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Sex differences in pain perception and 
modulation in the brain: effects of insular 
cortex stimulation on chronic pain relief
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Sex-specific differences in brain activation related to chronic pain remain poorly understood. In particular, how stimulation of the 
insular cortex—a key modulator of pain processing—differentially affects neural pathways in males and females is not well charac
terized. This study aimed to determine whether insular cortex stimulation activates distinct pain modulation circuits in a sex- 
dependent manner using a rat model of chronic pain. Understanding these differences may help inform more personalized and effective 
pain treatment. Neuropathic pain was induced in male and female rats to establish a chronic pain model, followed by insular cortex 
stimulation. Pain sensitivity was assessed using mechanical allodynia tests to evaluate the behavioural responses. Functional brain 
connectivity was examined using diffusion tensor imaging, and fractional anisotropy values were calculated across key brain regions. 
Correlation analyses were conducted between behavioural pain scores and fractional anisotropy values to investigate the relationship 
between the structural connectivity changes and pain modulation. Under sham conditions, males exhibited lower fractional anisot
ropy values than females. In the pain condition, both sexes showed reduced fractional anisotropy values; however, females displayed 
a significantly greater decrease in the ventral posterior thalamic nucleus–amygdala pathway than did males. Following insular cortex 
stimulation, males showed a more pronounced increase in fractional anisotropy values, with significant sex differences observed in the 
ventral posterior thalamic nucleus–anterior cingulate cortex, ventral posterior thalamic nucleus–insular cortex, ventral posterior thal
amic nucleus–nucleus accumbens, ventral posterior thalamic nucleus–primary somatosensory cortex, primary somatosensory cortex– 
insular cortex and primary somatosensory cortex–prefrontal cortex pathways. These findings underscore the sex-related differences in 
brain activation and pain modulation pathways in chronic pain. A deeper understanding of these mechanisms may inform the devel
opment of more effective sex-tailored interventions for chronic pain and improve clinical outcomes.
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Graphical Abstract

Introduction
Research on sex differences in pain began in the late 1990s 
and has since expanded to a wide range of experimental 
and clinical studies.1,2 Recent advances in non-invasive brain 

research methods have provided a wealth of opportunities for 
analysing the brain’s fine structures, activities and connec
tions. Recent studies have suggested that females may experi
ence pain more severely than males, regardless of the pain 
type (e.g. cancer, musculoskeletal, or post-surgical pain) or 
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measurement method (e.g. pain threshold, tolerance and in
tensity rating).3 The reasons for these variations are not yet 
fully understood; however, several clinical and preclinical 
trials are ongoing to gain further insights.4,5 Additionally, 
identifying the factors that contribute to women experiencing 
greater pain levels in chronic pain conditions, such as neuro
pathic, inflammatory and other types of pain, is a key focus in 
the field of sex-specific and patient-tailored therapies.6,7

Understanding the differences between males and females in 
pain neurobiology is crucial for effective pain treatment. 
Previous studies have shown that neuroimmune interactions 
in the dorsal horn of the spine play a significant role in sex dif
ferences in pain, with testosterone in males and T-cell changes 
in females being important factors.8,9

Researchers have recently attempted to establish a correl
ation between sexual dimorphism in the brain and pain 
responses.10-13 However, there are various methods for ana
lysing brain function, and individual variation exists even 
within populations of the same sex, depending on the meas
urement method used.14 Advances continue to be made in 
non-invasive neuroimaging techniques, such as CT, PET 
and functional magnetic resonance imaging (fMRI). These 
techniques provide an important means of better understand
ing sex-related differences in the brain.15 Sexual dimorphism 
in the brain has been demonstrated in CT studies, which re
vealed differences between the sexes in the reduction of re
gional cerebral blood flow with increasing age16; these 
differences can lead to brain atrophy.17 PET studies analysing 
glucose metabolism in the brain have revealed higher glucose 
metabolism in the hypothalamus in females than in males.18

One study demonstrated age-related changes in the entorh
inal and parahippocampal volumes only in males, indicating 
that age-related changes in the brain are sex-specific.19 In 
addition, MRI studies have demonstrated structural and 
functional sex differences in grey matter volume, regional 
homogeneity and functional connectivity in distinct ways. 
These structural and functional differences between the sexes 
provide a foundation for understanding the intricate relation
ships between brain structure and function, and the complex
ity of sex differences in behaviour.20,21

Diffusion tensor imaging (DTI) is an MR-based imaging 
technique used to characterize the microstructures of large 
white matter tracts under physiological and pathological 
conditions.22 DTI is a useful method for assessing a range 
of neurological changes in the brain that cannot be assessed 
by MRI. DTI can be used to determine the direction of move
ment of water molecules in the tissue and evaluate the aniso
tropic properties of brain connections. The fractional 
anisotropy (FA) value, which represents the proportion of 
anisotropic components in the total diffusion tensor, indir
ectly indicates brain fibre bundle integrity.23-25

The insular cortex (IC) links sensory pain and limbic sys
tem networks.26,27 Of all the brain regions involved in pain 
processing, only the IC and secondary somatosensory cortex 
(S2) produce pain when stimulated.28 The IC correlates with 
brain structures in the descending pain pathway from the 
periaqueductal grey (PAG) to the spinal cord through the 

rostral ventromedial medulla.29 Furthermore, the IC is fre
quently activated by noxious pain stimuli,26,30 and its activity 
changes with the aggregation of chronic pain.31 Since the IC 
integrates sensory, emotional and cognitive processes and is 
involved in aversive and motivational salience, persistent al
terations in its circuitry and synaptic physiology may underlie 
the emergence of chronic pain and its associated complica
tions.32 Our previous findings are aligned with those of pre
vious studies showing reduced pain sensations with the 
application of electrical stimulation to the IC.30,33,34 These 
data are consistent with those of other studies showing that 
the painful sensation was reduced when neuronal modulation 
was applied to the IC.35 However, few studies have demon
strated the pain attenuation effects of insular cortex stimula
tion (ICS),26,36 and none have compared pain perception and 
brain connectivity between sexes after ICS administration.

This study aimed to analyse brain functional connectivity 
and investigate sexual dimorphism using FA values in rats 
with chronic pain. We also aimed to confirm the previously 
reported pain-relieving effect of ICS30 and compare brain 
microstructural organization and differences between male 
and female rats. In the present study, all references to sex dif
ferences refer strictly to biological sex, as determined by the 
gonadal phenotype at birth, and behavioural and neuroana
tomical comparisons were conducted between biologically 
defined male and female groups.

Materials and methods
Animals
Male and female Sprague Dawley rats (240 ± 10 g; Harlan, 
Koatec, Pyeongtaek, Korea) were used in all the experiments. 
A total of 57 Sprague–Dawley rats (27 males and 30 females) 
were randomly assigned to three experimental groups: Sham 
(male n = 9; female n = 10), NP (nerve injury; male n = 9; fe
male n = 10), and ICS (insular cortex stimulation; male n = 9; 
female n = 10). The sample sizes were determined based on ef
fect size estimates from previous studies and confirmed through 
post hoc power analysis. Assuming a medium-to-large effect 
size (Cohen’s d = 0.8–1.2), group sizes of n = 9–10 per sex 
per condition achieved statistical power of >0.80 at α = 0.05 
for detecting group- and sex-related differences in behavioural 
outcomes. Animals were individually housed under controlled 
conditions (22 ± 2°C, 50–60% humidity, 12 h light-dark cycle) 
with food and water available ad libitum. All procedures were 
conducted in accordance with the National Institutes of Health 
guidelines and approved by the Institutional Animal Care and 
Use Committee (IACUC) of the Yonsei University Health 
System (approval no. 2019-0225).

Electrode implantation and 
neuropathic surgery
Animals were randomly assigned to one of three experimen
tal groups: Sham group, which underwent electrode 
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implantation without nerve injury or stimulation; NP group, 
which received peripheral nerve injury and electrode implant
ation without stimulation; and ICS group, which received 
nerve injury followed by electrical stimulation of the IC. All 
surgical procedures were performed under sterile conditions. 
General anaesthesia was induced with pentobarbital sodium 
(50 mg/kg, intraperitoneally [i.p.]), preceded by atropine pre
medication (5 mg/kg, i.p.) to prevent the secretion of mucus. 
Deeply anaesthetized rats were placed in a stereotaxic frame. 
A stimulation electrode (MS308, P1 Technologies, Roanoke, 
VA, USA) was unilaterally implanted into the right rostral in
sular cortex (IC; 1.0 mm anterior to bregma, 5.0 mm lateral 
to midline and 7.7 mm below the skull surface) of all animals 
in this experiment. Animals were allowed to recover for three 
days following electrode implantation.30 Neuropathic sur
gery was performed as described previously.37 Briefly, the 
rats were anaesthetized with 5% isoflurane in an induction 
chamber. Following a longitudinal incision of the skin and 
muscles in the left lateral thigh, the tibial and sural nerves 
were tightly ligated with 5-0 black silk and subsequently 
transected, while the common peroneal nerve was not trans
ected. In the sham group, rats underwent the same surgical 
procedure without any nerve injury.

Mechanical threshold measurement
Behavioural tests were conducted to compare the mechanical 
withdrawal thresholds (MWT) of male and female rats. The 
MWT was measured over 14 days using an electronic von 
Frey (No. 38450, Ugo Basile, Varese, Italy). The rats were 
placed individually in acrylic cages on a wire mesh and al
lowed to habituate for 15 min. The test was repeated seven 
times for each rat. The average values were calculated, ex
cept for the minimum and maximum values of the data. 
Male and female rats underwent behavioural testing at sep
arate times. Before each measurement, the acrylic cage was 
wiped with 70% ethanol. A researcher blinded to the experi
mental group conducted all behavioural tests.

Brain stimulation of insular cortex
ICS was performed as described previously.30 Briefly, the 
electrode was connected to a stimulator (A385, WPI, 
Sarasota, FL, USA) for repetitive ICS. Repetitive ICS was 
performed 30 min once a day from postoperative day 
(POD) 7 to POD 14. The stimulation frequency and intensity 
of ICS were set to 50 Hz and 12 μA, respectively, based on 
our prior experimental results.30 The pulse width was set 
to 200 μs. In the Sham and NP groups, the electrode was con
nected to a stimulator, but no electrical stimulation was pro
vided; this was called ‘sham-ICS.’

Animal preparation for DTI 
MRI-imaging
Prior to animal MR imaging and mounting procedure, rats 
were euthanized and perfused with phosphate-buffered 

saline (PBS, pH 7.4), followed by 4% paraformaldehyde 
(PFA) in PBS. The brains were subsequently extracted and 
post-fixed in 4% PFA for 24 h. Afterward, the brains were 
rinsed in PBS and stored at 4°C in Fluorinert (FC-770, 
Sigma, St. Louis, MI, US) until DTI analysis. Prior to MRI 
scanning, the brains were placed inside 10 mL syringes 
(Fisher Scientific, Hampton, NH, US) with an outer diameter 
of approximately 1.6 cm and a length of 2 cm from the cap to 
the tip. Each brain was then immersed in liquid fluoride and 
fixed without agitation using a syringe to avoid air bubbles. 
The tip of the syringe was secured using silicone.

MRI data acquisition
All ex vivo rat brain MR imaging was performed using a 
Bruker Biospec 9.4 T/20 cm horizontal bore magnet 
(Bruker, BioSpin, Ettlingen, Germany) with a 1H 35 mm cir
cularly polarized transmit/receive volume coil. T2-weighted 
images were acquired with a TE of 26 ms, a field of view 
(FOV) of 2.56 × 2.56 cm² and an isotropic resolution of 
0.100 cm. Diffusion tensor data were acquired using a 
spin-echo-echo planar imaging (SE-EPI) pulse sequence. 
For DTI acquisition, the acquisition parameters were TR = 
3 s, TE = 50 ms, slice thickness of 0.5 mm, a field of view 
of 2.56 × 2.56 cm2, a b-factor of 3000 s/mm2, a diffusion 
pulse width of 4 ms and interpulse duration of 20 ms, and 
the voxel size of 0.134 mm × 0.134 mm × 0.500 mm = 
0.009 mm³. An automatic quality control routine was used 
to check the b-table for accuracy, and the diffusion tensor 
was calculated as described previously.38

Region of interest selection and 
image processing
Tractography was used to select nine brain regions asso
ciated with pain processing as ROIs, including the anterior 
cingulate cortex (ACC), prefrontal cortex (PFC), IC, primary 
somatosensory cortex (S1), secondary somatosensory cortex 
(S2), ventral posterior thalamic nucleus (VP), PAG, nucleus 
accumbens (NAcc) and amygdala (Amy). The high- 
resolution SIGMA rat brain template39 and Paxinos and 
Watson atlas were used.40 ROI masks were obtained from 
the SIGMA atlas using the Atlas Normalization Toolbox 
and Elastix 2 (ANTx2, University Medicine Berlin, Berlin, 
Germany). The DTI data were processed using ANTx2, the 
Functional Magnetic Resonance Imaging of the Brain 
(FMRIB) software library version 6.0.2 (FSL, created by 
the Analysis Group, FMRIB, Oxford, UK), and MRtrix3 
(https://www.mrtrix.org).41 The ANTx2 tool was used to 
perform format conversion to Neuroimaging Informatics 
Technology Initiative, re-orient to SIGMA space,39 and ex
tract B0 images. Subsequently, all data were linearly regis
tered and spatially normalized into the SIGMA space using 
FMRIB’s Linear Image Registration Tool function.39 The 
DTI data were denoised using MRtrix3 and corrected for 
distortions and motion artefacts using the eddy-correct 
tool in FSL.
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Tractography
DSI Studio was used to perform tractography analyses. 
Deterministic tractography was performed using the follow
ing global parameters: angular threshold of 60°, step size of 
0.05 mm, minimum length of 1 mm, and termination if 600  
000 seeds were reached. The tracking threshold was calcu
lated using the DSI Studio to maximize the variance between 
the background and foreground. The maximum length was 
defined according to the anatomical distance between the 
two ROIs. Region of interest (ROI)-based tracking was em
ployed to investigate the connectivity of brain regions asso
ciated with pain processing. Tracking resulted in the 
number of streamlines seeded on one ROI targeting the other 
ROI in the ipsilateral hemisphere.

Statistical analysis
SPSS version 28 (IBM Corp., Armonk, NY, USA) was used 
for all statistical analysis. Pain sensitivity was defined as the 
mean value of the mechanical thresholds measured before 
and after stimulation for 14 days. Paired and unpaired t-tests 
were used to compare the data, with a significance threshold 
of P < 0.05. The mean FA values of the ROIs from the DTI 
analysis were visualized as heatmaps using the heatmap.2 
function of the ‘g plots’ package in R. The data were divided 
into male and female groups to generate one set of heatmaps, 
and the other set was created using the differences in FA va
lues between the two groups. We also examined whether 
there was an association between FA values and pain sensitiv
ity using Spearman’s correlation coefficient. All analyses were 
performed with sex as an independent biological variable, un
less otherwise stated. All tests were two-tailed, and the thresh
old for significance was set at P < 0.05.

Results
Sex-dependent variations in pain 
behaviours and ICS-induced 
modulation of pain responses
Behavioural assessments revealed distinct pain responses 
across the three experimental conditions tested. Animals in 
the NP group (nerve injury without stimulation) displayed 
significant mechanical allodynia compared to those in the 
Sham group (no injury, no stimulation). In contrast, animals 
in the ICS group (nerve injury with insular stimulation) ex
hibited attenuated pain behaviour relative to the NP group. 
These effects were observed in both male and female rats, 
and statistical analyses were conducted with experimental 
conditions (Sham, NP and ICS) and sex (male and female) 
as between-subject factors. Figure 1 shows the MWT results 
before and after brain stimulation in the NP group. ‘Pre’ on 
the x-axis represents before brain stimulation, while ‘Post’ 
represents after brain stimulation.

In the Sham model, there was a significant difference be
tween males and females in the MWT before and after 
(P < 0.05 (Male Pre versus Female Pre), P < 0.01 (Male 
Post versus Female Post)). However, no changes in the pain 
threshold between males and females were observed before 
and after sham-ICS (Male Pre 22.35 ± 0.82, Male Post 
23.90 ± 1.16, Female Pre 18.37 ± 0.71 and Female Post 
18.95 ± 0.73; Fig. 1B). Conversely, the pain threshold of 
males and females in the NP group dramatically decreased 
before and after sham-ICS compared with the Sham group. 
Within the NP group, as well as between the sexes, were 
not statistically significant (Male Pre 7.60 ± 0.52, Male 
Post 7.79 ± 0.83, Female Pre 8.03 ± 0.69 and Female Post 
7.90 ± 0.80, P > 0.05, one-way ANOVA followed by 
Tukey’s multiple comparison test) (Fig. 1C). In the ICS 
group, both male and female rats demonstrated a significant 
increase in mechanical pain threshold after receiving ICS 
(P < 0.001), whereas no significant differences between sexes 
were found (male Pre 7.84 ± 0.73, Male Post 15.15 ± 0.78, 
Female Pre 7.74 ± 0.72 and Female Post 14.06 ± 0.83, 
P < 0.05, one-way ANOVA with Tukey’s multiple compari
son test; Fig. 1D). For both male and female rats, the thresh
old did not recover to the Sham group level even after ICS. 
When comparing the degree of pain recovery, male rats ex
hibited a slightly higher level of recovery than female ones. 
These findings align with those of a previous study on chron
ic pain behaviour after ICS.30 Detailed MWT behavioural 
changes prior to DTI are shown in Supplementary Fig. 1.

Neuroimaging analysis of ICS-induced 
brain changes in the context of 
chronic pain
To analyse the changes in brain functional connectivity be
tween the groups, we compared the differences in DTI FA va
lues across sex and groups. FA is a commonly used DTI 
metric because of its sensitivity in detecting damage to or
iented structures, such as the white matter.24,42 FA values 
can be used to reconstruct the trajectories of white matter 
tracts corresponding to known neuroanatomy in three- 
dimensional space by calculating the orientation information 
from each voxel of the DTI through tractography. Higher FA 
values indicate more orderly movement of water molecules 
along tracts, whereas lower values indicate less well- 
connected tracts, which are more closely related to neural 
connections in the brain.43

DTI data were obtained from the sham, NP and ICS model 
groups and were subjected to analysis. Representative 
images of each group are shown in Fig. 2. To analyse the 
data, we evaluated the connectivity of nine brain regions 
[ventral posterior thalamic nucleus (VP), ACC, amygdala 
(Amy), IC, nucleus accumbens (NAcc), PAG, PFC, primary 
somatosensory cortex (S1) and secondary somatosensory 
cortex (S2)] by sex in the Sham, NP and ICS groups. 
Initially, we assessed the degree of structural connectivity be
tween the brain regions in each group using FA values. In the 
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Sham group, females exhibited significantly higher structural 
connectivity in seven interregional measures than males. The 
tracts showing significant differences typically included the 
ACC–NAcc, Amy–NAcc, Amy-PAG and Amy-PFC. 
Additionally, significant differences in FA values were ob
served in the connections between the NAcc and VP, 
PAG-VP and PFC-VP (Figure 3A). These results indicate 
that the structural connectivity in the limbic system, especial
ly the amygdala, to other reasons is higher in females than in 
males. In the NP group, only the tract between Amy-VP 
showed differences in FA values between males and females 
(Fig. 3B). Finally, in the ICS group, six connections showing 
higher FA values in males than in females were observed be
tween the ACC-VP, IC-S1, IC-VP, NAcc-VP, PFC-S1 and 
S1-VP (Fig. 3C and Supplementary Tables 1 and 2). To visu
alize the FA values in the pathways between the two regions 
and identify potential changes, we employed a heatmap visu
alization method (Figure 4 and Supplementary Table 4). 
Darker colors represent higher FA values, and lighter colors 
correspond to lower FA values. In addition, to compare the 
qualitative differences between males and females, we em
ployed an analytical approach that examined the value dif
ferences represented in the heatmap. In the analysis of the 
FA differences between males and females, the connection 
between ACC-NAcc showed the greatest difference and the 
connection between the Amy-NAcc, Amy-PAG and 
Amy-PFC, and the connection between NAcc-VP, PAG-VP 
and PFC-VP showed that females had higher FA values 

(Fig. 4A). Although lower FA value differences were ob
served in both males and females within the NP group, the 
connection between Amy-VP was higher in females 
(Fig. 4B). In the ICS group, the change in FA in the brain 
was higher in males than in females, and the greatest differ
ence was observed in the IC-S1, IC-VP and NAcc-VP path
ways. The connection between the PFC-S1 and S1-VP 
pathways showed significantly higher FA values (Fig. 4C). 
These findings suggest that there are differences in basic 
brain connectivity between males and females in brain re
gions related to pain perception and that there are differences 
in brain microstructural organization and connectivity after 
chronic pain and pain relief. Detailed FA values are provided 
in Supplementary Table 3.

To determine whether the differences in FA values between 
the groups reflected variations in brain connectivity, we com
pared the FA changes between males and females. In the male 
group, the only connection showing a significant FA differ
ence between the Sham and NP groups was the pathway be
tween the ACC-VP, which exhibited a decrease in FA in the 
NP group. In the ICS group, connections showing increased 
FA values compared to the NP group included the pathways 
between the ACC-VP, Amy-VP, IC-S1 and NAcc-VP. 
Additionally, connections with significantly higher FA values 
in the ICS group than in the sham group were observed in 
the ACC-IC, ACC-PFC and NAcc-VP (Fig. 5A and 
Supplementary Table 4). In females, connectivity generally 
showed lower FA values in both the NP and ICS groups 

Figure 1 Experimental timeline and comparison of mechanical threshold. (A) The timeline illustrates the order of the surgical 
procedures, behavioural testing, and imaging assessments. (B) Comparison of mechanical withdrawal thresholds between male and female rats in 
the Sham group (no injury, no stimulation). (C) Mechanical withdrawal threshold comparison between male and female rats in the NP group (nerve 
injury without stimulation). (D) Mechanical withdrawal threshold comparison between male and female rats in the insular cortex stimulation 
group (nerve injury with insular stimulation). The white and red markers indicate the absence and presence of NP, respectively, while the line on 
the head represents insular cortex stimulation. Each data point in (B) to (D) represents an individual animal. Data are presented as mean ± SEM 
and analysed using one-way ANOVA followed by Tukey’s multiple comparisons test (n = 27 males; n = 30 females). Statistical significance between 
males and females is denoted by *P < 0.05, **P < 0.01. Significant differences between the pre- and post-treatment groups in the insular cortex 
stimulation group are indicated by ***P < 0.001.
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than in the Sham group. Specifically, significant reductions in 
FA values were observed in the NP group compared to the 
Sham group in the connections between the ACC-NAcc, 
ACC-VP, PAG-S2, PAG-VP, PFC-VP and S1-S2. 
Furthermore, even after pain was alleviated following ICS, 
the connections between the ACC-NAcc, ACC-VP, PAG-S2 
and PFC-VP continued to exhibit reduced FA values com
pared to the Sham group (Fig. 5B, Supplementary Table 4).

To evaluate the degree of change in brain connectivity with
in each group, FA values were compared across groups to cal
culate the magnitude of change. These changes were visualized 
as a heatmap to illustrate the relative differences (Fig. 6 and 
Supplementary Table 5). To identify the reductions in brain 
connectivity associated with the pain state, we employed an 
analytical method that involved subtracting the FA values of 
the NP group from those of the Sham group. In the analysis 

results, male rats showed a significant difference only in the 
connection between ACC-VP. In contrast, female rats showed 
significant differences in the connections between ACC-NAcc, 
ACC-VP, PAG-S2, PAG-VP, PFC-VP and S1-S2 (Fig. 6A). To 
assess the extent to which brain region connectivity deviates 
from the normal state following ICS, we analysed the changes 
using the differences in FA values between the Sham and ICS 
groups. In male rats, the connections between the ACC-IC, 
ACC-PFC and NAcc-VP were significantly stronger in the 
ICS than in the Sham group. However, in female rats, the 
FA value of the ICS was lower than that of Sham, so it showed 
an overall negative value, and there was a significant difference 
in the connection between the ACC-NAcc, Acc-VP, PAG-S2 
and PFC-VP (Fig. 6B). Finally, we analysed the differences in 
FA values between the ICS and NP groups to determine 
whether ICS increased the FA values between brain regions 

Figure 2 Diffusion tensor imaging tractography. Representative images of male and female rats in the (A) Sham, (B) NP and (C) insular 
cortex stimulation groups (A–C). Tract pathways are color-coded based on standard red-green-blue (RGB) encoding; red indicates right–left, blue 
indicates dorsal–ventral and green indicates anteroposterior orientations, reflecting the spatial directionality of terminal regions (A: anterior, P: 
posterior, L: left and R: right).
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in the pain state. Significant differences were observed exclu
sively in the ACC-VP, Amy-VP, IC-S1 and NAcc-VP pathways 
in male rats. In contrast, no significant differences in FA values 
were detected between the ICS and NP groups in female rats 
(Figure 6C). The detailed subtracted FA data are presented 
in Supplementary Table 5.

Statistical analysis of the relationship 
between pain severity and brain 
structural changes
Finally, we examined the relationship between the FA values 
across brain regions and the observed pain levels, as 

Figure 3 Fractional anisotropy value comparisons across pain-related brain regions. Fractional anisotropy values in functional 
connectivity between pain-related brain regions for sex differences in the (A) Sham, (B) NP and (C) insular cortex stimulation groups. Regions 
with statistically significant differences in FA values between males and females in each group are indicated. Unpaired t-tests were used for data 
comparisons, with statistical significance between males and females denoted as *P < 0.05 and **P < 0.01. Each data point represents an individual 
animal (n = 27 males; n = 30 females). ACC, anterior cingulate cortex; Amy, amygdala; IC, insular cortex; NAcc, nucleus accumbens; PAG, 
periaqueductal grey; PFC, prefrontal cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; VP, ventral posterior 
thalamic nucleus. Detailed data in Supplementary Tables 1 and 2.
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determined by behavioural tests, using a linear correlation 
model. Spearman correlation coefficients were calculated to 
assess the relationship between the measured MW and FA va
lues for each of the Sham, NP and ICS groups (Fig. 7 and 
Supplementary Table 6). In the Sham group, a significant cor
relation between the MWT and FA values in the tracts con
necting the ACC-S2 was found only in male rats (ACC and 
S2: r = 0.6723, P = 0.024). In the NP group, a significant 

positive correlation between the MWT and FA values was 

found in the tracts between the ACC-IC, ACC-PFC, 

Amy-IC and NAcc-PFC (ACC-IC: r = 0.5149, P = 0.049; 
ACC-PFC: r = 0.5609, P = 0.024, Amy-IC: r = 0.7128, P = 
0.027 and NAcc-PFC: r = 0.6054, P = 0.036). In female 
rats, there were significant correlations between the MWT 
and FA values in the ACC-VP tract (ACC-VP: r = 0.6588, 
P = 0.028). In the ICS group, male rats showed significant 

Figure 4 Quantification of fractional anisotropy values for the sham, NP and insular cortex stimulation male/female groups. 
Heatmap showing fractional anisotropy values in functional connectivity between pain-related brain regions for sex differences in the (A) Sham, 
(B) NP and (C) insular cortex stimulation groups. Error bars represent the SEM. The heatmaps on the left and middle column show the mean 
fractional anisotropy values of structural connectivity between two brain regions for each sex within the group. The heatmap on the right column 
was graphically represented using the modified t-values calculated from the two-sample t-test, assuming unequal variances for differences in 
fractional anisotropy values between male and female rats. Significant fractional anisotropy differences in structural connectivities are marked with 
single or double asterisks; *P < 0.05, **P < 0.01 (n = 27 males; n = 30 females, ACC, anterior cingulate cortex; Amy, amygdala; IC, insular cortex; 
NAcc, nucleus accumbens; PAG, periaqueductal grey; PFC, prefrontal cortex; S1, primary somatosensory cortex; S2, secondary somatosensory 
cortex; VP, ventral posterior thalamic nucleus (detailed data in Supplementary Table 3).
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differences in the ACC-PFC, ACC-S2, and S2-VP (ACC-PFC: 
r = −0.7119, P = 0.020; ACC-S2: r = −0.6508, P = 0.015, 
and S2-VP: r = −0.6757, P = 0.028). Female rats exhibited 
significant correlations between the MWT and FA values in 
the ACC-PAG, NAcc-S1 and PAG-PFC tracts (ACC-PAG: 
r = 0.4976, P = 0.026; NAcc-S1: r = −0.7714, P = 0.020 
and PAG-PFC: r = 0.6958, P = 0.026). These findings suggest 
that pain is associated with enhanced connectivity between 
different brain regions. Furthermore, the observed changes 
in connectivity following ICS treatment revealed distinct 
sex differences in brain network modulation.

Discussion
The present study explored sex-specific differences in brain 
activation and pain modulation pathways during chronic 
pain management after ICS use. Structural connectivity 
was analysed using a pain model and DTI. In chronic pain 
conditions, males exhibited decreased FA values between 
the ACC-VP, whereas females showed reduced FA values 
across multiple pathways, including the ACC–NAcc, 
ACC–VP, PAG–S2, PAG–VP, PFC–VP and S1–S2. Pain relief 
in males was associated with increased FA values in the 

Figure 5 Sex-based fractional anisotropy comparison among Sham, NP and insular cortex stimulation. Comparison of fractional 
anisotropy values in functional connectivity among Sham, NP and insular cortex stimulation groups in male (A) and female (B) rats. The white, red, 
and black bars represent the mean fractional anisotropy values for the Sham, NP and insular cortex stimulation groups, respectively. Each data 
point represents an individual animal. Error bars correspond to the SEM. Statistical significance was assessed by 1-way ANOVA and Tukey’s HSD 
post hoc test: *P < 0.05, **P < 0.01 (n = 27 males; n = 30 females). ACC, anterior cingulate cortex; Amy, amygdala; IC, insular cortex; NAcc, 
nucleus accumbens; PAG, periaqueductal grey; PFC, prefrontal cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; 
VP, ventral posterior thalamic nucleus (detailed data in Supplementary Table 4).
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ACC–VP, Amy–VP, IC–S1 and NAcc–VP pathways. In con
trast, females showed no significant FA differences between 
the NP and ICS groups. These findings highlight clear sex- 
related differences in neural activation and pain modulation 
mechanisms, emphasizing the need for sex-specific ap
proaches in chronic pain research and treatment development. 
This study provides new insights into the changes in structural 
connectivity underlying pain and its modulation, offering a 
foundation for personalized neuromodulation strategies.

Chronic pain typically affects >20% of adults and is a ma
jor contributor to impairment worldwide.44 In addition, 

even when the type of pain is the same, the degree of pain per
ception often differs between males and females.45 The exist
ence of sex differences in the prevalence of chronic pain has 
been reported in many studies.46-50 Females are reported to 
have a higher likelihood of experiencing other conditions as
sociated with chronic pain and to exhibit greater sensitivity 
to pain than males.47 Our previous studies have demon
strated sex differences in pain perception using behavioural 
assessments,45 and our present results provide further evi
dence that ICS effectively restores pain thresholds in both 
males and females and that the mechanisms of this 

Figure 6 Pairwise multiple comparisons of fractional anisotropy values in functional connectivity among Sham, NP and insular 
cortex stimulation groups in each sex. (A–C) The differences between the fractional anisotropy values in the insular cortex stimulation 
insular cortex stimulation and NP groups. The fractional anisotropy differences in the insular cortex stimulation-NP between males and females 
were analysed. The intensity of the red color indicates a higher change in association between insular cortex stimulation–related brain regions 
after insular cortex stimulation, whereas a darker blue color indicates a higher correlation between pain-related brain regions after insular cortex 
stimulation. Significant fractional anisotropy differences in structural connectivities are marked with single or double asterisks; *P < 0.05, **P <  
0.01 (n = 27 males; n = 30 females). ACC, anterior cingulate cortex; Amy, amygdala; IC, insular cortex; NAcc, nucleus accumbens; PAG, 
periaqueductal grey; PFC, prefrontal cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; VP, ventral posterior 
thalamic nucleus. Detailed data in Supplementary Table 5.
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restoration are mediated by different brain activations. 
Human studies using fMRI and PET have also revealed sex 
differences in brain structure formation, neural activation 
and connectivity.5,50,51 The IC is a structurally and function
ally heterogeneous region, with its subregions contributing 
to pain perception and modulation. While the posterior IC 
has been primarily implicated in encoding the sensory- 
discriminative aspects of nociceptive stimuli, stimulation of 
the anterior IC has been associated with the affective, cogni
tive, and anticipatory dimensions of pain.52,53 Notably, the 
anterior IC forms direct reciprocal connections with key re
gions involved in descending pain control, including the 
ACC, mPFC, Amy and PAG.54 These anatomical projections 
support the role of the anterior IC as a hub that integrates in
teroceptive awareness with the top-down modulation of 
nociceptive input. Therefore, in the present study, we specif
ically targeted the rostral anterior IC to engage this broader 
pain regulatory network, rather than the primary sensory 
nociceptive pathways.

In this study, we demonstrated that the connectivity be
tween the Amy and PFC was significantly higher in female 
rats than in male rats in the sham group, as evidenced by 
quantitative increases in FA values measured using DTI 
(Fig. 3A). Consistent with primate studies that have reported 
the involvement of the amygdala and PFC in emotional pro
cessing and cognitive functions such as pain-related memory 
and stimulus evaluation,55,56 our findings revealed sex- 
dependent differences in the connectivity of these regions. 
While previous studies have explored sex differences in 
pain sensitivity by examining biological mechanisms, includ
ing hormonal regulation and immunological factors, along
side psychosocial influences such as social support and 
emotion-focused interventions,57-59 these mechanisms re
main incompletely understood and poorly characterized. 
Further research is warranted to investigate sex-specific 
neural responses to nociceptive stimuli and the functional 
connectivity between brain regions, which may provide dee
per insights into the mechanisms underlying sex-specific pain 
processing.60,61 Notably, our results indicate that these sex- 
dependent differences in brain connectivity became negli
gible in most cases during the pain state, except for the FA 
values of the Amy-VP pathway. Interestingly, in response 
to ICS, FA values were higher in male rats than in females, 
reflecting significant sex differences in the connectivity be
tween regions directly and indirectly associated with ICS. 
An interesting finding from our study was the enhanced acti
vation of the pathway connecting the ACC, IC, PFC, S1 and 
VP in males compared to that in females following ICS (Figs 
4C and 6C). This pronounced sex difference in pain modula
tion suggests that ICS enhances these pathways more strong
ly in males than in females. This effect was corroborated by 
more distinct FA changes and intergroup differences ob
served in the heatmap analyses. Previous studies on sex dif
ferences in pain modulation via the ICS have highlighted 
significant sex-specific characteristics in pain processing 
within the IC.62 These differences are attributed to the dis
tinct structural and functional characteristics of pyramidal 

neurons in the IC; however, further research is needed to ex
plore these sex-specific features in greater detail.62,63 When 
analysing the FA changes across the three groups (Sham, 
NP and ICS) in both males and females, the results revealed 
distinct patterns were observed. In males, FA values in
creased following ICS in pathways such as the AA-IC, 
ACC-PFC and NAcc-VP, with significant intergroup differ
ences observed in the ACC-VP, Amy-VP, IC-S1 and 
NAcc-VP. Conversely, in females, FA values tended to de
crease following ICS in pathways, including the 
ACC-NAcc, ACC-VP, PAG-S2 and PFC-VP. Notably, con
nections in the NP group exhibited lower FA values than 
those in the Sham group, particularly in the ACC-NAcc, 
AVV-VP, PAG-S2 and PFC-VP. These findings indicate 
that different incertothalamic pathways may be involved in 
gender-specific pain modulation processes following 
ICS.64-66 Albanese et al.67 and Bornhovd et al.68 demon
strated that the anterior IC, ACC and medial prefrontal cor
tex are strongly associated with the subjective experience of 
pain, whereas the somatosensory cortex is more closely 
linked to the intensity of the stimulus. Our findings corrob
orate these results. Consistent with prior experimental stud
ies, the IC, a key component of the limbic system, has been 
implicated in the emotional processing of pain, as evidenced 
by activation observed in PET and fMRI studies of various 
pain types.69-71 In our study, we did not perform whole- 
brain DTI analysis because our primary objective was to in
vestigate distinct changes in the brain regions contralateral 
to the nerve injury, where pain signals are primarily pro
cessed. The observed changes in structural connectivity le
vels, reflected by fluctuations in FA values, along with the 
increase in pain threshold following direct stimulation of 
the IC, are significant and warrant further investigation.

DTI is a noninvasive MRI technique that quantifies both 
isotropic and anisotropic water diffusion in tissues, offering 
valuable insights into the microstructural integrity and con
nectivity within the brain.23,72,73 This technique has been in
creasingly applied to identify potential biomarkers of 
chronic pain and assess treatment outcomes. In this study, 
we investigated sex-specific differences in the degree of con
nectivity across nine brain regions that are implicated in pain 
processing. Notably, differences in FA values reflected sub
stantial changes in the strength of pain-related connectivity, 
with enhanced brain connectivity following ICS demonstrat
ing significant sex differences (Figs 4 and 5). These findings 
provide compelling evidence that the limbic system plays a 
critical role in pain regulation, exhibiting distinct patterns 
of modulation between males and females. The relationship 
between the limbic system and pain processing has been exten
sively studied.74,75 Within this system, Amy and PAG are cen
tral to the modulation of fear and anxiety. The Amy not only 
processes sensory stimuli, including pain but also transmits this 
information to surrounding areas, enabling the organism to 
adapt to specific environmental conditions.56,74 Upon receiv
ing inputs from the Amy, the PAG initiates physical responses 
to manage fear and stress, whereas other brain regions modu
late these responses by regulating PAG activity.76
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Another critical component of the limbic system, the 
NAcc, plays a key role in regulating emotions, such as pleas
ure, reward, and motivation, while also influencing behav
iour.77 In addition to these functions, the NAcc is 
intricately involved in pain processing and modulation.78,79

The connections between the core and shell of the NAcc 
form a feedback loop essential for pain processing, suggesting 
that the NAcc integrates nociceptive inputs and disseminates 
signals throughout the pain processing network.78-80 Given 
that pain serves as an aversive stimulus to promote avoidance 
and adaptive behaviours, its encoding and memory rely on 
neural circuits associated with motivation and negative re
inforcement learning.81 The integration of the sensory and 
emotional components of pain likely involves strengthened 
connectivity between key regions.82 For instance, the second
ary S2, which integrates sensory information for decision- 
making, may exhibit enhanced connectivity with the Amy 
and PFC, which are regions central to pain processing and 
negative reinforcement. These strengthened connections 
may facilitate adaptive responses to painful stimuli, under
scoring the intricate interplay between the sensory, emotion
al, and cognitive networks in pain modulation.

The results of the behavioural tests and correlation analysis 
of FA provide strong support for our hypothesis. While robust 
sensory-emotional connectivity between the ACC and S2 was 
observed in sham males, in the NP condition, connectivity be
tween the ACC, IC, PFC, Amy and NAcc was strongly corre
lated with pain in male rats. In contrast, in females, only 
ACC-VP connectivity exhibited changes associated with the 
pain behaviour. These brain regions are critical for processing 
the sensory, emotional, and cognitive dimensions of pain, and 
their interactions contribute to the regulation of emotional re
sponses to pain.83,84 These findings suggest alterations in both 
the pain processing network and the emotional-motivational 
processing network related to pain behaviours. Additionally, 
changes in the IC showed negative correlations in males be
tween the ACC-PFC, ACC-S2 and S2-VP, whereas in females, 
negative correlations were observed in the NAcc-S1. 
Conversely, positive correlations were found between the 
ACC-PAG and PAG-PFC in females. These results indicate 
modifications within the pain processing network, affective- 
motivational processing network, or sensory-affective 
network, highlighting the complex integration of sensory, 
affective, and cognitive processing in generating a comprehen
sive pain response. Specifically, the ACC and IC process the af
fective and sensory components of pain,85,86 the Amy and 
NAcc enhance emotional and motivational responses,87,88

and the PFC modulates these responses cognitively to induce 
appropriate behavioural responses.89

The present findings demonstrate that ICS elicits measur
able changes in both pain-related behaviours and white 
matter connectivity, as assessed using FA-based tractogra
phy. These results have potential translational significance, 
particularly given the conserved role of the rostral IC in 
nociceptive processing across species. In humans, the insula 
is critically involved in the affective-motivational and 

interoceptive dimensions of pain, and its altered activity 
and connectivity have been robustly reported in various 
chronic pain conditions, including neuropathic pain, fibro
myalgia, and complex regional pain syndrome (CRPS). 
Thus, the observed effects of ICS in this preclinical model 
may inform the development of targeted neuromodulatory 
strategies aimed at the IC or IC-associated circuits for clinical 
pain management. In addition, the alterations in FA-based 
connectivity observed following ICS suggest the engagement 
of broader circuit-level mechanisms potentially underlying 
its analgesic effects. These may include (i) descending pain 
modulatory pathways, particularly involving projections 
from the IC to the PAG; (ii) limbic-cortical integration, en
compassing altered connectivity among the IC, ACC, PFC, 
and NAcc, which are implicated in the emotional-cognitive 
regulation of pain; and (iii) thalamocortical plasticity, which 
may reflect reorganization of somatosensory input pathways 
following chronic injury. Collectively, these circuit-level 
changes may represent a form of adaptive plasticity contrib
uting to pain relief, thereby providing a mechanistic basis for 
observed behavioural outcomes. These insights highlight the 
relevance of insula-targeted neuromodulation not only in ex
perimental paradigms but also in translational contexts, of
fering a promising direction for non-opioid, circuit-specific 
interventions in chronic pain therapy.

Although FA is known to exhibit low inter-subject vari
ability and high test–retest reliability,90,91 we considered 
the potential confounding effects of individual baseline dif
ferences when interpreting group-level differences in FA va
lues across the Sham, NP and ICS conditions. Although 
random group assignment and the absence of significant pre- 
intervention differences in DTI metrics reduce the likelihood 
of systematic bias, it is still possible that pre-existing differ
ences in white matter microstructures contributed to the ob
served post-intervention FA changes. Ideally, normalizing 
FA values to each subject’s baseline would yield more accur
ate estimates of treatment effects. Although fully longitudin
al DTI acquisition was not feasible for all animals in the 
present study, this limitation underscores the importance 
of incorporating pre- and post-intervention imaging in future 
studies to control individual variability more effectively.

Our study primarily focused on changes in brain connect
ivity in rats, specifically investigating sex differences in con
nectivity following pain modulation using the ICS. It is 
crucial to recognize that sex differences influence brain con
nectivity in the perception and regulation of pain. These find
ings offer compelling evidence for the need to consider sex as 
a factor in clinical pain management, potentially guiding the 
development of sex-specific therapeutic strategies in the fu
ture. Through our detailed DTI analysis, we provide critical 
insights into the alterations in connectivity across various 
brain regions during pain processing and its modulation. 
We anticipate that this study will contribute significantly to 
the understanding of sex-based differences in pain percep
tion and serve as a foundation for future studies exploring 
the neural mechanisms underlying effective pain treatment.
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