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Abstract 

Background Neuroanatomical alterations have been associated with cognitive deficits in mild traumatic brain injury 
(MTBI). However, most studies have focused on the abnormal gray matter volume in widespread brain regions using 
a cross-sectional design in MTBI. This study investigated the neuroanatomical restoration of key regions in salience 
network and the outcomes in MTBI.

Methods Thirty-six MTBI patients with posttraumatic headache (PTH) and 34 matched healthy controls were enrolled 
in this study. All participants underwent magnetic resonance imaging scans and were assessed with clinical measures 
during the acute and subacute phases. Surface-based morphometry was conducted to get cortical thickness (CT) 
and cortical surface area (CSA) of neuroanatomical regions which were defined by the Desikan atlas. Then mixed 
analysis of variance models were performed to examine CT and CSA restoration in patients from acute to subacute 
phase related to controls. Finally, mediation effects models were built to explore the relationships between neuroana-
tomical restoration and symptomatic improvement in patients.

Results MTBI patients with PTH showed reduced headache impact and improved cognitive function from the acute 
to subacute phase. Moreover, patients experienced restoration of CT of the left caudal anterior cingulate cortex (ACC) 
and left insula and cortical surface area of the right superior frontal gyrus from  acute to subacute phase. Further 
mediation analysis found that CT restoration of the ACC and insula mediated the relationship between reduced head-
ache impact and improved cognitive function in patients.

Conclusions These results showed that neuroanatomical restoration of key regions in salience network correlated 
reduced headache impact with cognitive function improvement in MTBI with PTH, which further substantiated the 
vital role of salience network and provided an alternative clinical target for cognitive improvement in MTBI patients 
with PTH.
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Graphical Abstract

Background
Traumatic brain injury (TBI) refers to any damage or 
alteration of normal brain function caused by an exter-
nal mechanical force [1], which causes temporary or per-
manent impairment of physical, mental, cognitive and 
emotional function [2]. An estimated 69 million people 
worldwide suffer TBI each year [3], and mild TBI (MTBI) 
accounts for approximately 80–90% of all TBI cases [4, 5], 
although the actual incidence is likely to be higher as many 
patients with MTBI are not treated in hospital [6]. As a 
high prevalence of trauma or pain related symptom, post-
traumatic headache (PTH) was likely to developed into 
chronic pain in MTBI [7]. Clinical symptoms of MTBI 
include short periods of unconsciousness, headache, diz-
ziness, irritability, anxiety, impaired concentration, and 
cognitive function deficits [8, 9]. Although most patients 
with MTBI can recover fully, many studies have found that 
MTBI can induce long-term physical and cognitive dys-
function [10, 11], including reduced information process-
ing speed, chronic pain [12], and depression [13], which 
can have lasting negative effects not only on individuals but 
also on families and society.

The past few years have witnessed a burgeoning inter-
est in implementing magnetic resonance imaging (MRI) 
techniques to assess the relationship between clinical 

symptoms of MTBI and abnormal brain morphom-
etry. Previous studies found that MTBI patients showed 
lower grey matter volume (GMV) in widespread brain 
regions, including the frontal, precuneus, and tem-
poral lobes [14, 15]. It has also been suggested that 
MTBI was associated with significantly lower GMV in 
the right insula, contributing to poor  attention [16]. 
Another long-term follow-up study found that MTBI 
was associated with less GMV of parietal lobes and a 
more severe persistent post-concussion syndrome [17]. 
Moreover, another study found that MTBI patients 
showed increased GMV of the ventral medial prefron-
tal cortex and right cingulate gyrus, with performance 
improvement in visuospatial design fluency and emo-
tional functioning [18]. However, these studies mainly 
focused on GMV (a neuroanatomical measure) and its 
correlations with clinical symptoms in MTBI. Previous 
research has demonstrated that GMV can be separated 
into two distinct morphological features of cortical 
architecture: cortical thickness (CT) and cortical sur-
face area (CSA) [19]. Given that CT and CSA have dis-
tinct developmental trajectories and uncorrelated 
genetic backgrounds [20], they should be considered 
separate morphometric features of neurodevelopment 
[21, 22].



Page 3 of 12Xu et al. The Journal of Headache and Pain           (2023) 24:43  

However, few studies on surface-based morphome-
try found that MTBI patients had lower CT in the right 
temporal lobe and left insula and lower CSA in fron-
tal regions [23, 24]. Additionally, previous research has 
found a significant reduction in frontal CT in MTBI 
patients post 3  months-injury, suggesting a potential 
link to the post-traumatic inflammatory response and 
local micro edema [25]. In contrast, another study found 
no difference in CT or CSA of brain regions between 
patients and healthy subjects in the early post-trauma 
phase of brain trauma [26]. However, given the cross-
sectional design of these studies, the causal relationship 
or temporal sequence of the observed neuroanatomical 
changes could not be determined.

To address these limitations in the literature, the cur-
rent study conducted surface-based morphometry and 
mixed analysis of variance (ANOVA) models to inves-
tigate neuroanatomical restoration in MTBI with PTH 
from the acute to subacute phases. Furthermore, this 
study established mediation effects models to explore 
the relationships between neuroanatomical restoration 
and symptomatic improvement. Importantly, we assessed 
whether neuroanatomical restoration of certain regions 
could be observed in MTBI from the acute to subacute 
phase and identified the effect of neuroanatomical resto-
ration on symptomatic improvement.

Methods
Participants
A total of seventy right-handed participants enrolled in 
this study, including 36 MTBI patients with PTH and 
34 matched healthy controls (HCs). To determine the 
required sample sizes for sufficient power for the mixed 
ANOVA model, a priori power analysis was conducted 
using G*Power software (version 3.1) with a signifi-
cant level at 0.05 by setting the statistical power at 0.95, 
which yielded a minimum sample size of 33 for each 
group. Patients were recruited from the local emer-
gency department of the local hospital. The diagnosis of 
MTBI was established by two experienced neurologists 
in accordance with the guidelines of the World Health 
Organization’s Collaborating Centre for Neurotrauma 
Task [27–29]. To be included in this study, patients had 
to have fulfilled the following: (1) with Glasgow Coma 
Scale score of 13–15; (2) one or more of the following: 
loss of consciousness (if present) < 30 min, post-traumatic 
amnesia (if present) < 24  h, and/or other transient neu-
rological abnormalities such as focal signs, seizure, and 
intracranial lesion not necessitating surgery. (3) PTH was 
assessed according to the Third Edition of the Interna-
tional Classification of Headache Disorders [30]. Those 
with a history of neurological diseases, psychiatric condi-
tion, head injury, substance or alcohol abuse, intubation, 

and/or presence of a skull fracture and were administered 
sedatives on arrival in the emergency department, spi-
nal cord injury, MTBI from other injuries (e.g., systemic 
injuries, facial injuries, or intubation), or other problems 
(e.g., psychological trauma, language barrier, or coexist-
ing medical conditions), or from craniocerebral injury, 
were all excluded from the study. All MTBI patients have 
only received same amounts of Vitamin  B12 to enhance 
nerve repair, which has been suggested useful as a novel 
neuroprotective drug for TBI in mice models [31].

MRI scanning for patients was conducted within seven 
days post-injury (acute phase) and one-month post-
injury (subacute phase). Neuropsychological tests and 
clinical symptoms assessments were performed within 
48 h of MRI scanning. The HCs underwent MRI scanning 
and neuropsychological tests at the same time points 
(Fig.  1A). All participants provided informed consent, 
and this study was approved by the local ethics commit-
tee in accordance with the Declaration of Helsinki. The 
study design framework of this study is outlined in Fig. 1.

Neuropsychological and clinical symptoms assessments
To examine cognitive function, neuropsychological tests 
were conducted in this study, including (1) Trail-Mak-
ing Test Part-A (TMT-A) for rote memory assessment; 
(2) Forward Digit Span (FDS) and Backward Digit Span 
(BDS) test of Wechsler Adult Intelligence Scale-III for 
working memory assessment; (3) Digit Symbol Coding 
(DSC) task for the assessments of cognitive function and 
information processing speed. Additionally, self-reported 
clinical symptom assessments were performed, including 
(1) the Insomnia Severity Index (ISI) for sleep quality; (2) 
the short-form Headache Impact Test (HIT) for a meas-
ure of trauma-induced headache impact in patients. All 
neuropsychological and clinical symptom assessments 
were performed by an experienced clinical psychologist 
blinded to the clinical data of patients.

MRI data acquisition
The MRI scanning for participants was conducted 
using a 3.0 T MRI scanner (GE 750 Medical Systems). 
During the scanning, a custom-built head holder was 
used to hold the participants’ heads in position. Stand-
ard T1-weighted 3D anatomical data were acquired 
using a three-dimensional magnetization-prepared 
rapid gradient echo sequence (echo time = 3.17  ms, 
repetition time = 8.15  ms, flip angle = 9°, slice thick-
ness = 1 mm, field of view = 256 mm × 256 mm, matrix 
size = 256 × 256, acquisition time = 4  min, 30  s). All 
participants were asked to relax with closed eyes and 
not engage in cognitive or motor-related activity. The 
alertness of the participants during the scan was con-
firmed immediately afterward.
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Additional neuroimaging data (including T1-flair, 
T2- flair, T2, and susceptibility-weighted imaging) were 
captured and used to identify focal lesions and cer-
ebral microbleeds. No contusions were detected in any 
patients.

MRI data preprocessing
Structural T1-weighted MRI data of every participant 
was processed with FreeSurfer v7.2.0 software pack-
age (http:// surfer. nmr. mgh. harva rd. edu). The details of 
surface-based morphology analysis were documented 
in previous studies [32–34]. Briefly, the FreeSurfer pipe-
line processing included motion correction, removal of 
non-brain tissue, automated Talairach transformation 
of each participant’s native brain, intensity normaliza-
tion, tessellation of the gray/white matter boundary, 
automated topology correction, surface deformation 
following intensity gradients, registration of the partici-
pant’s native brain to a common spherical atlas, and cor-
tical surface reconstruction. The cortical morphologies 
were smoothed using a 10  mm full-width-at-half-maxi-
mum Gaussian kernel to obtain CT and CSA measure-
ments based on previous research [35–37]. The cortical 

morphologies were smoothed using a 10 mm full-width-
at-half-maximum Gaussian kernel to obtain CT and CSA 
measurements. CT was calculated at each vertex in the 
cortex by measuring the distance between the pial and 
gray-white matter surfaces. CSA was estimated by aver-
aging the area of all faces connected to a given vertex on 
the white matter surface. During preprocessing, all out-
puts were inspected for accuracy, and manual corrections 
were made where needed. Then, the average value of CT 
and CSA within 34 automatically cortical parcellations 
was defined by the Desikan atlas [38] in each hemisphere 
(Fig. 1B). Finally, the values of these cortical surface indi-
ces for each cortical region were exported for analysis.

Statistical analyses
Statistical analyses of demographic and clinical data
For demographic data, independent two samples t-test 
was conducted to evaluate group differences in age and 
education level, whereas a chi-square test was used to 
assess sex difference between groups. To analyze the neu-
ropsychological and clinical symptom data, we used a 
mixed ANOVA model with two factors: groups (patients 
and HCs) as the between-subjects factor and timepoints 

Fig. 1 Study design framework. A Participants recruited in this study. The MRI scanning and neuropsychological tests were performed at two 
timepoints for patients and matched HCs. B Construction of CT and CSA of cortical regions and defined by the Desikan atlas. C Mixed ANOVA 
model was conducted for CT and CSA of 68 bilateral cortical regions. MTBI, mild traumatic brain injury; PTH, posttraumatic headache; HCs, healthy 
controls; CT, cortical thickness; CSA, cortical surface area; ANOVA, analysis of variance

http://surfer.nmr.mgh.harvard.edu
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(acute and subacute phases) as the within-subjects factor. 
The test scores were used as the dependent variable in 
the analysis. Then, a simple effect analysis was performed 
with Bonferroni corrections. A P-value < 0.05 was statisti-
cally significant.

Statistical analyses of MRI data
For both CT and CSA, a mixed ANOVA model was 
used to assess the interactions between different groups 
(patients, HCs) and time points (acute phase, subacute 
phase) in the 68 bilateral cortical regions (Fig. 1C). Fur-
ther, to estimate the proportion of variance associated 
with each main effect and interaction effect in the mixed 
model, eta squared (η2) was calculated as a measure of 
the effect size [39]. Then, a simple effect analysis was per-
formed with Bonferroni corrections. A P-value < 0.05 was 
statistically significant.

Correlation analyses and mediation analyses
The simple effect analyses found that patients showed 
cognitive function improvement (indexed by DSC), 
reduced headache impact (indexed by HIT), and CT or 
CSA restoration of several key regions. To investigate 
their relationships, correlation analyses were performed 
between their change in patients from acute to subacute 
phase after stratifying for age, sex, and education level as 
covariates. The significance threshold was set at P < 0.05.

Before the correlation analyses, the percentage of 
change in patients was calculated using the following 
formula:

where the variable was DSC, HIT, CT of the left caudal 
anterior cingulate cortex (ACC) and left insula, and CSA 
of the right superior frontal gyrus (SFG) based on the 
simple effect analyses. Hence, reduced headache impact 
was indexed by the percent change of the score of HIT in 
patients from acuate to subacute phases; cognitive func-
tion improvement was indexed by the percent change 
of the score of DSC in patients from acuate to subacute 
phases; neuroanatomical restoration of ACC, insula, and 
SFG were indexed by the percent change of the CT of 
ACC, CT of insula, and CSA of SFG in patients from acu-
ate to subacute phases respectively.

Further, mediation effects models were built based 
on significant results of the above correlation analyses 
to explore whether the restoration of neuroanatomical 
regions influenced the relationship between the reduced 
headache impact and cognitive function improvement in 
patients. The bias-corrected 95% confidence interval (CI) 
was calculated to estimate the significance of indirect 

Variablechange = [(Variablesubacute−phase−Variableacute−phase)/Variableacute−phase]×100%

and direct effects using the bootstrapping procedure 
based on 10,000 bootstrap samples [40]. The mediation 
was statistically significant when the bootstrapped 95% 
CI did not include zero [41]. Three mediation models 
were established using “reduced headache impact” as the 
independent variable and “cognitive function improve-
ment” as the outcome. The restoration of the left insula, 
left ACC, and right SFG were examined as mediators, 
respectively, using a regression-based approach.

Results
Demographic and clinical characteristics
Demographic and clinical data for patients and HCs are 
summarized in Table  1. No significant differences in 
age, sex, and years of education were observed between 
groups (all P > 0.05). In terms of cognitive function, there 
was a significant interaction effect found for DSC (F (1, 

68) = 4.36, P < 0.05), and simple effect analysis found that 
during the acute phase, patients exhibited significantly 
poorer cognitive function related to HCs (P < 0.01), but 
there was no significant difference between groups dur-
ing the subacute phase (Fig. 2A), which indicated cogni-
tive function improvement from the acute to the subacute 
phase. In terms of clinical symptoms, there was a signifi-
cant interaction effect for HIT (F (1, 68) = 12.91, P < 0.01), 
and simple effect analysis found that patients suffered 
more serious trauma-induced headache impact than HCs 
(P < 0.001) during the acute phase, but no significant dif-

ference was found between groups during the subacute 
phase (Fig. 2B), which implied that trauma-induced head-
ache was reduced from the acute to subacute phase.

Interaction effects of CT and CSA in different 
neuroanatomical regions
Two-way ANOVA analyses were conducted to investigate 
CT and CSA development in patients related to HCs from 
the acute to subacute phase. The effect size in CT of the 
left caudal ACC and left insula was large (η2 = 0.04, 0.05 
respectively) with a significant interaction effect (P < 0.05, 
Fig. 3A). For CSA, only the right SFG showed a large effect 
size (η2 = 0.03) with a significant interaction effect (P < 
0.05, Fig. 3B). There was no significant interaction effect (η2 
≈ 0) with CT (Table S1) and CSA (Table S2) in other neu-
roanatomical regions. Significant main effects of groups 
(Figure S1) and time points (Figure S2) were observed for 
CT and CSA in various neuroanatomical regions.
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Neuroanatomical restoration in MTBI with PTH
After a significant interaction effect was observed in 
three key regions, a simple effect analysis was conducted 
to examine neuroanatomical restoration in these regions. 
The simple effect analyses revealed that patients showed 
lower CT of left caudal ACC compared with HCs during 
the acute phase (P < 0.01), but there was no significant 
difference between groups during the subacute phase 
(P > 0.05), and patients exhibited CT restoration of left 
caudal ACC from acute to subacute phase (P < 0.001, 
Fig. 3C). Similarly, patients exhibited lower CT of the left 
insula compared with HCs during the acute phase (P < 
0.001), but there was no significant difference between 
groups during the subacute phase (P > 0.05), and patients 
exhibited CT restoration of the left insula from the acute 
to subacute phases (P < 0.001, Fig. 3D). The same restora-
tion pattern was observed in CSA of right SFG in patients 
(Fig. 3E).

Mediation effects of neuroanatomical restoration 
of salience network in MTBI with PTH
Correlation analyses showed that cognitive func-
tion improvement was positively correlated with both 

neuroanatomical restoration in the left ACC (r = 0.41, 
P < 0.05) and left insula (r = 0.47, P < 0.01) and reduced 
trauma-induced headache (r = 0.36, P < 0.05) in patients, 
after controlling for age, sex, and education level. Simi-
larly, trauma-induced headache impact was positively cor-
related with the neuroanatomical restoration of left ACC 
(r = 0.33, P < 0.05) and left insula (r = 0.41, P < 0.05) in 
patients after controlling for age, sex, and education level. 
However, no significant correlations were found between 
neuroanatomical restoration in the right SFG and reduced 
trauma-induced headache impact or cognitive function 
improvement in patients (all P > 0.05, Fig. 4A).

Further mediation analyses found that the effect of 
reduced trauma-induced headache impact on cogni-
tive function improvement was mediated by neuro-
anatomical restoration in the left insula (direct effect 
(c’) = 0.36, P > 0.05; indirect effect (ab) = 0.28, 95% 
CI: [0.01, 0.75], P < 0.01, Fig. 4B). Similarly, neuroana-
tomical restoration in the left ACC had a significant 
mediating effect on the relationship between reduced 
trauma-induced headache impact and cognitive func-
tion improvement in patients (direct effect (c’) = 0.37, 
P > 0.05; indirect effect (ab) = 0.26, 95% CI: [0.04, 
0.54], P < 0.05, Fig. 4C).

Fig. 2 Clinical symptoms changes in MTBI patients with PTH from acute to subacute phase related to HCs. A Cognitive function (indexed by 
score of DSC) improvement in patients from acute to subacute phase. The subpanel shows cognitive function change for each patient from 
acute to subacute phase, which indicates significant cognitive function improvement from acute to subacute phase in patients. B Reduced 
traumatic-induced headache impact (indexed by score of HIT) in patients from acute to subacute phase. The subpanel shows headache impact 
change for each patient from acute to subacute phase, which indicates significant reduced headache impact from acute to subacute phase in 
patients. MTBI, mild traumatic brain injury; PTH, posttraumatic headache; HCs, healthy controls; DSC, Digit Symbol Coding; HIT, the short-form 
Headache Impact Test. **, P < 0.01; ***, P < 0.001; ns, not significant. Data are presented as mean ± SEM
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Discussion
This study investigated the neuroanatomical restoration 
in MTBI with PTH from the acute to subacute phases 
and its relationships with symptomatic improvement. 
MTBI patients with PTH showed reduced trauma-
induced headache impact and improved cognitive 
function from the acute to subacute phase. Moreover, 
patients exhibited CT restoration in the left caudal ACC 
and left insula and CSA restoration in the right SFG from 
the acute to subacute phases. In addition, CT restora-
tion in the left ACC and insula significantly mediated the 
relationship between reduced trauma-induced headache 
impact and cognitive function improvement. These find-
ings suggested that neuroanatomical restoration of key 
regions in the salience network linked reduced headache 
to cognitive function improvement in MTBI from the 
acute to subacute phases, substantiating that the salience 
network plays an important role in modulating headache 
impact and cognitive function in MTBI with PTH.

Although trauma-induced headache was more serious 
in patients during the acute phase than in HCs, no signif-
icant difference was found between MTBI and HCs dur-
ing the subacute phase. This finding implied that patients 
experienced reduced headaches from the acute to suba-
cute phases. This finding was consistent with previous 
research, which revealed that cortical glia is persistently 
activated in the short term after TBI [42], which leads to 
a proinflammatory cytokine response, followed by pro-
inflammatory cytokines that promote inflammation as 
well as neuropathic pain, increasing neuro sensitivity and 
reducing the effects of pain on patients [43, 44]. Similarly, 
we found significant cognitive function improvement in 
MTBI patients from the acute to subacute phases. An 
increasing body of evidence suggests that recovery from 
the physiological effects of MTBI can be observed at two 
weeks post-injury [45, 46], and it has also been suggested 
that cognitive deficits following MTBI were most severe 
during the short acute period post-injury, but were 

Fig. 3 Neuroanatomic map of effect size of groups-by-timepoints interaction effect in (A) CT, and (B) CSA of 68 bilateral cortical regions. The CT 
of left caudal ACC and left insula and the CSA of SFG showed high η2 for significant interaction effect (P < 0.05). Cortical regions are color-coded in 
correspondence to the effect size (η2 value) of CT or CSA. Red-shaded cortical regions indicate high η2 for significant interaction effect (P < 0.05), 
while yellow-shaded cortical regions indicate low η2 without significant interaction effect. Simple effect analysis of hub neuroanatomical regions 
included (C) CT of left caudal ACC, (D) CT of left insula, and (E) CSA of right SFG after significant interaction effect was observed. The subpanels 
in (C), (D) and (E) show neuroanatomical change for each patient from acute to subacute phase, which indicates significant neuroanatomical 
restoration in ACC, insula and SFG respectively from acute to subacute phase in patients. MTBI, mild traumatic brain injury; PTH, posttraumatic 
headache; HCs, healthy controls; CT, cortical thickness; CSA, cortical surface area; ACC, anterior cingulate cortex; SFG, superior frontal gyrus; L, left 
hemisphere; R, right hemisphere; η2, Eta Squared Effect Size. **, P < 0.01; ***, P < 0.001; ns, not significant. Data are presented as mean ± SEM
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followed by a rapid recovery to normal levels in one to 
three months [47, 48].

In addition, compared to HCs, patients showed signif-
icantly lower CT of the left caudal ACC and left insula 
during the acute phase. Overwhelming evidence substan-
tiates that MTBI patients showed altered CT in patients 
following trauma [49, 50], associated with the sever-
ity of the injury, time since injury, local hemorrhage, 
and regional edema [25, 49]. Given the tight correlation 
between CT and neuronal density, a decrease in CT is 
often associated with neuronal damage or reduction [35]. 
Additionally, animal studies have substantiated that dur-
ing the acute phase of MTBI, although mild cell death 
is observed, it triggers extensive dendritic degeneration 
and reduced synapses in the cortex, leading to atrophic 
changes in cortical areas [51]. Hence, we hypothesized 
that CT reduction in the left ACC and left insula might 
result from reduced neuronal cell density in these regions 
after MTBI. Similarly, we found that compared to HCs, 
patients exhibited lower CSA of SFG during the acute 
phase. However, a previous study found significantly 
lower GMV of right SFG in individuals after MTBI. This 
finding suggested that as an integral part of GMV, the 

reduction of CSA might likely be closely associated with 
a decrease in total GMV in this region [52]. Furthermore, 
in the present study, neuroanatomical restoration in 
the left ACC and insula, and right SFG was observed in 
MTBI from the acute to subacute phases, consistent with 
the literature [50, 53] since damage to the adult brain 
triggered an extensive process of repair and reorganiza-
tion of surviving neural circuits including widespread 
brain regions [54]. Taken together, these findings sug-
gest that structural alterations of brain regions during the 
acute phase of MTBI can be restored to normal levels in 
this patient population.

Our study found that CT restoration of the left ACC and 
left insula significantly mediated the relationship between 
reduced headache impact and cognitive function improve-
ment. As key regions of salience network, ACC and insula 
are responsible for detecting sensory stimuli and coordi-
nating the switch between the default mode network and 
executive network [55]. Furthermore, it has been found 
that pain information input is transmitted via the poste-
rior insula to the anterior insula [56], thus participating 
in the encoding of pain intensity, while ACC is intercon-
nected with other emotion-related limbic structures that 

Fig. 4 Relationships between the neuroanatomical restoration of hub nodes in salience network, reduced traumatic-induced headache impact 
and cognitive function improvement in patients. A Cognitive function improvement was significantly correlated with restoration of left insula, left 
ACC, and reduced headache impact; the reduced headache impact was significantly correlated with restoration of left insula, and left ACC. Black 
numbers represent positive effects. Both the restoration of B left insula and C left ACC mediated the relationship between reduced headache 
impact and cognitive function improvement, respectively. MTBI, mild traumatic brain injury; PTH, posttraumatic headache; ACC, anterior cingulate 
cortex; SFG, superior frontal gyrus; 95% CI, 95% confidence interval; *, P < 0.05;.**, P < 0.01
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together mediate the motivational and affective dimen-
sions of pain experience [57]. Accordingly, the insula and 
ACC are important parts of the pain modulation pathway 
[58]. Previous research has found that lower GMV in the 
ACC and insula are linked to increased pain sensitivity in 
individuals [59, 60]. Moreover, altered structural and func-
tional connectivity of key regions ACC and insula in sali-
ence network correlated with pain severity in patients with 
classic trigeminal neuralgia [61]. It has been suggested that 
reduced CT may imply a reduction in neurons, loss of mye-
lin or other important cells [62], and morphometry abnor-
malities are potential predictors of subsequent cognitive 
deficits [63]. Notably, the insula has been established as a 
key node involved in subjective sensations, including pain, 
and an important key region for monitoring, attention, and 
cognitive control, with extensive structural and functional 
connections with the frontal cortex, ACC, and amygdala 
[64]. Moreover, the ACC has been regarded as an impor-
tant region for cognitive function [65]. Previous studies has 
found that verbal working memory and pain scores were 
significant correlated with local brain morphology in ACC 
in fibromyalgia patients [66], and decreased grey matter 
volume in the pain system (including ACC) are associated 
with fibromyalgia [67]. In contrast with research showing 
a significant correlation between diffuse atrophy in several 
brain regions (including the frontal lobe, ACC, and insula) 
and cognitive function in individuals following TBI [15, 16], 
a study found increased GMV in the ventral medial pre-
frontal cortex, and concomitant improvement in cognitive 
function as MTBI patients recovered [18]. These findings 
suggest that reduced pain experienced by patients may be 
attributed to a decrease in pain sensitivity, which is closely 
related to the gradual functional recovery of key regions 
within the salience network, while the neuroanatomical 
restoration of the left insula and left ACC further reveals 
the neural remodeling process from acute to subacute 
phase, which provides an important physiological basis for 
cognitive improvement in MTBI.

The limitations of the present study should be acknowl-
edged. First, this study only focused on neuroanatomical 
restoration from the acute to subacute phase in MTBI 
patients. Future longitudinal studies with more time 
points post-injury should be conducted to explore the 
restoration trajectory of the relationships between neu-
roanatomical features and cognitive function follow-
ing MTBI. Besides, this study did not consider potential 
confounders such as previous head trauma and type 
of brain injury, which should be considered in future 
research. Besides, the present study results are limited 
only to structural MRI data. More studies are warranted 
to assess the validity of the functional restoration of the 
salience network with functional MRI data collected dur-
ing resting state or cognitive task (e.g., working memory).

Conclusions
In summary, using a surface-based morphology approach 
and mixed ANOVA models, this study indicated that neu-
roanatomical restoration of key regions in salience network 
links reduced headache impact to improved cognitive func-
tion in MTBI with PTH. Our findings corroborate the vital 
role of  salience network in reduced headache  impact and 
cognitive function improvement in MTBI with PTH dur-
ing recovery, providing preliminary evidence of the neuro-
anatomical mechanisms underlying cognitive improvement 
and headache impact reduction and providing an alternative 
clinical target in this patient population.

Abbreviations
TBI  Traumatic brain injury
MTBI  Mild traumatic brain injury
PTH  Posttraumatic headache
CT  Cortical thickness
ACC   Anterior cingulate cortex
GMV  Grey matter volume
CSA  Cortical surface area
ANOVA  Analysis of variance
HCs  Healthy controls
MRI  Magnetic resonance imaging
DSC  Digit Symbol Coding
HIT  Headache Impact Test
η2  Eta squared
CI  Confidence interval
SFG  Superior frontal gyrus

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s10194- 023- 01579-0.

Additional file 1: Figure S1. Neuroanatomic map of effect size of (A) 
groups main effect and (B) timepoints main effect of cortical thickness 
(CT)in MTBI patients with PTH and HCs. η2, Eta Squared Effect Size for 
ANOVA. Figure S2. Neuroanatomic map of effect size of (A) groups 
main effect and (B) timepoints main effect of cortical surface area 
(CSA) in MTBI patients with PTH and HCs. η2, Eta Squared Effect Size 
for ANOVA. Table S1. Statistics of groups effect, timepoints effect and 
groups-by-timepoints interaction effect of cortical thickness between 
MTBI patients with PTH and HCs. Table S2. Statistics of groups effect, 
timepoints effect and groups-by-timepoints interaction effect of cortical 
surface area between MTBI patients with PTH and HCs. 

Acknowledgements
We thank Home for Researchers editorial team (www. home- for- resea rchers. 
com) for language editing service.

Authors’ contributions
Hui Xu: Conceptualization, Methodology, Data curation, Formal analysis, Software, 
Visualization, Investigation, Supervision, Writing—original draft, Writing—Review 
&; Editing; Cheng Xu: Methodology, Writing—original draft; Pengoeng Gu: 
Methodology, Writing—reviewing and editing; Yike Hu: Methodology, Writing—
reviewing and editing; Yunyu Guo: Methodology, Writing—reviewing and editing; 
Guanghui Bai: Funding acquisition, Project administration, Supervision, Writing—
Review &; Editing. The author(s) read and approved the final manuscript.

Funding
This study was funded by the Natural Science Foundation of Zhejiang 
Province (No. LTGY23H180011), and Medical Health Science and Technology 
Project of Zhejiang Provincial Health Commission (No. 2023KY91).

https://doi.org/10.1186/s10194-023-01579-0
https://doi.org/10.1186/s10194-023-01579-0
https://www.home-for-researchers.com
https://www.home-for-researchers.com


Page 11 of 12Xu et al. The Journal of Headache and Pain           (2023) 24:43  

Availability of data and materials
The data that support the findings of this study are available on request from 
the corresponding authors.

Declarations

Ethics approval and consent to participate
This study was approved and consented by the Ethics Committee of the 
Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical 
University.

Consent for publication
Not application.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Radiology, The Second Affiliated Hospital and Yuying Chil-
dren’s Hospital of Wenzhou Medical University, Wenzhou 325027, Zhejiang, 
China. 2 Peter Boris Centre for Addictions Research, St. Joseph’s Healthcare 
Hamilton/McMaster University, 100 West 5Th Street, Hamilton, ON L8P 3R2, 
Canada. 3 School of Psychology and Cognitive Science, East China Normal 
University, Shanghai 200062, China. 4 Department of Physical Medicine 
and Rehabilitation, The Second Affiliated Hospital and Yuying Children’s Hospi-
tal of Wenzhou Medical University, Wenzhou 325027, Zhejiang, China. 

Received: 21 March 2023   Accepted: 14 April 2023

References
 1. Blennow K et al (2016) Traumatic brain injuries. Nat Rev Dis Primers 

2(1):1–19
 2. Maxwell WL (2012) Traumatic brain injury in the neonate, child and 

adolescent human: an overview of pathology. Int J Dev Neurosci 
30(3):167–183

 3. Dewan MC et al (2018) Estimating the global incidence of traumatic 
brain injury. J Neurosurg 130(4):1080–1097

 4. Bazarian JJ et al (2005) Mild traumatic brain injury in the United States, 
1998–2000. Brain Inj 19(2):85–91

 5. Mccrory P et al (2013) Consensus statement on concussion in sport: 
the 4th International Conference on Concussion in Sport, Zurich, 
November 2012. J Athl Train 48(4):554–575

 6. Cassidy JD et al (2004) Incidence, risk factors and prevention of mild 
traumatic brain injury: results of the WHO Collaborating Centre Task 
Force on Mild Traumatic Brain Injury. J Rehabil Med 36:28–60

 7. Jiang J-Y et al (2019) Traumatic brain injury in China. Lancet Neurol 
18(3):286–295

 8. Hall RC, Hall RC, Chapman MJ (2005) Definition, diagnosis, and 
forensic implications of postconcussional syndrome. Psychosomatics 
46(3):195–202

 9. Konrad C et al (2011) Long-term cognitive and emotional conse-
quences of mild traumatic brain injury. Psychol Med 41(6):1197–1211

 10. McInnes K et al (2017) Mild Traumatic Brain Injury (mTBI) and chronic 
cognitive impairment: a scoping review. PLoS One 12(4):e0174847

 11. Rawlings S, Takechi R, Lavender AP (2020) Effects of sub-concussion 
on neuropsychological performance and its potential mechanisms: a 
narrative review. Brain Res Bull 165:56–62

 12. Iverson GL, Lange RT (2003) Examination of" postconcussion-like" 
symptoms in a healthy sample. Appl Neuropsychol 10(3):137–144

 13. Sosnoff JJ, Broglio SP, Ferrara MS (2008) Cognitive and motor function 
are associated following mild traumatic brain injury. Exp Brain Res 
187:563–571

 14. Zhou Y et al (2013) Mild traumatic brain injury: longitudinal regional 
brain volume changes. Radiology 267(3):880–890

 15. Gale SD et al (2005) Traumatic brain injury and grey matter concentra-
tion: a preliminary voxel based morphometry study. J Neurol Neurosurg 
Psychiatry 76(7):984–988

 16. Li F et al (2020) Neuroanatomical and functional alterations of insula in 
mild traumatic brain injury patients at the acute stage. Brain Imaging 
Behav 14:907–916

 17. Dean PJ et al (2015) Long-term structural changes after mTBI and their 
relation to post-concussion symptoms. Brain Inj 29(10):1211–1218

 18. Killgore WD et al (2016) Gray matter volume and executive functioning 
correlate with time since injury following mild traumatic brain injury. 
Neurosci Lett 612:238–244

 19. Tadayon E, Pascual-Leone A, Santarnecchi E (2020) Differential contribu-
tion of cortical thickness, surface area, and gyrification to fluid and 
crystallized intelligence. Cereb Cortex 30(1):215–225

 20. Storsve AB et al (2014) Differential longitudinal changes in cortical 
thickness, surface area and volume across the adult life span: regions of 
accelerating and decelerating change. J Neurosci 34(25):8488–8498

 21. Panizzon MS et al (2009) Distinct genetic influences on cortical surface 
area and cortical thickness. Cereb Cortex 19(11):2728–2735

 22. Xu H, MacKillop J, Owens MM. A machine learning-derived neuroana-
tomical pattern predicts delayed reward discounting in the Human 
Connectome Project Young Adult sample. J Neurosci Res. 2023;na(n/a).

 23. Dall’Acqua P et al (2016) Connectomic and surface-based morphometric 
correlates of acute mild traumatic brain injury. Front Hum Neurosci 10:127

 24. List J et al (2015) Cognitive function and brain structure after recurrent 
mild traumatic brain injuries in young-to-middle-aged adults. Front Hum 
Neurosci 9:228

 25. Wang X et al (2015) Early cortical thickness change after mild traumatic 
brain injury following motor vehicle collision. J Neurotrauma 32(7):455–463

 26. Narayana P.A et al (2015) Multi-modal MRI of mild traumatic brain injury. 
Neuroimage Clin 7:87–97

 27. Xu H et al (2018) Longitudinal changes of caudate-based resting state 
functional connectivity in mild traumatic brain injury. Front Neurol 9:467

 28. Xu H et al (2022) Restoration of aberrant shape of caudate subregions 
associated with cognitive function improvement in mild traumatic brain 
injury. J Neurotrauma 39(5–6):348–357

 29. Xu H, Zhang X, Bai G (2022) Abnormal dorsal caudate activation medi-
ated impaired cognitive flexibility in mild traumatic brain injury. J Clin 
Med 11(9):2484

 30. Society, H.C.C.o.t.I.H (2013) The international classification of headache 
disorders, (beta version). Cephalalgia 33(9):629–808

 31. Wu F et al (2019) Vitamin B(12) enhances nerve repair and improves func-
tional recovery after traumatic brain injury by inhibiting ER stress-induced 
neuron injury. Front Pharmacol 10:406

 32. Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis I 
Segmentation and surface reconstruction. Neuroimage 9(2):179–194

 33 Fischl B, Sereno MI, Dale AM (1999) Cortical surface-based analysi. II: 
inflation, flattening, and a surface-based coordinate system. Neuroimage 
9(2):195–207

 34. Fischl B, Dale AM (2000) Measuring the thickness of the human cerebral 
cortex from magnetic resonance images. Proc Natl Acad Sci U S A 
97(20):11050–11055

 35. Glasser MF et al (2013) The minimal preprocessing pipelines for the 
Human Connectome Project. Neuroimage 80:105–124

 36. Li H et al (2020) Deficits in ascending and descending pain modula-
tion pathways in patients with postherpetic neuralgia. Neuroimage 
221:117186

 37. Zhang H et al (2021) The role of negative emotions in sex differences in 
pain sensitivity. Neuroimage 245:118685

 38. Desikan RS et al (2006) An automated labeling system for subdividing the 
human cerebral cortex on MRI scans into gyral based regions of interest. 
Neuroimage 31(3):968–980

 39. Olejnik S, Algina J (2003) Generalized eta and omega squared statistics: 
measures of effect size for some common research designs. Psychol 
Methods 8(4):434–447

 40. Preacher KJ, Hayes AF (2008) Asymptotic and resampling strategies for 
assessing and comparing indirect effects in multiple mediator models. 
Behav Res Methods 40(3):879–891

 41. Hayes AF, Preacher KJ (2014) Statistical mediation analysis with a multi-
categorical independent variable. Br J Math Stat Psychol 67(3):451–470

 42. Rowe RK et al (2016) Diffuse traumatic brain injury induces prolonged 
immune dysregulation and potentiates hyperalgesia following a periph-
eral immune challenge. Mol Pain 12:1744806916647055



Page 12 of 12Xu et al. The Journal of Headache and Pain           (2023) 24:43 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 43. Sommer C, Kress M (2004) Recent findings on how proinflammatory 
cytokines cause pain: peripheral mechanisms in inflammatory and neu-
ropathic hyperalgesia. Neurosci Lett 361(1–3):184–187

 44. Milligan ED, Watkins LR (2009) Pathological and protective roles of glia in 
chronic pain. Nat Rev Neurosci 10(1):23–36

 45. Grindel SH (2003) Epidemiology and pathophysiology of minor traumatic 
brain injury. Curr Sports Med Rep 2(1):18–23

 46. Giza CC, Hovda DA (2001) The neurometabolic cascade of concussion. J 
Athl Train 36(3):228

 47. Schretlen DJ, Shapiro AM (2003) A quantitative review of the effects 
of traumatic brain injury on cognitive functioning. Int Rev Psychiatry 
15(4):341–349

 48. Karr JE, Areshenkoff CN, Garcia-Barrera MA (2014) The neuropsychologi-
cal outcomes of concussion: a systematic review of meta-analyses on 
the cognitive sequelae of mild traumatic brain injury. Neuropsychology 
28(3):321

 49. Bajaj S et al (2018) Time-dependent differences in cortical measures and 
their associations with behavioral measures following mild traumatic 
brain injury. Hum Brain Mapp 39(5):1886–1897

 50. Govindarajan KA et al (2016) Cortical thickness in mild traumatic brain 
injury. J Neurotrauma 33(20):1809–1817

 51. Gao X, Chen J (2011) Mild traumatic brain injury results in extensive 
neuronal degeneration in the cerebral cortex. J Neuropathol Exp Neurol 
70(3):183–191

 52. Ruff RM (2011) Mild traumatic brain injury and neural recovery: rethink-
ing the debate. NeuroRehabilitation 28(3):167–180

 53. la Fougère C et al (2011) Where in-vivo imaging meets cytoarchitectonics: 
the relationship between cortical thickness and neuronal density meas-
ured with high-resolution [18F] flumazenil-PET. Neuroimage 56(3):951–960

 54. Kerr AL, Cheng S-Y, Jones TA (2011) Experience-dependent neural plastic-
ity in the adult damaged brain. J Commun Disord 44(5):538–548

 55. Menon V, Uddin LQ (2010) Saliency, switching, attention and control: a 
network model of insula function. Brain Struct Funct 214:655–667

 56. Frot M, Faillenot I, Mauguière F (2014) Processing of nociceptive 
input from posterior to anterior insula in humans. Hum Brain Mapp 
35(11):5486–5499

 57. Rainville P et al (1997) Pain affect encoded in human anterior cingulate 
but not somatosensory cortex. Science 277(5328):968–971

 58. Page S (2015) The neuroanatomy and physiology of pain perception in 
the developing human. Issues L Med 30:227

 59. Krause T et al (2016) The cortical signature of central poststroke pain: gray 
matter decreases in somatosensory, insular, and prefrontal cortices. Cereb 
Cortex 26(1):80–88

 60. Obermann M et al (2013) Gray matter volume reduction reflects chronic 
pain in trigeminal neuralgia. Neuroimage 74:352–358

 61. Xu H et al (2022) Altered structural and functional connectivity of 
salience network in patients with classic trigeminal Neuralgia. J Pain 
23(8):1389–1399

 62. Dickerson BC et al (2009) The cortical signature of Alzheimer’s disease: 
regionally specific cortical thinning relates to symptom severity in very 
mild to mild AD dementia and is detectable in asymptomatic amyloid-
positive individuals. Cereb Cortex 19(3):497–510

 63. Stam CJ (2014) Modern network science of neurological disorders. Nat 
Rev Neurosci 15(10):683–695

 64. Sridharan D, Levitin DJ, Menon V (2008) A critical role for the right fronto-
insular cortex in switching between central-executive and default-mode 
networks. Proc Natl Acad Sci 105(34):12569–12574

 65. Bush G, Luu P, Posner MI (2000) Cognitive and emotional influences in 
anterior cingulate cortex. Trends Cogn Sci 4(6):215–222

 66. Luerding R et al (2008) Working memory performance is correlated with 
local brain morphology in the medial frontal and anterior cingulate 
cortex in fibromyalgia patients: structural correlates of pain-cognition 
interaction. Brain 131(Pt 12):3222–3231

 67. Burgmer M et al (2009) Decreased gray matter volumes in the cingulo-
frontal cortex and the amygdala in patients with fibromyalgia. Psycho-
som Med 71(5):566–573

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


	Neuroanatomical restoration of salience network links reduced headache impact to cognitive function improvement in mild traumatic brain injury with posttraumatic headache
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Participants
	Neuropsychological and clinical symptoms assessments
	MRI data acquisition
	MRI data preprocessing
	Statistical analyses
	Statistical analyses of demographic and clinical data
	Statistical analyses of MRI data
	Correlation analyses and mediation analyses


	Results
	Demographic and clinical characteristics
	Interaction effects of CT and CSA in different neuroanatomical regions
	Neuroanatomical restoration in MTBI with PTH
	Mediation effects of neuroanatomical restoration of salience network in MTBI with PTH

	Discussion
	Conclusions
	Anchor 24
	Acknowledgements
	References


