences in terms of 
age, sex, education, or BMI. Moreover, the FD and TIV, 
including GM, WM, and CSF, of both groups did not 
show any significant differences. With regard to clinical 
assessment, migraine patients had significantly higher 

Table 1 Demographic, clinical, and MRI characteristics of patients with episodic migraine and HCs

Abbreviations: HC Healthy control, BMI Body mass index, FD Framewise displacement, TIV Total intracranial volume, GM Grey matter, WM White matter, CSF 
Cerebrospinal fluid, VAS Visual Analogue Scale, HIT-6 Headache Impact Test, HAMA Hamilton Rating Scale for Anxiety, BDI-II Beck Depression Inventory-II, MoCA 
Montreal Cognitive Assessment, BFI Big Five Inventory

Data are shown as the mean ± SD
*  P < 0.05

Episodic migraine HC P values

Demographics
 N 27 30

 Age 34.89 ± 9.070 35.53 ± 12.153 0.820

 Female/male 25/2 30/4 0.467

 Education level 13.70 ± 4.697 14.70 ± 4.473 0.416

 BMI 22.13 ± 3.091 22.31 ± 2.897 0.818

MRI characteristics
 FD (mm) 0.21 ± 0.247 0.13 ± 0.056 0.093

 TIV  (cm3) 1399.8681 ± 111.56465 1426.4777 ± 135.39141 0.425

 GM  (cm3) 606.4202 ± 45.64292 618.1007 ± 50.83728 0.367

 WM  (cm3) 478.5041 ± 44.96136 499.8487 ± 54.89597 0.116

 CSF  (cm3) 314.1511 ± 64.42272 307.7677 ± 58.93003 0.698

Migraine characteristics
 Family history 17/27 N/A

 Disease duration (years) 11.11 ± 10.165 N/A

 Aura 7 N/A

 VAS scale 6.37 ± 1.801 (27/27) N/A

 HIT-6 scale 60.17 ± 6.218 (24/27) N/A

 HAMA scale 12.43 ± 8.681 (21/27) 4.00 ± 4.520 (29/30)  < 0.001*
 BDI-II scale 9.53 ± 11.452 (19/27) 4.38 ± 5.054 (21/30) 0.069

 MoCA scale 26.00 ± 3.079 (24/27) N/A

BFI scale

 neuroticism 32.71 ± 6.663 (24/27) 30.86 ± 7.901 (21/30) 0.339

 extraversion 36.04 ± 5.320 (24/27) 39.90 ± 5.822 (21/30) 0.025*
 openness 36.63 ± 7.756 (24/27) 38.29 ± 5.755 (21/30) 0.425

 agreeableness 43.04 ± 3.873 (24/27) 44.10 ± 3.285 (21/30) 0.334

 conscientiousness 42.46 ± 7.034 (24/27) 44.33 ± 4.004 (21/30) 0.272

https://www.ncss.com/software/pass
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HAMA scores and lower extraversion domain of BFI 
scores.

rsFC maps of each thalamic subregion
The rsFC maps of each thalamic subregion for each group 
are delineated in Fig.  2 (P < 0.05, cluster-level FWE cor-
rected). Overall, visual inspection revealed that patients 
and controls exhibited similar rsFC patterns in each 
thalamic subregion, which had significant positive rsFC 
with widespread brain regions covering almost the entire 
brain.

Between‑group differences in the rsFC of the thalamic 
subregions
Compared with HCs, patients with EM exhibited signifi-
cantly decreased rsFC between L-rTtha and L-precuneus, 
between L-PPtha and L-ACC-sup, between L-Otha and 
L-frontal-sup-medial, between R-Otha and L-frontal-
sup-medial, between R-Otha and L-Cingulate-post, 
between L-cTtha and L-frontal-sup, between L-cTtha 
and R-ACC-pre, and between L-cTtha and L-precuneus 
(P < 0.05, cluster-level FWE corrected) (Table  2, Fig.  3). 
Further ROI-based analyses validated the voxel-based 
comparison results (Fig. 3).

Between‑group differences in the GMV of the thalamic 
subregions
For all thalamic subregions, there were no significant 
differences in the GMV between patients with EM and 
HCs (P > 0.05, Bonferroni corrected) (Table  3, Fig.  4). 
Moreover, we did not observe significant differences 
in the GMV of the whole thalamus between the two 
groups (P > 0.05).

Between‑group differences in DTI parameters (FA, AD, MD, 
and RD) of the thalamic subregions
There were no significant differences between the two 
groups in the DTI parameters (FA, AD, MD, and RD) 
of all 16 thalamic subregions (P > 0.05, Bonferroni cor-
rected) (Table 4).

Partial correlation analyses between MRI data and clinical 
scales
After controlling for age, sex, education, and FD, 
decreased rsFC between L-rTtha and L-Precuneus, 
between L-PPtha and L-ACC-sup, between R-Otha and 
L-Cingulate-post, between L-cTtha and L-Frontal-sup, 
between L-cTtha and R-ACC-pre, and between L-cTtha 
and L-Precuneus was significantly correlated with greater 
HAMA in patients with EM (Table 5).

For BFI scales, lower extraversion was significantly 
correlated with decreased rsFC between L-Otha and 
L-Frontal-sup-medial, between R-Otha and L-Frontal-
sup-medial, between L-cTtha and L-Frontal-sup, between 
L-cTtha and R-ACC-pre, and between L-cTtha and 
L-Precuneus, and lower conscientiousness was signifi-
cantly correlated with decreased rsFC between L-Otha 
and L-Frontal-sup-medial in patients with EM. However, 
we did not observe these significant correlations in the 
HC group (Table 6).

Discussion
In this study, we systematically investigated the mor-
phology and functional connectivity (FC) changes in 
thalamic subregions in patients with interictal EM com-
pared with HCs. We found that five thalamic subregions 
(L-rTtha, L-PPtha, bilateral-Otha, and L-cTtha) exhibited 

Fig. 2 The rsFC maps of the 16 thalamic subregions for both groups. Only the positive rsFC map of each subregion of the thalamus of each group 
is revealed (P < 0.05, cluster-level FWE corrected). Abbreviations: EM, episodic migraine; HC, healthy control; mPFtha, medial prefrontal thalamus; 
mPMtha, premotor thalamus; Stha, sensory thalamus; rTtha, rostral temporal thalamus; PPtha, posterior parietal thalamus; Otha, occipital thalamus; 
cTtha, caudal temporal thalamus; lPFtha, lateral prefrontal thalamus; L, left; R, right
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significantly decreased rsFC with the medial stream of 
pain-related brain regions and DMN, which may modu-
late emotion and cognitive dysfunction in migraine. 
More importantly, correlation analysis further validated 
that the rsFC impairment of thalamic subregions had a 
close relationship with anxiety and personality traits. 
Second, for all thalamic subregions and the whole thal-
amus, there were no significant differences in GMV 
between patients with EM and HCs (P > 0.05, Bonferroni 
corrected). Finally, there was no intergroup difference in 
DTI parameters for any thalamic subregion (P > 0.05). As 
a whole, these findings suggest a selective functional dys-
connectivity of the thalamic subregions in interictal EM, 
supporting the idea that the thalamus plays an impor-
tant role in the thalamocortical pathway in patients with 
migraine.

The most important finding of this study was the iden-
tification of eight distinct patterns of FC, which is con-
sistent with previous functional mappings. Specifically, 
the rostral temporal thalamus (rTtha) and caudal tem-
poral thalamus (cTtha) are functionally connected to the 
precuneus gyrus. In addition, functional connections 
between the occipital thalamus (Otha) and posterior cin-
gulate cortex (PCC) and between Otha and the medial 
prefrontal cortex (mPFC) were observed in the current 
study. The mPFC, precuneus and PCC are core regions of 
the default mode network (DMN), which is particularly 
responsible for cognitive states in self-referential pro-
cessing [34]. Additionally, the DMN plays an important 

role in maintaining pain inhibition efficiency in healthy 
conditions and in the presence of pain [35]. In line with 
our findings, Tu et  al. found that abnormal posterior 
thalamus (pulvinar nucleus) dynamic functional network 
connectivity (dFNC) with the precuneus was signifi-
cantly correlated with headache frequency in migraine 
[36]. A recent neuroimaging study showed that migraine 
patients without aura exhibited significantly reduced FC 
between the ventral posterior nucleus (VPN) and the left 
precuneus, right inferior parietal lobule, and right middle 
frontal gyrus [17].

Moreover, we also found that the posterior parietal 
thalamus (PPtha) and caudal temporal thalamus (cTtha) 
were functionally connected to the anterior cingulate 
cortex (ACC). The posterior nucleus of the thalamus 
(pTHA) receives projections from the brainstem and 
relays to the primary and secondary somatosensory cor-
tices (S1 and S2), insula, primary and secondary visual 
cortices (V1/V2), primary auditory cortex (A1), and 
ACC [37]. The ACC belongs to the limbic system, con-
nects to the amygdaloid body and is associated with emo-
tional aspects of pain sense, such as evocation, choice of 
response, foresight, and avoidance of pain stimuli [38, 
39]. Traditional investigations have divided ascending 
nociceptive information into parallel pathways, in which 
the ACC is part of the medial stream and is involved in 
processing affective and cognitive aspects of pain [38, 39]. 
Similarly, previous human and rat studies also provided 
evidence of altered functional connectivity between the 

Table 2 Brain regions showing decreased rsFC between the thalamic subregions and cerebral cortex in patients with episodic migraine 
compared with HCs

Abbreviations: rTtha Rostral temporal thalamus, PPtha Posterior parietal thalamus, Otha Occipital thalamus, cTtha Caudal temporal thalamus, ACC-sup Anterior 
cingulate cortex, supracallosal, Frontal-sup-medial superior frontal gyrus, medial, Cingulate-post Posterior cingulate gyrus, Frontal-sup Superior frontal gyrus, 
dorsolateral, ACC-pre Anterior cingulate cortex, pregenual, MNI Montreal Neurological Institute, AAL-3 Automated anatomical labelling atlas-3, HC Healthy control, rsFC 
Resting-state functional connectivity, L left, R Right

Seed regions Effect regions (AAL‑3) Cluster size (voxels) Peak T values MNI 
coordinates 
(x, y, z)

L- rTtha
 Migraine < HC L-Precuneus 97 4.0993 -3, -42, 9

L- PPtha
 Migraine < HC L-ACC-sup 143 4.2689 -12, 27, 33

L-Otha
 Migraine < HC L-Frontal-sup-medial 404 4.7353 -9, 39, 54

R-Otha
 Migraine < HC L-Frontal-sup-medial 342 4.6943 -9, 60, 12

 Migraine < HC L-Cingulate-post 175 4.4875 0, -45, 24

L-cTtha
 Migraine < HC L-Frontal-sup 245 4.5499 -21, 18, 54

 Migraine < HC R-ACC-pre 112 4.128 9, 45, 18

 Migraine < HC L-Precuneus 243 4.3971 -9, -42, 6
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ACC and posterior thalamus, which may contribute to 
the cutaneous allodynia seen in migraine [40].

It is also interesting to note that the occipital thala-
mus (Otha) and caudal temporal thalamus (cTtha) were 
functionally connected to the dorsal lateral prefron-
tal cortex (DLPFC). The DLPFC has been shown to be 
involved in the cognitive–affective aspects of processing 
painful stimuli and has been proposed to exert active 
control on pain perception by top-down modulation 
[41]. Previous evidence has suggested the presence of 
FC changes between the ventroposterolateral (VPL) 
nucleus, the sensory nucleus of the thalamus, and cor-
tical areas involved in sensory information processing 
and between the medial dorsal (MD) nucleus, the affec-
tive nucleus, and cortical areas involved in affective 
information processing [42]. Additionally, DLPFC stim-
ulation implied the role of DLPFC in pain modulation, 
particularly pain tolerance [42].

The correlation analysis in our study revealed that 
decreased functional connectivity between thalamic 
subregions and cortical regions was closely related to 
HAMA and BFI scale scores (extraversion and consci-
entiousness). However, we did not observe these sig-
nificant correlations in the HC group. This suggests the 
important role of the thalamus in emotion and person-
ality traits of pain. Here, we showed, for the first time, 
that altered FC was densely connected to personality 
traits in migraine. That is, lower FC changes in migraine 
patients represented more anxiousness, less extrover-
sion and conscientiousness. However, no rsFCs of any 
thalamic subregions were correlated with pain-related 
symptoms. Taken together, these findings suggest that 
the human thalamus consists of multiple dissociable 
subregions belonging to different functional networks, 
mainly located in the medial system of the pain process-
ing pathway and DMN, which serve functions related 

Fig. 3 Decreased rsFC of the thalamic subregions in patients with episodic migraine (A-H). The seed regions (L-rTtha, L-PPtha, L(R)-Otha, L-cTtha) for 
the voxel-based rsFC are illustrated in the first column. Brain regions (L-ACC-sup, L-Frontal-sup-medial, L-Cingulate-post, L-Frontal-sup, R-ACC-pre, 
L-Precuneus) showing decreased rsFC with the seed regions in patients with EM compared with HCs are shown in the second column. The 
functional connectivity (brown lines) between L-rTtha (red sphere) and L-precuneus (light blue sphere), between L-PPtha (light blue sphere) and 
L-ACC-sup (light blue sphere), between L-Otha (peacock blue sphere) and L-frontal-sup-medial (light blue sphere), between R-Otha (peacock blue 
sphere) and L-frontal-sup-medial (light blue sphere), between R-Otha (peacock blue sphere) and L-Cingulate-post (light blue sphere), between 
L-cTtha (yellow sphere) and L-frontal-sup (light blue sphere), between L-cTtha (yelllow sphere) and R-ACC-pre (light blue sphere), and between 
L-cTtha (yelllow sphere) and L-precuneus (light blue sphere) are shown in the third column. The fourth column represents the ROI-based rsFC 
analysis for the significant clusters. The error bars indicate the standard error of the mean. Abbreviations: EM, episodic migraine; HC, healthy control; 
FC, functional connectivity; L, left; R, right
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to emotion and personality trait aspects of pain in EM. 
The reliable parcellation scheme may provide us with an 
approach to investigate the thalamus at a subtler level.

Another important finding of this study was 
that patients with EM presented with decreased 
GMV in multiple subregions, even when TIV was 
excluded (P < 0.05). However, these significant com-
parisons were eliminated after Bonferroni correction 
(P > 0.05/16 = 0.003). A multicentre study including 131 
patients with migraine and 115 matched HCs used high-
resolution T1-weighted MRI scans and discovered that 
the volumes of several thalamic nuclei were reduced, 

including the central nuclear complex, anterior nucleus, 
and lateral dorsal nucleus, which participate in abnormal 
processing of the affective and cognitive components of 
pain [19]. Regional analysis also revealed microstruc-
tural changes in the ventral posterolateral and ventral 
posteromedial (VPM) thalamic nuclei compared with 
HC (P < 0.05) [43]. The possible explanation for the dis-
covery of microstructural alterations in migraine may be 
the larger sample size and excessively liberal statistical 
modelling. However, no significant correlation between 
the GMV of the thalamic subregions and clinical scales 
was detected in this study.

Table 3 GMV changes in the thalamic subregions in patients with episodic migraine compared with HCs

Abbreviations: mPFtha Medial prefrontal thalamus, mPMtha Premotor thalamus, Stha Sensory thalamus, rTtha Rostral temporal thalamus, PPtha Posterior parietal 
thalamus, Otha Occipital thalamus, cTtha Caudal temporal thalamus, lPFtha Lateral prefrontal thalamus, WH Whole thalamus, HC Healthy control, GMV Grey matter 
volume, L Left, R Right

GMV  (mm3) Episodic migraine HC T values P values

L-mPFtha 0.28 ± 0.024 0.30 ± 0.025 -2.701 0.009

R-mPFtha 0.29 ± 0.023 0.30 ± 0.025 -2.441 0.018

L-mPMtha 0.29 ± 0.026 0.31 ± 0.027 -2.242 0.029

R-mPMtha 0.28 ± 0.022 0.29 ± 0.023 -2.247 0.029

L-Stha 0.26 ± 0.024 0.28 ± 0.026 -2.207 0.031

R-Stha 0.27 ± 0.022 0.28 ± 0.024 -1.928 0.059

L-rTtha 0.26 ± 0.022 0.28 ± 0.023 -2.298 0.025

R-rTtha 0.26 ± 0.021 0.28 ± 0.022 -2.391 0.020

L-PPtha 0.27 ± 0.024 0.28 ± 0.026 -2.267 0.027

R-PPtha 0.27 ± 0.022 0.28 ± 0.025 -1.811 0.076

L-Otha 0.27 ± 0.024 0.29 ± 0.026 -2.307 0.025

R-Otha 0.27 ± 0.022 0.28 ± 0.025 -1.867 0.067

L-cTtha 0.25 ± 0.022 0.27 ± 0.025 -2.072 0.043

R-cTtha 0.26 ± 0.022 028 ± 0.023 -1.901 0.063

L-lPFtha 0.27 ± 0.023 0.29 ± 0.025 -2.371 0.021

R-lPFtha 0.28 ± 0.022 0.29 ± 0.024 -2.207 0.032

WH 0.27 ± 0.022 0.28 ± 0.024 -1.811 0.076

Fig. 4 Between-group comparisons of the GMV of the thalamic subregions and whole thalamus. Abbreviations: GMV, grey matter volume  (mm3); 
WH, whole thalamus; EM, episodic migraine; HC, healthy control. The error bars indicate the standard deviation. 1–16 represent L(R) mPFtha, L(R) 
mPMtha, L(R) Stha, L(R) rTtha, L(R) PPtha, L(R) Otha, L(R) cTtha, and L(R) lPFtha, respectively
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Table 4 DTI parameter (FA, AD, RD, MD) changes in the thalamic subregions in patients with episodic migraine compared with HCs

DTI parameters Episodic migraine HC T values P values

FA

 L-mPFtha 0.35 ± 0.022 0.36 ± 0.022 -0.664 0.509

 R-mPFtha 0.36 ± 0.023 0.37 ± 0.024 -0.690 0.493

 L-mPMtha 0.34 ± 0.019 0.34 ± 0.018 -0.411 0.683

 R-mPMtha 0.35 ± 0.022 0.36 ± 0.024 -0.476 0.636

 L-Stha 0.35 ± 0.022 0.36 ± 0.022 -0.210 0.835

 R-Stha 0.38 ± 0.024 0.38 ± 0.025 -0.234 0.816

 L-rTtha 0.35 ± 0.022 0.35 ± 0.022 -0.508 0.613

 R-rTtha 0.36 ± 0.023 0.37 ± 0.024 -0.689 0.494

 L-PPtha 0.35 ± 0.022 0.35 ± 0.021 -0.301 0.764

 R-PPtha 0.37 ± 0.023 0.37 ± 0.024 -0.186 0.853

 L-Otha 0.35 ± 0.023 0.35 ± 0.022 -0.413 0.681

 R-Otha 0.37 ± 0.025 0.37 ± 0.025 -0.331 0.742

 L-cTtha 0.36 ± 0.023 0.37 ± 0.022 -0.539 0.592

 R-cTtha 0.37 ± 0.023 0.37 ± 0.023 -0.584 0.562

 L-lPFtha 0.34 ± 0.021 0.35 ± 0.021 -0.476 0.636

 R-lPFtha 0.36 ± 0.023 0.37 ± 0.024 -0.401 0.690

AD

 L-mPFtha 1.706E-03 ± 1.018E-04 1.719E-03 ± 1.138E-04 -0.469 0.641

 R-mPFtha 1.649E-03 ± 9.868E-05 1.676E-03 ± 1.051E-04 -1.007 0.318

 L-mPMtha 1.526E-03 ± 8.538E-05 1.539E-03 ± 9.224E-05 -0.567 0.573

 R-mPMtha 1.593E-03 ± 8.119E-05 1.628E-03 ± 9.267E-05 -1.477 0.145

 L-Stha 1.545E-03 ± 8.408E-05 1.562E-03 ± 1.007E-04 -0.699 0.488

 R-Stha 1.504E-03 ± 7.716E-05 1.536E-03 ± 8.790E-05 -1.477 0.145

 L-rTtha 1.671E-03 ± 9.859E-05 1.685E-03 ± 1.075E-04 -0.526 0.601

 R-rTtha 1.725E-03 ± 9.693E-05 1.754E-03 ± 1.084E-04 -1.056 0.296

 L-PPtha 1.572E-03 ± 9.249E-05 1.580E-03 ± 1.021E-04 -0.316 0.753

 R-PPtha 1.545E-03 ± 9.033E-05 1.573E-03 ± 9.459E-05 -1.140 0.259

 L-Otha 1.612E-03 ± 9.745E-05 1.618E-03 ± 1.116E-04 -0.215 0.831

 R-Otha 1.628E-03 ± 1.076E-04 1.656E-03 ± 1.078E-04 -0.989 0.327

 L-cTtha 1.644E-03 ± 1.137E-04 1.652E-03 ± 1.114E-04 -0.273 0.786

 R-cTtha 1.634E-03 ± 1.142E-04 1.661E-03 ± 1.077E-04 -0.905 0.369

 L-lPFtha 1.643E-03 ± 8.795E-05 1.659E-03 ± 1.020E-04 -0.631 0.531

 R-lPFtha 1.600E-03 ± 8.662E-05 1.632E-03 ± 9.591E-05 -1.317 0.193

RD

 L-mPFtha 1.062E-03 ± 1.051E-04 1.064E-03 ± 1.071E-04 -0.079 0.937

 R-mPFtha 1.007E-03 ± 1.027E-04 1.017E-03 ± 1.018E-04 -0.380 0.705

 L-mPMtha 9.557E-04 ± 8.645E-05 9.611E-04 ± 8.249E-05 -0.244 0.808

 R-mPMtha 9.918E-04 ± 8.383E-05 1.009E-03 ± 8.824E-05 -0.766 0.447

 L-Stha 9.433E-04 ± 8.687E-05 9.522E-04 ± 9.194E-05 -0.375 0.709

 R-Stha 8.906E-04 ± 7.857E-05 9.075E-04 ± 8.422E-05 -0.780 0.438

 L-rTtha 1.033E-03 ± 1.005E-04 1.036E-03 ± 1.004E-04 -0.141 0.889

 R-rTtha 1.060E-03 ± 1.015E-04 1.072E-03 ± 1.027E-04 -0.452 0.653

 L-PPtha 9.653E-04 ± 9.411E-05 9.659E-04 ± 9.433E-05 -0.023 0.982

 R-PPtha 9.215E-04 ± 9.083E-05 9.347E-04 ± 9.190E-05 -0.548 0.586

 L-Otha 9.953E-04 ± 9.867E-05 9.923E-04 ± 1.020E-04 0.114 0.910

 R-Otha 9.842E-04 ± 1.084E-04 9.968E-04 ± 1.043E-04 -0.444 0.659

 L-cTtha 9.935E-04 ± 1.151E-04 9.913E-04 ± 1.057E-04 0.076 0.940

 R-cTtha 9.789E-04 ± 1.138E-04 9.887E-04 ± 1.039E-04 -0.340 0.735

 L-lPFtha 1.034E-03 ± 9.193E-05 1.041E-03 ± 9.462E-05 -0.253 0.801

 R-lPFtha 9.778E-04 ± 9.150E-05 9.936E-04 ± 9.503E-05 -0.638 0.526
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Abbreviations: mPFtha Medial prefrontal thalamus, mPMtha Premotor thalamus, Stha Sensory thalamus, rTtha Rostral temporal thalamus, PPtha Posterior parietal 
thalamus, Otha Occipital thalamus, cTtha Caudal temporal thalamus, lPFtha Lateral prefrontal thalamus, HC Healthy control, DTI Diffusion Tensor Imaging, FA Fractional 
anisotropy, MD Mean diffusivity, AD Axial diffusivity, RD Radial diffusivity, L Left, R Right

Table 4 (continued)

DTI parameters Episodic migraine HC T values P values

MD

 L-mPFtha 1.277E-03 ± 1.031E-04 1.283E-03 ± 1.083E-04 -0.213 0.832

 R-mPFtha 1.221E-03 ± 1.005E-04 1.237E-03 ± 1.017E-04 -0.595 0.554

 L-mPMtha 1.146E-03 ± 8.542E-05 1.154E-03 ± 8.499E-05 -0.359 0.721

 R-mPMtha 1.192E-03 ± 8.171E-05 1.215E-03 ± 8.824E-05 -1.021 0.312

 L-Stha 1.144E-03 ± 8.493E-05 1.155E-03 ± 9.365E-05 -0.492 0.625

 R-Stha 1.095E-03 ± 7.672E-05 1.117E-03 ± 8.370E-05 -1.035 0.305

 L-rTtha 1.245E-03 ± 9.904E-05 1.253E-03 ± 1.018E-04 -0.274 0.785

 R-rTtha 1.281E-03 ± 9.908E-05 1.299E-03 ± 1.034E-04 -0.662 0.511

 L-PPtha 1.168E-03 ± 9.273E-05 1.171E-03 ± 9.590E-05 -0.124 0.902

 R-PPtha 1.129E-03 ± 8.961E-05 1.147E-03 ± 9.135E-05 -0.757 0.452

 L-Otha 1.201E-03 ± 9.733E-05 1.201E-03 ± 1.041E-04 0.001 0.999

 R-Otha 1.199E-03 ± 1.072E-04 1.217E-03 ± 1.041E-04 -0.634 0.529

 L-cTtha 1.210E-03 ± 1.140E-04 1.212E-03 ± 1.067E-04 -0.042 0.967

 R-cTtha 1.197E-03 ± 1.132E-04 1.213E-03 ± 1.041E-04 -0.536 0.594

 L-lPFtha 1.237E-03 ± 8.974E-05 1.247E-03 ± 9.610E-05 -0.385 0.702

 R-lPFtha 1.185E-03 ± 8.888E-05 1.207E-03 ± 9.400E-05 -0.872 0.387

Table 5 Partial correlations between decreased rsFC and clinical data in patients with episodic migraine after controlling for age, sex, 
education, and FD

Abbreviations: rTtha Rostral temporal thalamus, PPtha Posterior parietal thalamus, Otha Occipital thalamus, cTtha Caudal temporal thalamus, ACC-sup Anterior 
cingulate cortex, supracallosal, Frontal-sup-medial Superior frontal gyrus, medial, Cingulate-post Posterior cingulate gyrus, Frontal-sup Superior frontal gyrus, 
dorsolateral, ACC-pre Anterior cingulate cortex, pregenual, FD framewise displacement, VAS Visual Analogue Scale, HIT-6 Headache Impact Test, HAMA Hamilton Rating 
Scale for Anxiety, BDI-II Beck Depression Inventory-II, MoCA Montreal Cognitive Assessment, rsFC Resting-state functional connectivity, L Left, R right
* P < 0.05

Disease duration (years) VAS HIT‑6 HAMA BDI‑II MoCA

Decreased rsFC between L-rTtha and L-Precuneus

 P(r) -0.235 -0.182 -0.145 -0.301 0.173 0.131

 P value 0.293 0.418 0.554 0.045* 0.319 0.593

Decreased rsFC between L-PPtha and L-ACC-sup

 P(r) -0.009 0.074 0.147 -0.389 -0.169 0.125

 P value 0.967 0.742 0.547 0.008* 0.333 0.609

Decreased rsFC between L-Otha and L-Frontal-sup-medial

 P(r) -0.156 -0.065 0.110 -0.286 0.056 0.144

 P value 0.489 0.774 0.655 0.057 0.748 0.556

Decreased rsFC between R-Otha and L-Frontal-sup-medial

 P(r) -0.006 -0.235 -0.177 -0.283 -0.040 0.378

 P value 0.980 0.293 0.468 0.060 0.818 0.111

Decreased rsFC between R-Otha and L-Cingulate-post

 P(r) -0.042 -0.383 -0.358 -0.338 0.060 0.088

 P value 0.851 0.079 0.132 0.023* 0.733 0.721

Decreased rsFC between L-cTtha and L-Frontal-sup

 P(r) 0.073 -0.078 0.301 -0.354 0.022 0.372

 P value 0.745 0.730 0.210 0.017* 0.898 0.117

Decreased rsFC between L-cTtha and R-ACC-pre

 P(r) -0.075 0.003 0.012 -0.303 -0.095 0.276

 P value 0.741 0.990 0.961 0.043* 0.586 0.253

Decreased rsFC between L-cTtha and L-Precuneus

 P(r) -0.040 -0.248 -0.069 -0.357 0.047 0.131

 P value 0.860 0.266 0.780 0.016* 0.787 0.594
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Furthermore, the DTI parameters (FA, RD, MD, and 
AD) of the thalamic subregions were not significantly dif-
ferent between migraine patients and HCs. Nonetheless, 
despite these normal results, we found that the majority 
of DTI parameters in the interictal period of EM patients 
were lower than those of HCs. These results are in con-
trast with the abnormal white matter integrity of the 
bilateral thalami observed in EM between attacks [44].

Several considerations and limitations should be noted 
when conducting future research. First, the relatively 
small sample size and lack of some clinical assessments 
may limit the statistical power in detecting subtle tha-
lamic structural alterations and uncovering potential 
brain-pain-behaviour relationships. Therefore, a larger 
sample of patients with migraine and more complete 
clinical data should be included in future studies to 
validate our findings. Second, because subjects in the 

current study compromised migraine with and without 
aura between attacks, we cannot determine whether our 
findings can be generalized to all types of migraine. In 
the future, it will be important to confirm these results 
in a certain type of subject. Third, although we did not 
find changes in DTI parameters in the thalamic subre-
gions, differences in patient characteristics (e.g., illness 
duration, sex, age, education) could potentially affect the 
structure of the thalamus. Fourth, no correlations were 
identified between the FCs and any of the pain-related 
symptoms. We cannot rule out the possibility that there 
is not a simple linear correlation between altered rsFC 
and pain-related symptoms. Finally, our cross-sectional 
design does not allow inference on causality. Longitudi-
nal studies with interventions targeted towards improv-
ing clinical symptoms in migraine patients are needed to 
establish the direction of causality.

Table 6 Partial correlations between decreased rsFC and BFI in patients with episodic migraine and HCs after controlling for age, sex, 
education, and FD

Abbreviations: rTtha Rostral temporal thalamus, PPtha Posterior parietal thalamus, Otha Occipital thalamus, cTtha Caudal temporal thalamus, ACC-sup Anterior 
cingulate cortex, supracallosal, Frontal-sup-medial Superior frontal gyrus, medial, Cingulate-post Posterior cingulate gyrus, Frontal-sup Superior frontal gyrus, 
dorsolateral, ACC-pre Anterior cingulate cortex, pregenual, FD Framewise displacement, BFI Big Five Inventory, rsFC Resting-state functional connectivity, L left, R Right
* P < 0.05

BFI

neuroticism extraversion openness agreeableness conscientiousness

Decreased rsFC between L-rTtha and L-Precuneus (EM/HC)
 P(r) -0.002/-0.214 0.300/0.206 0.029/0.247 -0.121/-0.327 0.180/-0.271

 P value 0.989/0.410 0.060/0.428 0.857/0.340 0.456/0.201 0.267/0.293

Decreased rsFC between L-PPtha and L-ACC-sup (EM/HC)
 P(r) -0.353/-0.694 0.600/0.645 0.227/0.241 -0.007/0.077 0.327/0.597

 P value 0.026*/0.002* 0.000*/0.005* 0.158/0.351 0.966/0.770 0.040*/0.011*
Decreased rsFC between L-Otha and L-Frontal-sup-medial (EM/HC)
 P(r) -0.203/-0.443 0.477/0.390 0.167/0.220 -0.082/-0.037 0.368/0.422

 P value 0.209/0.075 0.002*/0.122 0.304/0.395 0.614/0.887 0.020*/0.091

Decreased rsFC between R-Otha and L-Frontal-sup-medial (EM/HC)
 P(r) -0.230/-0.238 0.373/0.063 0.055/0.028 0.121/0.068 0.294/0.207

 P value 0.154/0.358 0.018*/0.811 0.736/0.916 0.458/0.796 0.066/0.425

Decreased rsFC between R-Otha and L-Cingulate-post (EM/HC)
 P(r) -0.033/-0.198 0.297/0.024 0.059/0.592 -0.072/-0.184 0.162/-0.126

 P value 0.838/0.445 0.063/0.928 0.718/0.012* 0.660/0.479 0.319/0.630

Decreased rsFC between L-cTtha and L-Frontal-sup (EM/HC)
 P(r) -0.226/-0.498 0.446/0.250 0.145/0.063 0.007/-0.120 0.245/0.111

 P value 0.162/0.042* 0.004*/0.332 0.372/0.809 0.964/0.646 0.127/0.670

Decreased rsFC between L-cTtha and R-ACC-pre (EM/HC)
 P(r) -0.195/-0.187 0.416/0.159 0.121/-0.110 0.013/-0.126 0.199/-0.116

 P value 0.229/0.471 0.008*/0.542 0.457/0.675 0.937/0.629 0.218/0.658

Decreased rsFC between L-cTtha and L-Precuneus (EM/HC)
 P(r) -0.097/-0.285 0.369/0.136 0.138/0.236 -0.108/-0.356 0.180/-0.282

 P value 0.553/0.268 0.019*/0.602 0.395/0.363 0.506/0.161 0.267/0.273
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Conclusions
In conclusion, we used rsfMRI and structural tech-
niques to investigate functional connectivity and struc-
tural alterations in the thalamus at the subregional level. 
Our data indicated that patients with EM have impaired 
functional connectivity but a relatively preserved micro-
structure in their thalamic subregions relative to HCs. 
Specifically, functional hypoconnnectivity between 
the anterior-medial-posterior subregions of the thala-
mus was discovered in patients with EM, which may 
contribute to emotion and personality traits of pain in 
EM. However, the grey matter volume and DTI param-
eters did not differ between patients with EM and HCs. 
These findings suggest that selective functional discon-
nectivity in thalamic subregions may highlight a more 
sophisticated understanding of the neuropathological 
mechanism underlying episodic migraine. They also sug-
gest that the thalamus may be a potential pharmacologi-
cal target for preventive treatment options in migraine.
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