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Abstract: Migraine is commonly comorbid with insomnia; both disorders are linked to functional
disturbance of the default mode network (DMN). Evidence suggests that DMN could be segregated
into multiple subnetworks with specific roles that underline different cognitive processes. However,
the relative contributions of DMN subnetworks in the comorbidity of migraine and insomnia remain
largely unknown. This study sought to identify altered functional connectivity (FC) profiles of
DMN subnetworks in the comorbidity of migraine and insomnia. Direct group comparisons with
healthy controls, followed by conjunction analyses, were used to identify shared FC alterations
of DMN subnetworks. The shared FC changes of the DMN subnetworks in the migraine and
insomnia groups were identified in the dorsomedial prefrontal and posteromedial cortex subnetworks.
These shared FC changes were primarily associated with motor and somatosensory systems, and
consistently found in patients with comorbid migraine and insomnia. Additionally, the magnitude
of FC between the posteromedial cortex and postcentral gyrus correlated with insomnia duration
in patients with comorbid migraine and insomnia. Our findings point to specific FC alterations of
the DMN subnetwork in migraine and insomnia. The shared patterns of FC disturbance may be
associated with the underlying mechanisms of the comorbidity of the two disorders.

Keywords: default mode network; insomnia; migraine; connectivity; somatosensory

1. Introduction

Insomnia is one of the most prevalent health complaints worldwide [1]. Approxi-
mately 10% of the world population suffers from insomnia [2]. Insomnia, characterized
by difficulties in falling asleep, staying asleep, and obtaining refreshing sleep [2], has
significant negative impacts on individuals’ health, leading to a severely reduced quality
of life including cognitive and affective impairments, work disability, traffic accidents, and
a marked increase in health care consumption [3–5]. Accumulating evidence indicates
that insomnia is closely associated with several neuropsychiatric disorders, especially
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migraine [6–8], a common primary headache disorder that affects about 10–20% of the
general population [9]. Migraines are characterized by recurrent lateralized and intense
headaches accompanied by nausea, vomiting, and sound and light sensitivity [10]. Poor
sleep quality, including insomnia, affects around 30% of migraine patients [11,12]. Insom-
nia can trigger migraine attacks, and people with chronic migraine are prone to recurrent
headaches due to sleep insufficiency [11,12]. Furthermore, previous research suggests that
emotional disorders, including depression and anxiety, are associated with migraine and
insomnia [13,14]. Individuals with insomnia or migraine may have limitations in daily
function and decreased quality of life [15,16], and both insomnia and migraine impose a
huge personal and social burden [16,17]. However, the neuronal mechanisms underlying
the pathogenesis of insomnia and migraine remain largely unknown.

Functional magnetic resonance imaging (fMRI) is the well-established imaging ap-
proach that evaluates functional properties of the human brain non-invasively using the
fluctuations of blood oxygen level dependent signals. This approach can be further divided
into two main categories: the task-induced fMRI that explores the brain activity in response
to task relevant changes and the intrinsic resting state fMRI (rsfMRI) that identifies the
intrinsic functional connectivity (FC) of specific cortical regions at rest [18]. Intrinsic FC is
defined by statistical associations between distinct brain regions and provides a unique
method for studying large-scale functional organization of the human brain [19]. The
default mode network (DMN) is the most consistent resting-state network that includes
the dorsal medial prefrontal cortex (DMPFC), the posteromedial cortex, and the bilateral
temporoparietal junctions. Therefore, DMN is a set of functionally interconnected brain
regions that consistently deactivate during the tasks demanding external attention and
activate during internal mental processes [20,21].

Previous rsfMRI studies have demonstrated that multiple brain regions within the
DMN may act as network hubs for integrating information flow across the entire brain [22,23].
Due to its important role in functional integration of the brain, efforts have been made
recently to further assess the role of the DMN in diseases, suggesting that this network can
be associated with pathophysiology of neuropsychiatric disorders [24,25]. Prior research
has shown FC alternations of the entire DMN in patients with migraine or insomnia, which
were associated with pain regulation, emotion processing, and several clinical evaluation
readouts [26,27]. Furthermore, poor pain regulation as well as emotional and memory
disturbance were common complaints in patients with migraine or insomnia, especially in
comorbid patients [4,7,8]. Therefore, functional disturbance of the DMN may be involved
in the pathophysiology of migraine and insomnia comorbidity.

Recent evidence suggests that the DMN can be segregated into distinct subnetwork
systems underlying different cognitive processes [28,29] and may be associated with patho-
physiology of neuropsychiatric disorders [30,31]. The temporoparietal junction is involved
in self-referential processing and social cognition [32]. The posterior cingulate cortex has
implications in emotional processing, memory retrieval, and attention during task-based
activities [33,34]. The DMPFC is engaged in self-referential mental activity and emotional
processing [35]. Cognition, memory, attention, and affective impairments are vivid in
patients with migraine and insomnia, especially in comorbid patients [3–5]. Furthermore,
research has shown that functional disruption in posterior cingulate cortex is associated
with emotional processing in migraine [36] and sleep quality in insomnia patients [37].
Although the DMN has been widely investigated in patients with migraine and insomnia,
little is known about whether there are dissociative functional alternations of DMN subnet-
works in both disorders. Furthermore, it remains uncharacterized whether there are any
atypical FC patterns of DMN subnetworks associated with the comorbidity of these two
disorders. Separating these disease-related DMN subnetworks from a single monolithic
DMN may help us to better understand the potential network-based pathophysiology of
migraine and insomnia comorbidities.

Therefore, this study sought to explore the mechanisms of migraine and insomnia
comorbidity by analyzing the whole-brain voxel-wise intrinsic FC changes of the DMN
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subnetworks. We hypothesized that FC between DMN subnetworks and a subset of
implicated brain areas is consistently altered in migraine and insomnia patients. To this
end, (1) direct group comparisons with healthy participants followed by conjunction
analyses were used to identify regions of shared FC alterations of DMN subnetworks in
both disorders, (2) an additional patient group with comorbid migraine and insomnia
was used to validate these shared brain regions, and (3) exploratory association analyses
using multiple clinically relevant evaluations were applied to evaluate the potential clinical
significance of the identified shared brain regions.

2. Materials and Methods
2.1. Participant Recruitment and Assessments

The study protocol was approved by the institutional review board of the Tri-Service
General Hospital (TSGH). All participants provided informed written consent before en-
rollment. They were recruited consecutively at the Headache Clinic at the Neurology
Department of TSGH. This study included 50 participants diagnosed with migraine
(88.0% female), 20 with insomnia (65.0% female), 25 with comorbid migraine and insomnia
(88.0% female), and 30 healthy controls (76.6% female).

Primary insomnia was diagnosed using a structured clinical interview according to
the DSM-V criteria [38]. Medical and psychiatric disorders were evaluated using structured
diagnostic interviews, physical examinations, blood tests, and urine drug testing. Patients
with secondary insomnia (e.g., hypersomnia, parasomnia, history of heart disease, stroke,
nephritis, or psychiatric diseases, etc.) were excluded during recruitment. Clinical charac-
teristics of all participants diagnosed with primary insomnia, including insomnia duration
and insomnia severity, were documented. The Insomnia Severity Index (ISI) is a brief
self-reported questionnaire that measures the patient’s perception of insomnia severity [39].
It consists of seven items that evaluate aspects of insomnia symptoms; each ISI item is
rated on a scale of 0–4. The total ISI score is divided into four categories: 0–7, no clinically
significant insomnia; 8–14, sub-threshold insomnia; 15–21, moderate insomnia; and 22–28,
severe insomnia. The Pittsburgh Sleep Quality Index (PSQI) assesses sleep quality over one
month. The index combines seven component scores that are added together to produce a
final score, and higher scores indicate worse sleep quality. Starting the score of 5, the sleep
quality is considered as poor [40].

Migraine was diagnosed according to the third edition of the International Classification
of Headache Disorders [41]. Patients with secondary or other concomitant primary
headache disorders were excluded. Clinical characteristics of all participants diagnosed
with migraine, including migraine duration, frequency, aura symptoms, family history, and
headache intensity, were documented. All migraine patients were migraine-free for at least
3 days prior to the examination and were followed-up 3 days after the MRI scanning to
ensure that they remained migraine-free to avoid any possible interference from headache
pain on the imaging results. No acute migraine attacks occurred during the scanning
sessions. No migraine or insomnia patient was treated with any migraine preventive
medication, dopaminergic agents, antidepressants, neuroleptics, or hypnotics.

The healthy control group consisted of volunteers recruited through community
advertisements, matched for age, sex, and handedness. Exclusion criteria for healthy
controls included a prior diagnosis of primary or secondary headache disorders, a family
history of insomnia or migraine, a history of other neurological or psychiatric diseases, and
any chronic pain condition. Demographic and clinical data including all participants’ sex,
age were also documented. To exclude the potential confounders related to depression and
anxiety, we evaluated the Hospital Anxiety and Depression Scale (HADS) score [42] in all
participants of the study.

2.2. MRI Data Acquisitions

All MRI scans were acquired on a 3T Discovery MR750 scanner (General Electric
Healthcare, Milwaukee, WI, USA) equipped with an eight-channel head array coil at
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TSGH. To prevent head motion during image acquisition, cushions were used to con-
strain the participant’s head position. All structural and functional MRI scans were
acquired along the anterior commissure–posterior commissure plane and ensured cov-
erage of the entire brain. Axial T1-weighted anatomical scans were first acquired us-
ing the three-dimensional inversion recovery prepared fast spoiled gradient recalled
(IR-FSPGR) sequence with the following imaging parameters: repetition time (TR)/echo
time (TE)/inversion time = 9.2/3.7/450 ms, flip angle = 12◦, slice thickness = 1 mm, image
matrix = 256 × 256, field of view (FOV) = 256 × 256 mm, and 172 partitions without an
inter-partition gap. These individual T1-weighted images were used for image spatial regis-
tration and for segmenting tissue compartments for facilitating rsfMRI image preprocessing.
Subsequently, rsfMRI scans were acquired using an axial T2*-weighted gradient-echo echo
planar imaging sequence with the following imaging parameters: TR/TE = 2500/30 ms,
flip angle = 90◦, slice thickness = 3.5 mm, image matrix = 64 × 64, FOV = 222 × 222 mm,
43 interleaved partitions without an inter-partition gap, 200 continuous image volumes
with an acquisition time of 8 min and 27 s. Prior to rsfMRI image acquisition, participants
were instructed to relax, keeping their eyes closed, to think of nothing in particular, and
not to fall asleep. An experienced neuroradiologist visually examined all raw MRI scans
prior to image preprocessing to exclude participants with any organic brain disorders or
insufficient image quality.

2.3. The Analytical Framework of the Present Study

The proposed analytical framework is summarized in Figure 1. Briefly, after conduct-
ing several image preprocessing steps for an individual rsfMRI dataset, we then applied
the seed-to-voxel FC analytical approach to estimate the whole brain voxel-wise functional
connectivity maps of global and DMN subnetworks for each participant. This approach
estimates the potential whole brain voxel-wise functional connectivity profile by analyzing
correlations between the average signal fluctuation within pre-defined seed regions and
the signal fluctuation within each voxel [43]. Afterwards, corresponding statistical analyses
were performed to identity the shared FC alternations between patients with migraine
and insomnia and further validated with the additional comorbidity patient group. The
detailed analytic steps are summarized below.

2.4. Image Preprocessing of Individual rsfMRI Dataset

All neuroimaging data were preprocessed using the combination of three neuroimaging
software packages: Analysis of Functional Neuroimaging software package (AFNI, version
20.3.03, https://afni.nimh.nih.gov/, RRID:SCR_005927, accessed on 7 September 2021),
Functional Magnetic Resonance Imaging of the Brain Software Library (FSL, version 5.0.10,
http://www.fmrib.ox.au.uk/fsl, RRID:SCR_002823, accessed on 7 September 2021), and
Statistical Parametric Mapping (SPM12, version 7487, https://www.fil.ion.ucl.ac.uk/spm/,
RRID:SCR_007037, accessed on 7 September 2021). The detailed preprocessing pipeline
is as follows. First, the first ten volumes of individual rsfMRI dataset were discarded
for signal equilibrium. Before any spatiotemporal processing procedure, individual head
movement during rsfMRI data acquisition was corrected and corresponding motion pa-
rameters (rotation and translation profiles of XYZ axis) were estimated using rigid-body
registration with default settings (mcflirt). The slice timing correction was then applied
for correcting the temporal misalignment during image acquisition (slicetimer). Using the
Brain Extraction Tool, the skull-stripped version of the individual preprocessed rsfMRI data
was generated. Additionally, the spike artifact and the polynomial trend of fMRI time series
data were also removed (3dDespike and 3dDetrend). To further minimize the potential
influence of non-neural signal, band-pass temporal filtering (0.01–0.08 Hz) and nuisance
signal regression procedure were conducted simultaneously using command-line tool
3dBandpass. Twenty-six nuisance signal regressors, including (1) six head motion profiles
along with the corresponding temporal derivatives and quadratic terms (also termed as
Friston 24-parameter model [45]); and (2) mean rsfMRI time-series signal from both white
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matter (WM) and cerebrospinal fluid (CSF) areas were constructed in native rsfMRI space
for each individual. Individual mean time-series data of WM and CSF area were calculated
separately within the corresponding WM and CSF masks, which were generated using
the segmentation module of SPM12. To avoid suppressing meaningful neural activity and
artificially inducing the anti-correlation functional connectivity profile, the mean global
rsfMRI signal was not used as a nuisance signal in the present study [46]. Afterwards,
all the individual preprocessed rsfMRI time series data were projected into the standard
Montreal Neurological Institute (MNI) space with a two-stage registration approach [47].
More specifically, we first used command-line tools 3dAllineate (linear registration) and
3dQwarp (non-linear registration) to estimate all the spatial transformation information
between individual native rsfMRI space, native T1 space, and the standard MNI space. All
the relevant spatial transformation information was then contracted into a single spatial
warping file using the command-line tool 3dNwarpCat and then applied to project indi-
vidual preprocessed rsfMRI datasets into the MNI space (3dNwarpApply). Finally, all the
individual MNI-space preprocessed rsfMRI datasets were spatially smoothed with a 6 mm
full-width at half-maximum Gaussian kernel and then served as inputs for evaluating
whole-brain voxel-wise functional connectivity profiles of global and DMN subnetworks.
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temporoparietal junctions; MIG, migraine; MNI, Montreal Neurological Institute; PMC, posteromedial cortex; rs-fMRI,
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2.5. Selection Criteria and Analysis of Motion-Related Issues of the rsfMRI Dataset

Several previous studies have indicated that the degree of individual head motion
is a key confounding factor for estimating functional connectivity profile of the human
brain [48]. To minimize the potential influence of this issue, additional selection criteria
and relevant statistical analyses were also conducted for the current study. First, any
participant who demonstrated a maximum displacement of 2 mm or rotation of 2◦ in
any directions during rsfMRI data acquisition was excluded. Second, we excluded par-
ticipants with mean framewise displacement (FD) > 0.2 mm or exceeding 40% of image
volumes after censoring all time points with FD > 0.2 mm. The FD was defined as the sum
of the absolute values of the derivatives of six rotational and translational realignment
parameters at each timepoint. These aggregated indices represented the profile of head
micromovement during rsfMRI acquisition for each individual [43]. More specifically,
we used the command-line tool fsl_motion_outliers to calculate individual FD profiles.
Under these two criteria, 5 participants with migraine, 4 with insomnia, 2 with comorbid
migraine and 5 healthy controls were excluded. In the remaining dataset, there were no
statistically significant group differences in mean FD (healthy controls = 0.073 ± 0.02;
patients with migraine = 0.074 ± 0.02; patients with insomnia = 0.072 ± 0.02; and patients
with migraine and insomnia = 0.075 ± 0.02; p-value = 0.512). Additionally, the mean FD
of each participant served as the covariate of no interest for the following group-level
statistical analyses.

2.6. Functional Connectivity Analysis and Statistical Criteria of Voxel-Wise Statistical Analyses

To investigate the FC alterations of global and subnodal DMN between study groups,
whole brain seed-to-voxel FC analyses with appropriate statistical analyses were conducted.
We used the well-established DMN atlas, which is constructed according to whole-brain
connectivity profiles, to identify the set of seeds of interests in the current study. It is
composed of four distinct brain areas, including the DMPFC (4 nodes), the posteromedial
cortex (4 nodes), and the bilateral temporoparietal junctions (4 nodes) [44]. The mean
time course of each seed region was first extracted, and these 12 time-courses were then
averaged and represent the overall time-series signal of global DMN. Subsequently, we
calculated Pearson’s correlation coefficient between these mean time-courses to all voxels
in the whole brain for each participant. Using Fisher’s r-to-z transformation, the correlation
coefficient maps were converted into z-value maps and were used for further group-level
analyses. For all the following voxel-wise between-group statistical analyses, the image-
based multiple-comparison correction was performed using 3dClusterSim. The signifi-
cance level was set at a cluster-level family-wise error (FWE) rate-corrected p-value < 0.05,
which was equal to a combination threshold of an initial voxel-level p-value < 0.005
with a minimum cluster size of 111 voxels. For data reusability and transparency, all
the unthresholded voxel-wise statistical maps are available at the NeuroVault website
(https://neurovault.org/collections/9467/, accessed on 7 September 2021). The detailed
settings of each statistical model are listed below.

2.7. Statistical Analyses
2.7.1. Demographic Data, Clinical Evaluations, and Motion Profiles of rsfMRI Dataset

All statistical analyses of demographic variables, clinical evaluations, and mean FD
were performed using the Statistical Package for Social Sciences (SPSS, V.20, Chicago, IL,
USA). Analysis of variance tests and Pearson’s chi-square test were used to compare con-
tinuous (age) and categorical (sex and aura status) data between study groups. In addition,
analysis of covariance (ANCOVA) test was performed to compare multiple clinical evalua-
tions (migraine duration, insomnia duration, migraine frequency, total ISI score, total PSQI
score, and HADS score) and mean FD between groups, with age and sex as covariates. The
threshold of statistical significance was set at p-value < 0.05 for all statistical tests.

https://neurovault.org/collections/9467/


Biomedicines 2021, 9, 1420 7 of 17

2.7.2. Analysis of FC Differences between Patients with Migraine, Patients with Insomnia,
and Healthy Controls to Identify Shared and Distinct Functional Alterations

The two-stage statistical scheme was used to identify the shared functional alter-
ations of DMN between healthy controls and patients with migraine or insomnia [49].
More specifically, we first assessed FC changes of DMN between healthy controls and
patient groups (healthy controls vs. migraine and healthy controls vs. insomnia) using
an ANCOVA statistical design in SPM12 with age, sex, mean FD, and HADS as nuisance
variables. Afterwards, we performed a conjunction analysis that searched the intersection
of the whole-brain voxel-wise FWE-corrected p-maps to identify the shared FC alterations
of DMN in patients with migraine and those with insomnia. Moreover, the direct disease
group comparison (migraine vs. insomnia) was also performed to identify the distinct FC
changes of DMN between these two patient groups.

2.7.3. Validation Analysis of Shared Functional Alterations in an Additional Comorbid
Migraine and Insomnia Group

To evaluate the shared functional signatures of DMN, in which it was identified in
the previous section whether they were consistently found in the additional comorbid
patient group, we first applied the same ANCOVA statistical model to investigate the
whole-brain FC alterations of DMN between healthy controls and patients with comorbid
migraine and insomnia. Subsequently, we spatially overlapped these thresholded voxel-
wise statistical result maps with previous results of the DMN conjunction analysis to
evaluate the correspondence between these two analyses.

2.7.4. Relationship between Regional FC Changes and Clinical Evaluations

To further investigate the potential relationship between regions with shared FC
alterations and clinical evaluations in patients with comorbid migraine and insomnia, the
regional FC magnitudes were first extracted and averaged from the identified clusters
of conjunction analysis. The exploratory partial Pearson correlation analyses were then
used to examine the associations between regional FC magnitude and clinical evaluations
(including migraine duration, migraine frequency, insomnia duration, ISI total score, and
PSQI total score), with age, sex, mean FD, and HADS serving as nuisance variables. The
significance threshold for the partial Pearson correlation analyses was set at uncorrected
p-value < 0.05.

3. Results
3.1. Demographic and Clinical Characteristics of Study Participants

Major clinical characteristics of participants are presented in Table 1. All groups
were matched for age, sex, and handedness. There were significant differences in the
headache frequency (p-value = 0.003) and insomnia severity (ISI total score) between
patient groups (p-value < 0.001). The insomnia severity was greater in the insomnia group
compared to healthy controls (p-value = 0.001) and the migraine group (p-value = 0.001),
and greater in the migraine and insomnia group than in healthy controls (p-value = 0.032)
and migraine group (p-value = 0.023). Pittsburgh Sleep Quality Index scores were greater
in the insomnia group than in the healthy controls (p-value < 0.001) and the migraine group
(p-value < 0.001), and greater in the migraine and insomnia group than in healthy controls
(p-value < 0.001) and the migraine group (p-value < 0.001).

3.2. Differences in the FC Magnitude of the Global DMN and Subnodal DMN between Healthy
Controls and Patients with Migraine or Insomnia
3.2.1. FC Changes of the Global DMN in Patients with Migraine or Insomnia

Increased global DMN FC magnitude was observed in the left precentral gyrus, left
postcentral gyrus, and right cerebellum in patients with migraine or insomnia compared
with healthy controls. No anatomical area with decreased global DMN FC magnitude



Biomedicines 2021, 9, 1420 8 of 17

was found in patients with migraine or insomnia when compared with healthy controls
(FWE-corrected p-value < 0.05; Supplementary Table S1 and Supplementary Figure S1).

Table 1. Demographic variables and clinical characteristics of study participants.

Demographic Variables HC
(n = 30)

MIG
(n = 50)

INSO
(n = 20)

MIG with INSO
(n = 25) p Value

Age (years) 41.47 ± 10.41 40.14 ± 8.83 40.15 ± 10.25 41.9 ± 11.63 0.863 a

Sex (male/female) 7/23 6/44 7/13 3/22 0.102 b

Framewise Displacement 0.073 ± 0.02 0.074 ± 0.02 0.072 ± 0.02 0.076 ± 0.02 0.512 e

Aura /no Aura - 6/44 - 7/18 0.084 c

Migraine duration (years) - 15.63 ± 10.55 - 15.00 ± 10.68 0.622 d

Migraine freq. (days/month) - 7.38 ± 5.58 - 12.70 ± 9.38 0.003 d

Insomnia duration (month) - - 21.32 ± 22.88 15.54 ± 10.31 0.313 d

ISI total score (0–28) 7.03 ± 4.45 6.80 ± 4.79 15.95 ± 3.65 16.36 ± 4.33 <0.001 e

PSQI total score (0–21) 7.19 ± 3.43 8.00 ± 3.61 11.05 ± 3.52 11.00 ± 3.51 <0.001 e

HADS score (0–42) 9.83 ± 4.98 12.18 ± 7.19 13.45 ± 8.66 15.97 ± 7.74 0.018 e

Notes: healthy controls and patients with migraine, insomnia, or comorbid migraine and insomnia were all right-handed. a Four-group
analysis of variance test. b Four-group chi-square test. c Two-group chi-square test. d Two-group analysis of covariance adjusted for age and
sex. e Four-group analysis of covariance adjusted for age and sex. Abbreviations: freq, frequency; HADS, Hospital Anxiety and Depression
Scale score; HC, healthy controls; INSO, insomnia; ISI, Insomnia severity index; MIG, migraine; PSQI, Pittsburgh Sleep Quality Index.

3.2.2. FC Changes of the Subnodal DMN in Patients with Migraine or Insomnia

Detailed FC changes of each subnodal DMN in patients with migraine or insomnia
relative to healthy controls are shown in Supplementary Table S1 and Supplementary
Figure S1 (FWE-corrected p-value < 0.05).

3.2.3. FC Changes of the Global and Subnodal DMN between Patients with Migraine or
Insomnia

Detailed FC differences of the global DMN and subnodal DMN between patients with
migraine and insomnia are shown in Supplementary Table S1 and Supplementary Figure S2
(FWE-corrected p-value < 0.05).

3.3. FC Alterations of the Global and Subnodal DMN Common to Migraine and Insomnia

First, the conjunction analysis of the global DMN revealed that the left precentral
gyrus and right cerebellum showed increased global DMN FC magnitude in both disorders
compared with healthy controls (FWE-corrected p-value < 0.05; Table 2 and Figure 2).
Further conjunction analyses of subnodal DMN further demonstrated only part of the
DMN networks displayed common FC alterations in patients with migraine and insomnia.
More specifically, the conjunction analyses of the subnodal DMPFC-01 area showed that
the FC magnitude of the left precentral gyrus significantly changed in patients with both
diseases. The conjunction analyses of subnodal DMPFC-03 area showed that the FC
magnitude of the bilateral precentral gyrus significantly changed in patients with both
diseases. The conjunction analyses of the subnodal DMPFC-04 area showed that the
FC magnitude of the right posterior cingulate gyrus and right lateral occipital cortex
significantly changed in patients with both diseases. The conjunction analyses of the
subnodal posteromedial cortex-03 area showed that the FC magnitude of the left precentral
gyrus and right cerebellum significantly changed in patients with both diseases. Finally,
the conjunction analyses of the subnodal posteromedial cortex-04 area showed that the FC
magnitude of the left postcentral gyrus significantly changed in patients with both diseases
(FWE-corrected p-value < 0.05; Table 2 and Figure 2).
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Table 2. Anatomical regions with shared FC changes in migraine patients and insomnia patients compared with healthy controls.

MNI Coordinates Cluster
Size

Anatomical Region
Regional FC (Mean ± SD)

x y z HC MIG INSO

Global DMN −24 −10 68 68 Lt. Precentral Gyrus 0.025 ± 0.185 0.175 ± 0.152 0.215 ± 0.174

6 −79 −6 100 Rt. Cerebellum V 0.251 ± 0.147 0.403 ± 0.139 0.451 ± 0.134

DMPFC 01 −23 −9 67 59 Lt. Precentral Gyrus −0.031 ± 0.154 0.111 ± 0.151 0.151 ± 0.167

DMPFC 03 −4 −42 65 37 Lt. Precentral Gyrus 0.072 ± 0.141 0.208 ± 0.146 0.264 ± 0.159

7 −39 71 24 Rt. Precentral Gyrus 0.063 ± 0.140 0.215 ± 0.151 0.236 ± 0.205

DMPFC 04 8 −46 12 30 Rt. Cingulate Gyrus,
posterior division 0.248 ± 0.144 0.374 ± 0.165 0.424 ± 0.148

55 −62 32 62 Rt. Lateral Occipital
Cortex, superior division 0.218 ± 0.160 0.365 ± 0.180 0.415 ± 0.135

PMC 03 −27 −10 69 40 Lt. Precentral Gyrus −0.033 ± 0.152 0.109 ± 0.187 0.166 ± 0.193

6 −77 −6 333 Rt. Cerebellum V 0.177 ± 0.167 0.336 ± 0.135 0.391 ± 0.149

PMC 04 −45 −22 57 85 Lt. Postcentral Gyrus 0.153 ± 0.181 0.294 ± 0.177 0.327 ± 0.221

Peak of group differences in FC magnitude of the global DMN and subnodal DMN with a threshold of FWE-corrected p-value < 0.05.
Abbreviations: DMN, default mode network; DMPFC, dorsomedial prefrontal cortex; FC, functional connectivity; HC, healthy controls;
INSO, insomnia; Lt, left; MIG, migraine; MNI, Montreal Neurological Institute; PMC, posteromedial cortex; Rt, right; SD, standard deviation.
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Figure 2. Anatomical regions with shared FC changes of the global DMN and subnodal DMN in
the clinical groups (migraine and insomnia) compared with healthy controls. Red regions reflect
significantly increased FC in the patients with migraine. Blue regions show significantly increased
FC in the patients with insomnia. Yellow regions show the shared FC alterations in both migraine
and insomnia patients. Abbreviations: DMPFC, dorsomedial prefrontal cortex; FC, functional
connectivity; HC, healthy controls; INSO, insomnia; Lt, left; MIG, migraine; PMC, posteromedial
cortex; Rt, right.
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3.4. Altered FC Patterns of the Global and Subnodal DMN in Patients with Comorbid Migraine
and Insomnia

The global and subnodal FC changes of the DMN in patients with comorbid migraine
and insomnia compared with healthy controls are shown in Supplementary Table S2 and
Supplementary Figure S3 (FWE-corrected p-value < 0.05). Conjunction analyses further
demonstrated that increased global and subnodal DMN FC magnitudes were consistently
found in the bilateral precentral gyrus, right posterior cingulate gyrus, right lateral occipital
cortex, and left postcentral gyrus in patients with comorbid migraine and insomnia relative
to the healthy control group (Table 3 and Figure 3).

Table 3. Anatomical regions with shared significant FC changes in patients with comorbid migraine and insomnia compared
with healthy controls.

MNI Coordinates Cluster
Size

Maximum
T Value

Anatomical Region
Regional FC (Mean ± SD)

x y z HC MIGwINSO

Global DMN −22 −16 76 391 5.61 Lt. Precentral Gyrus 0.063 ± 0.141 0.253 ± 0.134

DMPFC 01 −22 −14 76 1371 5.96 Lt. Precentral Gyrus 0.039 ± 0.111 0.179 ± 0.117

DMPFC 03 4 −14 68 363 4.18 Rt. Precentral Gyrus 0.040 ± 0.106 0.197 ± 0.134

DMPFC 04 9 −41 7 1664 4.67 Rt. Cingulate Gyrus,
posterior division 0.161 ± 0.102 0.324 ± 0.099

38 −61 39 465 5.05 Rt. Lateral Occipital
Cortex, superior division 0.079 ± 0.086 0.234 ± 0.118

PMC 03 −25 −14 74 340 4.88 Lt. Precentral Gyrus −0.015 ± 0.104 0.154 ± 0.086

PMC 04 −57 −22 44 484 4.83 Lt. Postcentral Gyrus 0.106 ± 0.147 0.291 ± 0.186

Peak of group differences in FC magnitude of the global DMN and subnodal DMN with a threshold of FWE-corrected p-value < 0.05. Ab-
breviations: DMN, default mode network; DMPFC, dorsomedial prefrontal cortex; FC, functional connectivity; HC, healthy controls; Lt, left;
MIGwINSO, migraine with insomnia; MNI, Montreal Neurological Institute; PMC, posteromedial cortex; Rt, right; SD, standard deviation.
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Figure 3. Anatomical regions with shared FC differences of the global DMN and subnodal DMN
in patients with comorbid migraine and insomnia (compared with healthy controls). Hot (red)
regions show significantly increased FC in patients with comorbid migraine and insomnia. The green
boundary area represents the shared FC alterations in migraine and insomnia patients. Abbreviations:
DMPFC, dorsomedial prefrontal cortex; FC, functional connectivity; HC, healthy controls; INSO,
insomnia; Lt, left; MIG, migraine; PMC, posteromedial cortex; Rt, right.
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3.5. Potential Clinical Significance of Global and Subnodal DMN FC Changes in the
Comorbidity Group

The exploratory partial Pearson correlation analysis revealed that the FC magnitude
between the posteromedial cortex-04 area and the left postcentral gyrus correlated with
insomnia duration in patients with comorbid migraine and insomnia (r = 0.513, uncorrected
p-value = 0.021).

4. Discussion

This study found that patients with migraines or insomnia showed FC changes of
the global DMN in the precentral gyrus, postcentral gyrus, and cerebellum compared
with healthy controls. FC changes of all the subnodal DMN were primarily observed
in the brain motor and somatosensory systems of patients with migraines or insomnia.
The conjunction analysis further demonstrated shared FC changes in the DMPFC and
posteromedial cortex sub-networks in the precentral gyrus, cerebellum, posterior cingulate
gyrus, lateral occipital cortex, and posterior central gyrus of patients with migraines and
insomnia. The shared patterns of the subnodal FC alteration areas in both groups were
consistently found in the additional comorbid migraine and insomnia group. Moreover, the
FC between the posteromedial cortex and the postcentral gyrus correlated with insomnia
duration in patients with comorbid migraine and insomnia.

Comorbidities of migraine and insomnia may be related to chronic painful disorders
and other irritating symptoms; the resulting physical or psychological pressure indirectly
leads to abnormalities in relevant cognitive behaviors or brain functional networks [50].
In addition, chronic pain input may provoke hypersensitivity to pain, resulting in altered
brain function and activity [51,52]. In addition, chronic pain intensifies over time, sensitiz-
ing brain function, which in turn induces functional changes. Moreover, previous studies
have demonstrated that chronic pain is accompanied by a significant increase in FC of the
DMN in patients with chronic insomnia [53]. In this study, compared with healthy controls,
an increased magnitude of the DMN FC was clearly seen in patients with migraine or
insomnia as well as patients with both migraine and insomnia. Taken together, the DMN
may be considered as a potential network marker for exploring the common pathogenesis
of these two disorders.

The DMN is known to be responsible for sensory integration and adjustment of
pain cognition and attention [21]. Previous research reported that the FC magnitude
within the DMN is reduced, but that the FC between the DMN and outer brain regions
is increased in migraine and insomnia patients [26,54–57]. This phenomenon may be
due to a compensatory effect, in which the original DMN’s function is decreased. Our
results also showed an increased FC magnitude between DMPFC/posteromedial cortex
and brain regions outside the traditional DMN in migraine and insomnia patients. The FC
changes in the DMN subnetwork, especially in the DMPFC and posteromedial cortex sub-
regions, might be associated with dysfunctional emotional processing and pain regulation
in migraine and insomnia patients [58,59].

The conjunction analysis further demonstrated that the DMPFC and posteromedial
cortex sub-networks had shared FC changes with the precentral gyrus, posterior central
gyrus, cerebellum, posterior cingulate gyrus, and lateral occipital cortex. In addition to
participating in pain perception, the posterior cingulate gyrus is found to be dysfunctional
in patients with insomnia [60–62]. In this study, we demonstrated that the FC between the
DMPFC and posterior cingulate gyrus was increased in migraine and insomnia patients
compared to healthy controls. This increased FC magnitude may be associated with a
compensatory effect in relation to abnormal pain perception and insomnia. Additionally,
the posteromedial cortex and its key brain regions, the anterior wedges (precuneus), are
considered to be essential elements of consciousness. These areas are responsible for
many higher-order cognitive functions, including contextual memory extraction and self-
processing, self-attention transfer, and regulating the sensitivity to pain [63,64]. Therefore,
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the brain regions that are functionally connected externally from the posterior medial cortex
might be potential targets for exploring the mechanisms of pain and sleep regulation.

The precentral gyrus belongs to the sensorimotor cortex and is involved in pain
management, especially in chronic pain disorders [65,66]. Migraine patients have decreased
gray matter volume in the precentral gyrus, and the precentral gyrus is over-activated
during headache attacks, probably due to abnormal cerebral blood flow. The resulting
ischemia leads to local structural and neuropathic changes in migraine [67]. Notably,
repetitive transcranial magnetic stimulation in the precentral gyrus can effectively suppress
pain, indicating that the precentral gyrus may be the focal brain area for chronic pain
treatment [68]. In addition, an altered regional homogenous functional activity and neural
low-frequency amplitude of the precentral gyrus have also been identified in insomnia
patients. Furthermore, previous research demonstrated an atypical FC profile between the
precentral gyrus and amygdala [60,69,70]. Patients with insomnia often experience anxiety
and depression due to abnormal sleep history, and these clinical symptoms are significantly
associated with the central cingulate cortex and the precentral gyrus [69]. Therefore,
abnormal changes in the function of the precentral gyrus may help to understand the
relationship between the possible neural mechanisms of insomnia and clinical features.
In this study, we found an increased FC magnitude between the posteromedial cortex and
the precentral gyrus in insomnia and migraine patients, which may be due to the increased
pain regulation and sleep disturbances required by the patient.

The cerebellum is an important anatomical region involved in trigeminal nociception
and pain modulation [71]. Our results demonstrating an increased FC magnitude between
the posteromedial cortex and the cerebellum may therefore be due to altered pain modula-
tion in patients with migraine. The posterior central gyrus has also been suggested to be
involved in the trigemino-thalamo-cortical nociceptive pathway, which is implicated in
migraine pathophysiology [72]. Furthermore, brain activity in the cerebellum and posterior
central gyrus were both reported to be altered in patients with insomnia [73]. Prior research
also showed altered FC in the posterior central gyrus and cerebellum, pointing to aberrant
sensory processing in patients with insomnia [74]. Additionally, altered FC between the
cerebellum and posterior central gyrus has been reported in patients with migraine [75].
Collectively, our results showing an altered DMN FC magnitude in the cerebellum and
posterior central gyrus area common to both disease groups may suggest that aberrant mo-
tor control and sensory processing are associated with the pathophysiological mechanisms
underlying the comorbidity between migraine and insomnia.

In this study, we observed a positive association of the FC magnitude between the
posteromedial cortex and the postcentral gyrus with insomnia duration in patients with
comorbid migraine and insomnia. Consistently, previous studies have suggested that the
FC between the insula and several sensorimotor regions, including the postcentral gyrus,
is associated with the insomnia index, pointing to a disturbance in salience processing
in patients with insomnia [74]. Therefore, the FC between the posteromedial cortex and
the postcentral gyrus might be a potential imaging signature for patients with comorbid
migraine and insomnia. In our study, we suggest that aberrant global and subnodal DMN
FC is common in both diseases, further suggesting that the aberrant sensory processing
and motor control pathways in these specific vulnerable regions may be involved in the
pathophysiology of comorbidity between migraine and insomnia.

Our findings may indicate a dysfunction of the glymphatic system in migraine and
insomnia. The glymphatic pathways comprise a brain-wide network of perivascular spaces
that supports the clearance of metabolic products [76]. The glymphatic system is active pri-
marily during sleep, and its impairment has recently been linked to neurological diseases,
such as Alzheimer’s disease, stroke, sleep disturbance, and migraine [77–79]. Therefore,
a dysfunctional glymphatic system may contribute to the comorbidity of migraine and
insomnia. The clinical visualization and quantification of the glymphatic processes are
still emerging [80,81]. Time-resolved MRI using a human CSF tracer demonstrated that
the contrast agent spreads centripetally from cortex to deeper brain regions, including the
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cerebral cortex, white matter, limbic system, and cerebellar cortex, suggesting that modulat-
ing the glymphatic function can facilitate the delivery of intrathecal compounds [81]. The
above-mentioned brain areas are components of the DMN, and further research is needed
to determine the potential relationship between the DMN alterations and glymphatic
impairments in the comorbidity between migraine and insomnia.

This study has some limitations. First, we used a cross-sectional group comparison
design, and the causality of the comorbidity relationship can therefore not be assessed.
Second, the DMN template used in this study was constructed using meta-analytic connec-
tivity modeling and a connectivity parcellation approach from a huge amount of collected
rsfMRI and positron emission tomography experiments in healthy participants. However,
recent research has revealed that a certain degree of variability in functional network
organization may exist across individuals [82,83]. Hence, future studies incorporating an
individual-wise subnetwork mapping approach will be needed to provide more detailed
information on DMN subnetworks in the context of the pathophysiological underpinnings
of migraine and insomnia. Third, polysomnography can be used in future studies to
select insomnia patients more carefully. This diagnostic test reveals sleep-related breathing
disorders, narcolepsy, sleep-related movement disorders, and certain parasomnias [84].
In our study, none of the participants underwent polysomnography. This assessment is not
routinely indicated for diagnosing and evaluating insomnia, but it can be used to exclude
participants with other sleep-related disorders that affect breathing or movement [84]. Fur-
ther research using polysomnography will provide objective measurements for selecting
the patients with insomnia more accurately. Finally, in this study, the number of male
participants was only six to seven in each group (control, migraine, insomnia), and only
three in the comorbid group. Therefore, male participants were under-represented, making
further statical analysis of sex differences difficult. Since sex differences may play a role in
the comorbidity between migraine and insomnia, further research, including more male
participants, should be considered.

5. Conclusions

In conclusion, this study identified global and subnodal DMN FC alterations in
patients with migraine, insomnia, and comorbid migraine and insomnia. Patients with
migraine and insomnia displayed a shared regional pattern of FC changes, which mainly
affect the brain motor and sensorimotor systems. Additionally, these shared FC alternations
were consistently found in patients with comorbid migraine and insomnia, and the FC
between the posteromedial cortex and the postcentral gyrus was associated with insomnia
duration. Our findings shed new light on the underlying mechanisms of the comorbidity
between migraine and insomnia.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9101420/s1, Figure S1: FC differences of global DMN and subnode DMN
between patients with migraine and insomnia. Figure S2: FC differences in global DMN and subnode
DMN among healthy controls and migraine and insomnia patients. Figure S3: FC differences in
global DMN and subnode DMN between healthy controls and patients with comorbid migraine and
insomnia. Table S1: Anatomical regions with significant FC changes in migraine patients, insomnia
patients compared with healthy controls. Table S2: Anatomical regions with significant FC changes
in patients with comorbid migraine and insomnia compared with healthy controls.
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