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Abstract
Objective  The insula is an important part of the posttraumatic headache (PTH) attributed to mild traumatic brain 
injury (mTBI) neuropathological activity pattern. It is composed of functionally different subdivisions and each of 
which plays different role in PTH neuropathology.

Methods  Ninety-four mTBI patients were included in this study. Based on perfusion imaging data obtained from 
arterial spin labelling (ASL) perfusion magnetic resonance imaging (MRI), this study evaluated the insular subregion 
perfusion-based functional connectivity (FC) and its correlation with clinical characteristic parameters in patients with 
PTH after mTBI and non-headache mTBI patients.

Results  The insular subregions of mTBI + PTH (mTBI patients with PTH) and mTBI-PTH (mTBI patients without PTH) 
group had positive perfusion-based functional connections with other insular nuclei and adjacent discrete cortical 
regions. Compared with mTBI-PTH group, significantly increased resting-state perfusion-based FC between the 
anterior insula (AI) and middle cingulate cortex (MCC)/Rolandic operculum (ROL), between posterior insula (PI) 
and supplementary motor area (SMA), and decreased perfusion-based FC between PI and thalamus were found 
in mTBI + PTH group. Changes in the perfusion-based FC of the left posterior insula/dorsal anterior insula with the 
thalamus/MCC were significant correlated with headache characteristics.

Conclusions  Our findings provide new ASL-based evidence for changes in the perfusion-based FC of the insular 
subregion in PTH patients attributed to mTBI and the association with headache features, revealing the possibility of 
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Introduction
Posttraumatic headache (PTH) is a secondary head-
ache disorder defined by the third version of the Inter-
national Classification of Headache Disorders (ICHD-3) 
as a headache caused by underlying head and/or neck 
trauma or injury [1, 2]. This condition, which can cause 
severe pain and disability, is one of the most common 
symptoms after mild traumatic brain injury (mTBI) and 
one of the most likely symptoms to persist after mTBI [3, 
4]. Previous studies have reported that the cumulative 
incidence of PTH within 1 year after mTBI is as high as 
91% [5, 6]. Although PTH may be the only symptom after 
a head injury, it is often accompanied by other trauma-
related symptoms, including sleep problems, posttrau-
matic stress, imbalance or vertigo, cognitive dysfunction, 
personality changes, depression, anxiety, and extracranial 
pain [7–9]. However, no specific symptoms or headache 
features have been shown to contribute to the diagnosis 
of PTH [10]. The high prevalence and impact of PTH 
emphasize the need for further exploration of its patho-
physiological mechanism, its early recognition and accu-
rate diagnosis, and early effective intervention for and 
prognostic evaluation of patients with PTH. However, 
the underlying pathophysiological mechanisms of PTH 
remain unclear, and there are currently no evidence-
based methods for specifically diagnosing and evaluating 
PTH.

Because of its extensive structural connections with the 
anterior cingulate cortex, olfactory cortex, orbitofron-
tal cortex, amygdala, and superior temporal sulcus, the 
insula has traditionally been described as the paralim-
bic cortex or “limbic integration cortex” [11]. Functional 
neuroimaging studies have shown that the anterior and 
posterior functions of the insula are spatially distinct. 
For example, the anterior insular cortex (AIC) is active 
when tracking and sensing pain, while the posterior 
insular cortex (PIC) is involved in harmless temperature 
perception [12, 13]. More recently, the “pain matrix” has 
been redefined as the cortical network that responds to 
nociceptive stimuli and includes the somatosensory cor-
tex, the insular cortex, and the medial cingulate cortex. 
Pain—whether chronic or acute, physical or psychologi-
cal—activates the AIC [14]. PTH can cause damage to 
the insula, a finding of special interest to researchers in 
recent years. Nikolova et al. showed that the T2* value 
of the left insular cortex in PTH patients was lower than 
that in healthy controls, and multiple linear regression 
showed that the T2* value of the insula was negatively 

correlated with the frequency of headache [15]. A func-
tional MRI (fMRI) studyrevealed significant differences 
in static functional connectivity (FC) in the PIC between 
patients with PTH and patients with migraine. The find-
ings also showed that headache frequency in the PTH 
group was correlated with static FC in the right posterior 
insula and the left cingulate [16]. However, to the best of 
our knowledge, insular subregional FC in patients with 
MTBI-induced PTH has not been studied to date.

In addition, the abovementioned studies were mainly 
based on fMRI signals obtained from imaging sequences 
sensitive to blood oxygen level-dependent (BOLD) con-
trast. Recently, however, studies have evaluated perfu-
sion-based FC based on data collected from perfusion 
MRI via resting-state arterial spin labelling (ASL) [17]. 
Due to the tight coupling of neural activity with regional 
perfusion, changes in underlying brain activity can be 
reflected by fluctuations in the perfusion signals. At rest-
ing state, the perfusion power spectrum is essentially flat, 
while the BOLD power spectrum shows increased noise 
power at low frequencies [18]. Therefore, ASL may bet-
ter characterize low-frequency fluctuations than BOLD 
signals [19, 20]. One study showed that ASL demonstrats 
comparable repeatability and statistical power to BOLD 
fMRI [21].

In this study, based on previous evidence, we used MRI 
based on resting-state ASL and seed-based methods to 
investigate global brain perfusion-based FC changes in 
the insular subregion in PTH and nonheadache mTBI 
patients and then explored the relationship between insu-
lar subregion perfusion-based FC abnormalities and the 
clinical characteristics of PTH. We hypothesize that the 
perfusion-based FC of the insular subdivision with other 
cortical areas in PTH patients would be altered with 
respect to that in nonheadache mTBI patients. Finally, 
receiver operating characteristic (ROC) curve analysis 
was used to evaluate the ability of insular subregion per-
fusion-based FC measurements to distinguish PTH from 
nonheadache mTBI patients.

Methods
Subjects
Right-handed mTBI patients were prospectively 
enrolled in this study. mTBI was defined according to 
the guidelines of the American Congress of Rehabili-
tation Medicine [22]. The inclusion criteria were age 
18 years or older, Glasgow Coma Scale (GCS) score of 
13–15, posttraumatic amnesia lasting < 24  h, and loss of 

potential neuroplasticity after PTH. These findings may contribute to early diagnosis of the disease and follow-up of 
disease progression.

Keywords  Posttraumatic headache, Mild traumatic brain injury, Insular subdivisions, Functional connectivity, Arterial 
spin labelling



Page 3 of 10Li et al. The Journal of Headache and Pain          (2024) 25:103 

consciousness < 30  min. The exclusion criteria were as 
follows: (a) previous history of head injury or psychiat-
ric/neurological disease; (b) history of drug, alcohol or 
substance abuse; (c) contraindications to MRI; and (c) 
history of migraine or any other headache prior to injury. 
All mTBI patients initially underwent MRI scans and 
clinical and neurological scale assessments within 7 days 
after injury (3.06 ± 2.03 days). According to the diagnos-
tic criteria of the ICHD-3 beta [23], mTBI patients were 
divided into two groups: mTBI with and without PTH. 
All patients underwent clinical and neuropsychological 
follow-up at 3 months after injury. All patients with PTH 
were assessed for the sites of major headache, headache 
intensity, and headache frequency (days/months). Head-
ache intensity was assessed using a visual analogue scale 
(VAS) [24], a numerical rating scale from 0 to 10, where 0 
represented no pain and 10 represented the most severe 
pain imaginable. Neurocognitive status was assessed 
using the Montreal Cognitive Assessment Method 
(MoCA) [25]. The MoCA, a sensitive cognitive screen-
ing test often administered after mTBI, has been widely 
used in patients with pain disorders, according to San-
tangelo et al. [26]. The maximum score on the test is 30; 
a score greater than 26 is considered normal, while lower 
scores indicate greater cognitive deficits. This study was 
approved by the Institutional Review Board of Nanjing 

Medical University, and all participants provided written 
informed consent.

MRI data acquisition
Data acquisition was carried out on a 3.0 T MRI scanner 
(Ingenia, Philips Medical Systems, Netherlands) using an 
8-channel standard head coil. ASL data were collected 
using a 2D-pseudocontinuous ASL (pCASL) sequence: 
repetition time (TR) = 4000 ms; echo time (TE) = 11 ms; 
postlabel delay = 1600 ms; label duration = 1650 ms; flip 
angle (FA) = 90°; slice thickness = 5  mm with 10% gap; 
field of view (FOV) = 240 mm × 240 mm; matrix = 64 × 64; 
30 control/label pairs; the Z-direction was foot-head, 
and an ASL scan duration of 4 min and 8 s. Anatomical 
data were collected using a three-dimensional turbo fast-
echo (3D-TFE) T1-weighted imaging (T1WI) sequence: 
TE/TR = 3.7 ms/8.1 ms; slices = 170; thickness = 1  mm; 
FA = 8°; gap = 0  mm; FOV = 256  mm×256  mm; acquisi-
tion matrix = 256 × 256; and a total scan duration of 5 min 
and 28  s. Susceptibility weighted imaging (SWI) data 
were obtained using a 3D gradient echo (GRE) sequence: 
TE/TR = 34 ms/22 ms; FA = 20; slice thickness = 1  mm; 
FOV = 220 mm×220 mm; and matrix = 276 × 319.

MRI data preprocessing
Data preprocessing was carried out using Statisti-
cal Parametric Mapping (SPM8, http://www.fil.ion.ucl.
ac.uk/spm) and the ASL data processing toolbox ASLtbx 
(https://cfn.upenn.edu/~zewan). The labelled and con-
trol images were realigned, coregistered with the ana-
tomical data set, and subtracted in pairs to obtain a time 
series of perfusion images. The detailed procedures have 
been described in a previous study [27]. In short, first, 
motion correction was carried out, and data with motion 
translations > 2 mm or rotations > 2° were removed. Sec-
ond, the obtained data were registered to the structural 
images. Then, the data were normalized to the Montreal 
Neurological Institute (MNI) standard space (resolution: 
2 × 2 × 2 mm3). Finally, spatial smoothing was performed 
with a 6-mm full-width at half-maximum (FWHM) 
Gaussian kernel.

Perfusion-based FC analysis
Perfusion-based FC analysis was performed using the 
Data Processing & Analysis of Brain Imaging (DPABI, 
http://rfmri.org/DPABI) toolbox to assess the temporal 
correlations of slow spontaneous fluctuations in the rest-
ing cerebral blood flow (CBF) time series. Six spherical 
seeds (radius = 6  mm) were centred on the coordinates 
of each region of interest (ROI) in the MNI 152 space 
(Fig. 1). Based on previous study [28], the identities and 
coordinates of the resulting six ROIs are as follows: right 
ventral anterior insula (R-vAI, red, MNI = 32, 10, − 6), 
right dorsal anterior insula (R-dAI, blue, MNI = 35, 7, 3), 

Fig. 1  Subdivisions of the insular cortex: right ventral anterior insula (R-
vAI, red), right dorsal anterior insula (R-dAI, blue), right posterior insula (R-
PI, orange), left ventral anterior insula (L-vAI, pink), left dorsal anterior insula 
(L-dAI, purple), and left posterior insula (L-PI, green)
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right posterior insula (R-PI, orange, MNI = 35, − 11, 6), 
left ventral anterior insula (L-vAI, pink, MNI = − 33, 13, 
− 7), left dorsal anterior insula (L-dAI, purple, MNI = -38, 
6, 2), and left posterior insula (L-PI, green, MNI = − 38, 
− 6, 5). A similar seed-based method was used for per-
fusion-based FC analysis by selecting six ROIs located 
in the insular subdivision as seeds. Prior to Pearson cor-
relation analysis, several covariates (translation (x, y, z) 
and rotation (α, β, γ) motion parameters) were removed 
from the data by linear regression to eliminate spatial 
correlations due to noise. Then, the signal in the CBF 
time series was low-pass filtered (f < 0.07 Hz) [19]. Since 
the CBF time series is not affected by the low-frequency 
drift present in the BOLD data, a high-pass filter is not 
used. Pearson’s correlation was performed to estimate 
the voxelwise seed-to-voxel connectivity of each subject, 
and Fisher’s r-to-z transformation was subsequently per-
formed. Six individual Z-maps were obtained, represent-
ing the strength of the correlation between each seed and 
each brain voxel. These maps were then used for a second 
level of random effects analysis.

Statistical analyses
The Kolmogorov–Smirnov test was carried out to assess 
the normality of the distribution of the demographic 
data. Demographic characteristics and clinical data were 
compared between groups using two-sample t tests 
(mean values) and χ-square tests (sex ratios). P < 0.05 
was taken as the threshold for statistical significance. 
The group-level one sample T test was used to evaluate 
the perfusion-based FC maps of the 6 insula subdivision 
ROIs in each group, and the group connectivity maps 
of the insula subnetwork in each group were obtained 
based on the CBF (false discovery rate (FDR) correc-
tion, p < 0.05). For each ROI, a 2-sample t test was con-
ducted to compare the perfusion-based FC maps of the 

insular subdivisions between mTBI patients with PTH 
and mTBI patients without PTH while controlling for 
age, sex, and educational level (Gaussian random field 
correction, clustering level p < 0.05, voxel level p < 0.001). 
Spearman’s correlation analysis was used to evaluate the 
relationships between significant cluster perfusion-based 
FC values and clinical variables, controlling for age, sex, 
and educational level (Bonferroni correction, p < 0.05). 
ROC curve analysis and binary logistic regression were 
used to assess the extent to which perfusion-based FC z 
values extracted from clusters with significant differences 
between groups were able to distinguish PTH patients 
from non-PTH patients. The differentiation performance 
of each cluster perfusion-based FC index was evaluated. 
In addition, a binary logistic regression model was con-
structed by combining all the indexes, and its perfor-
mance was evaluated.

Results
Demographics
A total of 94 patients with mTBI were included in this 
study. The participants were divided into two groups: 
the mTBI + PTH group (mTBI patients with PTH, 
n = 48) and the mTBI-PTH group (mTBI patients with-
out PTH, n = 46). The two groups were well matched 
for age (p = 0.191), sex (p = 0.409), and educational level 
(p = 0.206). There was no significant difference in the 
MoCA score (p = 0.364) between the groups. The demo-
graphic information of the participants is shown in 
Table  1. No visible traumatic lesions were observed on 
SWI.

Perfusion-based insular FC maps in mTBI + PTH patients 
and mTBI-PTH patients
The perfusion-based FC distributions of the insular sub-
regions were largely similar in the right and left hemi-
spheres in both mTBI + PTH patients and mTBI-PTH 
patients (Fig. 2). Functionally, all the insular subdivisions 
had positive perfusion-based FC with most of the other 
insular and adjacent brain regions, including the fron-
tal, parietal, and temporal lobes. No significant negative 
perfusion-based FC was found between the insular sub-
regions and other brain regions in any of the groups.

Perfusion-based FC of mTBI + PTH patients versus mTBI-
PTH patients
Figure 3; Table 2 show the significant differences in per-
fusion-based FC between mTBI + PTH and mTBI-PTH 
patients. mTBI + PTH patients showed changes in per-
fusion-based FC associated with the insular subregion, 
mainly in the connectivity with the cingular-opercular 
network and sensorimotor network. The perfusion-
based FC of the insular subregions increased in four 
clusters in the mTBI + PTH group; specifically, compared 

Table 1  Demographic and cognitive variables of the mTBI with 
PTH patients and mTBI without PTH patients
Characteristics mTBI + PTH (n = 48) mTBI-PTH (n = 46) p-value
Age (years) 39.00 ± 11.05 42.13 ± 11.98 0.191
Education (years) 13.10 ± 3.06 14.02 ± 3.88 0.206
Gender (Female/ Male) 21/27 25/21 0.409
MoCA scores 24.46 ± 2.72 24.98 ± 2.80 0.364
Headache characteristics
Predominant side
  Right 18 - -
  Left 12 - -
  Bilateral 18 - -
  Unilateral 30 - -
Headache frequency 11.69 ± 7.25 - -
Headache intensity 4.62 ± 1.90 - -
The data are shown as the mean ± SD. mTBI, mild traumatic brain injury; PTH, 
posttraumatic headache; GCS Glasgow Coma Scale; MoCA, Montreal Cognitive 
Assessment
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Fig. 3  Group differences in perfusion-based functional connectivity for 3 ROI (R-vAI, L-dAI, L-PI) (Gaussian random field correction, clustering level 
p < 0.05, voxel level p < 0.001). The cold color indicates decreased CBF and hot color indicates increased CBF in mTBI + PTH patients compared to mTB-PTH 
patients. L, left; R, right; vAI, ventral anterior insula; dAI, dorsal anterior insula; PI, posterior insula; MCC, middle cingulate cortex; SMA, supplementary motor 
area; ROL, Rolandic operculum

 

Fig. 2  Perfusion-based functional connectivity maps of six insular subdivisions (R-vAI, R-dAI, R-PI, L-vAI, L-dAI, L-PI) in mTBI + PTH patients (mTBI patients 
with PTH, n = 48) and mTB-PTH patients (mTBI patients without PTH, n = 46). L, left; R, right; vAI, ventral anterior insula; dAI, dorsal anterior insula; PI, pos-
terior insula
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with that in the mTBI-PTH group, the perfusion-based 
FC between the left dAI and the right Rolandic opercu-
lum (ROL)/left middle cingulate cortex (MCC) was sig-
nificantly greater in the mTBI + PTH group, as was the 
perfusion-based FC between the right vAI and the left 
MCC and between the left PI and the left supplementary 
motor area (SMA). Additionally, the perfusion-based 
FC between the left PI and the right thalamus was sig-
nificantly lower in the mTBI + PTH group. No significant 
changes in the perfusion-based FC of the other insular 
subdivisions (L_vAI, R_PI, R_dAI) were found between 
two groups.

Correlations of insula subdivision perfusion-based FC with 
clinical variables
The perfusion-based FC between the left dAI and left 
MCC was negatively correlated with headache inten-
sity (r =-0.388, p = 0.006), while the perfusion-based FC 
between the left PI and right thalamus was positively 
associated with headache frequency (r = 0.357, p = 0.012).

Discriminatory performance of the perfusion-based FC 
indexes
ROC curve analysis revealed that the perfusion-based 
FC between the left PI and the left SMA best discrimi-
nated between the mTBI + PTH and mTBI-PTH groups, 
with an area under the curve (AUC) of 0.809 (95% 
CI = 0.715–0.883; Figs. 4 and 5). Additionally, the binary 
logistic regression model constructed from five connec-
tivity indicators had the greatest ability to distinguish 
mTBI + PTH and mTBI-PTH patients, with an AUC of 
0.882 (95% CI = 0.799–0.939; Table 3).

Discussion
In this study, the resting-state perfusion-based FC 
changes in the insular subregion were investigated both 
in patients with PTH attributed to mTBI and in patients 
with mTBI without PTH using fMRI techniques based on 
ASL perfusion. This study confirmed that both increases 
and decreases in resting-state perfusion-based FC occur 
in the insular subregion of patients with PTH caused by 
mTBI, revealing changes in the perfusion-based FC of 
the left dAI, left PI, and right vAI after PTH, mainly with 
the cingular-ocular network (CON) and sensorimotor 

Table 2  Brain regions with significant group differences in the 
perfusion-based functional connectivity of insular
Brain regions BA Peak MNI 

coordinates 
x, y, z (mm)

Peak T 
value

Cluster 
size(Voxels)

ROI: R_vAI
  L_MCC 31 -4, -30, 46 4.5609 291
ROI: L_PI
  L_SMA 24 -2, -12, 48 4.4693 620
  R_Thalamus 4, -30, 6 -3.8932 517
ROI: L_dAI
  R_ROL 13 48, -2, 16 4.5567 360
  L_MCC 31 -4, -27, 46 4.4424 410
MNI, Montreal Neurological Institute. R_vAI, right ventral anterior insula; L_PI, 
left posterior insula; L_dAI, left dorsal anterior insula; MCC, middle cingulate 
cortex; SMA, supplementary motor area; ROL, Rolandic operculum; L, left; R, 
right

Fig. 4  Correlations between perfusion-based functional connectivity changes and headache characteristics in mTBI + PTH group. (A) Correlations be-
tween FC changes (between the L-PI and the R-thalamus) and headache frequency. (B) significant correlation between FC changes (between the L-dAI 
and the L-MCC) and headache intensity score. L, left; R, right; dAI, dorsal anterior insula; PI, posterior insula; MCC, middle cingulate cortex
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network (SMN), extending beyond the traditional pain 
processing area. Additionally, there were significant cor-
relations between headache features and perfusion-based 
FC changes between the left dAI and MCC and between 
the left PI and right thalamus.

Emerging evidence shows that the insula, as a key hub 
of the SN, is an interoceptive signal receiver that plays 
a central role in the coordination of neural resources, 
dynamic cognitive control, and detection of behav-
ioural stimuli [29]. Subdivisions of the insula based on 

whole-brain perfusion-based FC patterns showed that 
the anterior insula (AI) is mainly connected to the dor-
sal anterior cingulate, while the PI is mainly connected 
to the SMA and middle cingulate, which has also been 
reflected in anatomical connectivity patterns [30, 31]. 
The AI tracks emotions (e.g., disgust) and perceptions 
(e.g., pain and temperature) associated with physical 
states, and the AIC is active when it perceives pain and 
heat intensity [32]. Consistent with previous evidence, 
we found significant increases in perfusion-based FC 
between the dAI and MCC and between the vAI and 
MCC in the PTH group relative to the mTBI-PTH group. 
Similarly, significant differences in static FC between 
patients with PTH and patients with migraine were also 
found for several region pairs, including the insula and 
MCC, based on BOLD resting-state imaging data [16]. In 
addition, we observed that perfusion-based FC changes 
between the left dAI and left MCC were negatively cor-
related with headache intensity in patients with PTH, 
which highlights the important role of the dAI. Dum-
krieger et al. ‘s study based on bold MRI also showed that 
FC between the right posterior insula and the left hypo-
thalamus was significantly negatively correlated with 

Table 3  Results of ROC for the discrimination between 
mTBI + PTH and mTBI-PTH patients
Functional connectivity index AUC (95%CI)
Right vAI – left MCC 0.732(0.631–0.818)
Left PI – left SMA 0.809(0.715–0.883)
Left PI – right thalamus 0.733(0.632–0.819)
Left dAI – left MCC 0.735(0.634–0.820)
Left dAI – right ROL 0.731(0.630–0.818)
Combination of five indexes 0.882(0.799–0.939)
AUC, the area under the ROC curve; CI, confidence intervals; R_vAI, right ventral 
anterior insula; L_PI, left posterior insula; L_dAI, left dorsal anterior insula; 
MCC, middle cingulate gyrus; SMA, supplementary motor area; ROL, Rolandic 
operculum

Fig. 5  ROC curves of the significant functional connectivity of ROIs for mTBI + PTH group and mTBI-PTH group. ROC, receiver operating characteristic. 
R_vAI, right ventral anterior insula; L_PI, left posterior insula; L_dAI, left dorsal anterior insula; MCC, middle cingulate cortex; SMA, supplementary motor 
area; ROL, Rolandic operculum
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headache frequency in patients with PTH [16]. More-
over, for PTH patients, the increase in perfusion-based 
FC between the dAI and MCC may represent abnormal 
activity of the “pain matrix”, composed of the AIC, cin-
gulate cortex, and somatosensory cortex and may be 
one of the neuropathological bases for PTH formation. 
However, whether these perfusion-based FC changes are 
inherent in the brain after PTH is unknown and needs to 
be further explored in future studies.

Specifically, the PTH group showed increased per-
fusion-based FC between the dAI and Rol in this study. 
The ROL, as an essential brain region of the CON, is 
mainly involved in task initiation, monitoring and main-
tenance processes and has a role in complex functions, 
mainly movement, autonomy, sensation, and emotional 
and cognitive processing [33, 34]. A meta-analysis of 
voxel-based morphometric (VBM) studies reported that 
migraine patients showed grey matter abnormalities in 
the left insula and the bilateral ROL [33] [35]. Another 
study based on resting-state BOLD fMRI showed that 
patients with acute mTBI had less-effective connections 
from the left insula to the right Rol than healthy controls 
[36]. Previous studies have shown that there are close 
structural and functional connections between the insula 
and the Rol [37]. Moreover, Dong L et al. reported that 
chronic migraine patients showed changed mean ampli-
tude of low-frequency fluctuation in the right ROL [38]. 
Therefore, we speculate that perfusion-based FC changes 
between the dAI and Rol may play an important role in 
the occurrence and development of PTH after mTBI. 
However, the specific role of ROL in PTH, whether it is 
related to pain or accompanying cognitive impairment, is 
unclear.

The PI is a granular region that receives input from the 
occipital, parietal, thalamic, and temporal cortices and is 
closely associated with sensorimotor and pain processes. 
The PI mainly receives and integrates various interocep-
tive signals and then sends the signals to the AI [39]. The 
PI network components identified by FC analysis include 
the auxiliary motor area and somatosensory cortex [40]. 
Consistent with previous findings, we found a significant 
increase in perfusion-based FC between the PI and left 
SMA in patients with PTH, which is also partially consis-
tent with the findings of Li et al., who observed increased 
effective connectivity of the left insula, primarily with the 
left motor cortex, in acute mTBI patients [36]. Another 
study by Nikolova and colleagues revealed that individu-
als with PTH exhibited abnormal magnetic resonance 
T2* values compared with healthy controls in the right 
SMA, right Rol, and left insula [15]. The second cortical 
area whose perfusion-based FC with the PI was altered in 
PTH patients was the right thalamus, and the strength of 
this perfusion-based FC was found to be correlated with 
headache frequency in the PTH group. A study based 

on multimodal T1-weighted and T2* brain MRI showed 
lower T2* values in the left thalamic subfield (indicating 
more iron deposition) in PTH patients than in healthy 
controls and a significant negative correlation between 
T2* signals in the left thalamus and headache intensity 
[41]. Previous studies based on the pcasl approach exam-
ined changes in CBF in chronic migraine patients, show-
ing abnormal CBF and arterial cerebral blood volume 
in the bilateral ventral nucleus region of the thalamus 
compared to healthy subjects [42, 43]. These findings are 
consistent with data from the literature supporting an 
important role of the thalamus in headache attack [44]. 
The thalamus plays a key role in the perceptual integra-
tion and the pathological mechanism of headache, but 
its role in PTH is unclear [45]. This result highlights the 
important role of the thalamus, and we speculate that 
perfusion-based FC alterations between the PI and thala-
mus may be one of the foundations of PTH. Future stud-
ies should be conducted to confirm these abnormalities 
and possibly provide additional evidence for other imag-
ing techniques to report changes in the PI-thalamic FC in 
PTH patients, thus indicating whether this region is spe-
cifically affected in PTH.

Despite directly reflecting regional neuronal activ-
ity, there is little research on whether perfusion-based 
FC calculated based on ASL data can potentially iden-
tify or predict patients with PTH caused by mTBI. In 
the current study, we found that the perfusion-based FC 
strength between the left PI and left SMA was able to dis-
tinguish between mTBI + PTH and mTBI-PTH patients 
well. Our results provide preliminary evidence that the 
perfusion-based FC in the insular subregion may be use-
ful as a perfusion biomarker for assessing PTH. Although 
they have not yet been validated in separate groups, we 
believe that indicators of insular subregion perfusion-
based FC derived from ASL data may aid in the diagnosis 
of early PTH and thus deserve further study.

This study has several limitations. First, the sample 
size of this study was relatively small, which may have 
affected the statistical power. Future follow-up stud-
ies with larger data sets are needed to validate the find-
ings of this paper. Second, this study lacked a matched 
healthy control group that could be directly compared 
with the mTBI + PTH/mTBI-PTH groups. Further studies 
are needed to compare the structural and functional FC 
of insular subregions between mTBI + PTH and mTBI-
PTH groups and matched healthy controls. Third, we 
used an ROI approach based on a priori defined regions 
in this study and did not evaluate large-scale network 
effect changes. Future studies are needed to investigate 
the potential changes in perfusion-based FC in the early 
stages of PTH, both horizontally and longitudinally, and 
their relationship to various clinical features in patients 
with PTH. Fourth, this study did not analyze static 
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(mean) perfusion coupling differences and mean CBF dif-
ferences between the two groups. It is necessary to con-
duct this analysis in future studies. Finally, it is difficult 
to confirm whether the PTH-related perfusion-based FC 
changes identified in the insula subregion are risk factors 
for disease or subsequent acquired changes in the current 
study and other cross-sectional analyses. More longitudi-
nal studies are needed to further explore this question in 
the future.

Conclusions
Based on ASL data, this study revealed abnormal changes 
in insular subregion-cortical perfusion-based FC in spe-
cific brain areas of PTH patients after mTBI as well as 
correlations between abnormal perfusion-based FC and 
headache characteristics. We have provided new evi-
dence for perfusion-based FC changes in the insula sub-
region in PTH patients after mTBI, revealing potential 
neural remodeling and adaptation of the insula central 
circuit after PTH, as well as the possibility of a potential 
early predictive biomarker that could aid in early diagno-
sis of the disease and follow-up of disease progression.

Abbreviations
fMRI	� Functional magnetic resonance imaging
PTH	� Posttraumatic headache
mTBI	� Mild traumatic brain injury
ASL	� Arterial spin labeling
FC	� Functional connectivity
vAI	� Ventral anterior insula
dAI	� Dorsal anterior insula
PI	� Posterior insula
MCC	� Middle cingulate cortex
SMA	� Supplementary motor area
ROL	� Rolandic operculum
BOLD	� Blood oxygen level correlation
ROC	� Receiver operating characteristic
GCS	� Glasgow Coma Score
MoCA	� Montreal Cognitive Assessment
VAS	� Visual analogue scale
SMN	� Sensorimotor network
CON	� Cingular-ocular network

Acknowledgements
We thank all the patients for their participation in the study.

Author contributions
FL and DZ designed the study, performed the experiments, and wrote the 
manuscript. JR, CX, LH and ZM performed the experiments and analyzed the 
data. LL and XW did the financial support, review, and final approval of the 
paper to be published. All authors read and approved the final manuscript.

Funding
This work was funded by the Natural Science Foundation of China 
(No.82102012, 82102006).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All subjects underwent the same MRI scan and cognitive function assessment. 
The present study was approved by the local ethics of Nanjing Medical 

University. Written informed consent were obtained from all participants 
before undergoing MRI.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Radiology, Nanjing First Hospital, Nanjing Medical 
University, No.68, Changle Road, Nanjing 210006, China

Received: 25 April 2024 / Accepted: 8 June 2024

References
1.	 Maleki N, Finkel A, Cai G, Ross A, Moore RD, Feng X, Androulakis XM (2021) 

Post-traumatic headache and mild traumatic brain Injury: Brain Networks and 
Connectivity. Curr Pain Headache Rep 25(3):20

2.	 Xu H, Xu C, Guo Y, Hu Y, Fang Q, Yang D, Bai G Abnormal longitudinal changes 
of structural covariance networks of cortical thickness in mild traumatic 
brain injury with posttraumatic headache. Prog Neuro-psychopharmacol Biol 
Psychiatry 2024:111012

3.	 Fan F, Anderson V, Morawakage T, Khan N, Shapiro JS, Ignjatovic V, Takagi M 
(2024) Post-traumatic headache pathophysiology in paediatric concussion: a 
systematic review. Neurosci Biobehav Rev 156:105498

4.	 Aita SL, Schuler KR, Isaak SL, Borgogna NC, Moncrief GG, Hollis SD, Hill BD 
(2023) Posttraumatic stress disorder complicated by traumatic Brain Injury: a 
narrative review. SN Compr Clin Med 5(1):92

5.	 Lucas S, Hoffman JM, Bell KR, Dikmen S (2014) A prospective study of preva-
lence and characterization of headache following mild traumatic brain injury. 
Cephalalgia: Int J Headache 34(2):93–102

6.	 Ashina H, Eigenbrodt AK, Seifert T, Sinclair AJ, Scher AI, Schytz HW, Lee MJ, 
De Icco R, Finkel AG, Ashina M (2021) Post-traumatic headache attributed to 
traumatic brain injury: classification, clinical characteristics, and treatment. 
Lancet Neurol 20(6):460–469

7.	 Kim SK, Chong CD, Dumkrieger G, Ross K, Berisha V, Schwedt TJ (2020) Clinical 
correlates of insomnia in patients with persistent post-traumatic headache 
compared with migraine. J Headache Pain 21(1):33

8.	 Marcus HJ, Paine H, Sargeant M, Wolstenholme S, Collins K, Marroney N, 
Arshad Q, Tsang K, Jones B, Smith R et al (2019) Vestibular dysfunction in 
acute traumatic brain injury. J Neurol 266(10):2430–2433

9.	 Merrill RM, Gibbons IS (2023) Comorbidity of Sleep disorders, Mental Illness, 
and migraine or headaches. SN Compr Clin Med 5(1):283

10.	 Schwedt TJ (2021) Post-traumatic headache due to mild traumatic brain 
injury: current knowledge and future directions. Cephalalgia: Int J Headache 
41(4):464–471

11.	 Mallela AN, Deng H, Gholipour A, Warfield SK, Goldschmidt E (2023) Hetero-
geneous growth of the insula shapes the human brain. Proc Natl Acad Sci 
USA 120(24):e2220200120

12.	 Zhang Y, Ma S, Liu Y, Kong F, Zhen Z (2023) Functional integration of anterior 
insula related to meaning in life and loneliness. J Affect Disord 338:10–16

13.	 Simons LE, Elman I, Borsook D (2014) Psychological processing in chronic 
pain: a neural systems approach. Neurosci Biobehav Rev 39:61–78

14.	 Garcia-Larrea L, Bastuji H (2018) Pain and consciousness. Prog Neuro-psycho-
pharmacol Biol Psychiatry 87(Pt B):193–199

15.	 Nikolova S, Schwedt TJ, Li J, Wu T, Dumkrieger GM, Ross KB, Berisha V, Chong 
CD (2022) T2* reduction in patients with acute post-traumatic headache. 
Cephalalgia: Int J Headache 42(4–5):357–365

16.	 Dumkrieger G, Chong CD, Ross K, Berisha V, Schwedt TJ (2019) Static and 
dynamic functional connectivity differences between migraine and persis-
tent post-traumatic headache: a resting-state magnetic resonance imaging 
study. Cephalalgia: Int J Headache 39(11):1366–1381

17.	 Park S, Lee DA, Lee HJ, Shin KJ, Park KM (2022) Brain networks in migraine 
with and without aura: an exploratory arterial spin labeling MRI study. Acta 
Neurol Scand 145(2):208–214

18.	 Aguirre GK, Detre JA, Zarahn E, Alsop DC (2002) Experimental design and the 
relative sensitivity of BOLD and perfusion fMRI. NeuroImage 15(3):488–500



Page 10 of 10Li et al. The Journal of Headache and Pain          (2024) 25:103 

19.	 Fernández-Seara MA, Mengual E, Vidorreta M, Castellanos G, Irigoyen J, Erro 
E, Pastor MA (2015) Resting state functional connectivity of the subthalamic 
nucleus in Parkinson’s disease assessed using arterial spin-labeled perfusion 
fMRI. Hum Brain Mapp 36(5):1937–1950

20.	 Chen S, Zhang Y, Zhang Z, Zhou TD, Duan W, Weinschenk G, Luh WM, Ander-
son AK, Dai W (2023) Global functional connectivity at Rest is Associated with 
attention: an arterial spin labeling study. Brain Sci 13(2)

21.	 Vidorreta M, Wang Z, Rodríguez I, Pastor MA, Detre JA, Fernández-Seara MA 
(2013) Comparison of 2D and 3D single-shot ASL perfusion fMRI sequences. 
NeuroImage 66:662–671

22.	 Carroll LJ, Cassidy JD, Holm L, Kraus J, Coronado VG Methodological issues 
and research recommendations for mild traumatic brain injury: the WHO 
Collaborating Centre Task Force on mild traumatic brain Injury. J Rehabil Med 
2004(43 Suppl):113–125

23.	 Headache Classification Committee of the International Headache Society 
(IHS) (2018) The International classification of Headache disorders, 3rd edi-
tion. Cephalalgia: Int J Headache 38(1):1–211

24.	 Varndell W, Fry M, Elliott D (2017) A systematic review of observational pain 
assessment instruments for use with nonverbal intubated critically ill adult 
patients in the emergency department: an assessment of their suitability and 
psychometric properties. J Clin Nurs 26(1–2):7–32

25.	 de Guise E, Alturki AY, LeBlanc J, Champoux MC, Couturier C, Lamoureux J, 
Desjardins M, Marcoux J, Maleki M, Feyz M (2014) The Montreal Cognitive 
Assessment in persons with traumatic brain injury. Appl Neuropsychol Adult 
21(2):128–135

26.	 Santangelo G, Russo A, Trojano L, Falco F, Marcuccio L, Siciliano M, Conte 
F, Garramone F, Tessitore A, Tedeschi G (2016) Cognitive dysfunctions and 
psychological symptoms in migraine without aura: a cross-sectional study. J 
Headache Pain 17(1):76

27.	 Zhu J, Zhuo C, Xu L, Liu F, Qin W, Yu C (2017) Altered coupling between 
resting-state cerebral blood Flow and Functional Connectivity in Schizophre-
nia. Schizophr Bull 43(6):1363–1374

28.	 Peng X, Lin P, Wu X, Gong R, Yang R, Wang J (2018) Insular subdivisions 
functional connectivity dysfunction within major depressive disorder. J Affect 
Disord 227:280–288

29.	 Yang W, Wang S, Luo J, Yan C, Tang F, Du Y, Fan L, Zhang M, Zhang J, Yuan K 
et al (2022) Longitudinal resting-state functional connectivity changes in 
the insular subdivisions of abstinent individuals with opioid use disorder. 
Psychiatry Res 317:114808

30.	 Trambaiolli LR, Peng X, Lehman JF, Linn G, Russ BE, Schroeder CE, Liu H, Haber 
SN (2022) Anatomical and functional connectivity support the existence of a 
salience network node within the caudal ventrolateral prefrontal cortex. eLife 
11

31.	 Nomi JS, Farrant K, Damaraju E, Rachakonda S, Calhoun VD, Uddin LQ (2016) 
Dynamic functional network connectivity reveals unique and overlapping 
profiles of insula subdivisions. Hum Brain Mapp 37(5):1770–1787

32.	 Zhu H, Tao Y, Wang S, Zhu X, Lin K, Zheng N, Chen LM, Xu F, Wu R (2024) fMRI, 
LFP, and anatomical evidence for hierarchical nociceptive routing pathway 
between somatosensory and insular cortices. NeuroImage 289:120549

33.	 Zhang X, Zhou J, Guo M, Cheng S, Chen Y, Jiang N, Li X, Hu S, Tian Z, Li Z et al 
(2023) A systematic review and meta-analysis of Voxel-based morphometric 
studies of migraine. J Neurol 270(1):152–170

34.	 Kong Q, Li T, Reddy S, Hodges S, Kong J (2024) Brain stimulation targets 
for chronic pain: insights from meta-analysis, functional connectivity and 
literature review. Neurotherapeutics: J Am Soc Experimental Neurother 
21(1):e00297

35.	 Muller AM, Panenka WJ, Lange RT, Iverson GL, Brubacher JR, Virji-Babul N 
(2021) Longitudinal changes in brain parenchyma due to mild traumatic 
brain injury during the first year after injury. Brain Behav 11(12):e2410

36.	 Li F, Liu Y, Lu L, Li H, Xing C, Chen H, Yuan F, Yin X, Chen YC (2022) Causal 
interactions with an insular-cortical network in mild traumatic brain injury. 
Eur J Radiol 157:110594

37.	 Wang Y, Wang X, Zhao BT, Sang L, Zhang C, Hu WH, Shao XQ, Zhang JG, 
Zhang K (2021) The rolandic operculum generates different semiologies in 
insulo-opercular and temporal lobe epilepsies. Epilepsy Behavior: E&B 114(Pt 
A):107614.

38.	 Dong L, Fan X, Fan Y, Li X, Li H, Zhou J (2023) Impairments to the multisensory 
integration brain regions during migraine chronification: correlation with the 
vestibular dysfunction. Front Mol Neurosci 16:1153641

39.	 Zhao H, Turel O, Bechara A, He Q (2023) How distinct functional insular subdi-
visions mediate interacting neurocognitive systems. Cereb Cortex (New York 
NY: 1991) 33(5):1739–1751

40.	 Droutman V, Read SJ, Bechara A (2015) Revisiting the role of the insula in 
addiction. Trends Cogn Sci 19(7):414–420

41.	 Chong CD, Nikolova S, Dumkrieger G, Wu T, Berisha V, Li J, Ross K, Schwedt TJ 
(2023) Thalamic subfield iron accumulation after acute mild traumatic brain 
injury as a marker of future post-traumatic headache intensity. Headache 
63(1):156–164

42.	 Bai X, Wang W, Zhang X, Hu Z, Zhang Y, Li Z, Zhang X, Yuan Z, Tang H, Zhang Y 
et al (2022) Cerebral perfusion variance in new daily persistent headache and 
chronic migraine: an arterial spin-labeled MR imaging study. J Headache Pain 
23(1):156

43.	 Meylakh N, Marciszewski KK, Di Pietro F, Macefield VG, Macey PM, Henderson 
LA (2020) Altered regional cerebral blood flow and hypothalamic connectiv-
ity immediately prior to a migraine headache. Cephalalgia: Int J Headache 
40(5):448–460

44.	 Russo A, Silvestro M, Tessitore A, Orologio I, De Rosa AP, De Micco R, Tedeschi 
G, Esposito F, Cirillo M (2023) Arterial spin labeling MRI applied to migraine: 
current insights and future perspectives. J Headache Pain 24(1):71

45.	 Rahman Siddiquee MM, Shah J, Chong C, Nikolova S, Dumkrieger G, Li B, Wu 
T, Schwedt TJ (2023) Headache classification and automatic biomarker extrac-
tion from structural MRIs using deep learning. Brain Commun 5(1):fcac311

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Connectivity of the insular subdivisions differentiates posttraumatic headache-associated from nonheadache-associated mild traumatic brain injury: an arterial spin labelling study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Subjects
	﻿MRI data acquisition
	﻿MRI data preprocessing
	﻿Perfusion-based FC analysis
	﻿Statistical analyses

	﻿Results
	﻿Demographics
	﻿Perfusion-based insular FC maps in mTBI + PTH patients and mTBI-PTH patients
	﻿Perfusion-based FC of mTBI + PTH patients versus mTBI-PTH patients
	﻿Correlations of insula subdivision perfusion-based FC with clinical variables
	﻿Discriminatory performance of the perfusion-based FC indexes

	﻿Discussion
	﻿Conclusions
	﻿References


