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The subgenual anterior cingulate cortex (sgACC) is a key node of the descending

antinociceptive system with sex differences in its functional connectivity (FC). We

previously reported that, in a male-prevalent chronic pain condition, sgACC FC is

abnormal in women but not in men. This raises the possibility that, within a sex, sgACC

FCmay be either protective or represent a vulnerability to develop a sex-dominant chronic

pain condition. The aim of this study was to characterize sgACC FC in a female-dominant

chronic pain condition, carpal tunnel syndrome (CTS), to investigate whether sgACC

abnormalities are a common feature in women with chronic pain or unique to individuals

with pain conditions that are more prevalent in the opposite sex. We used fMRI to

determine the resting state FC of the sgACC in healthy controls (HCs, n = 25, 18

women; 7 men) and people with CTS before (n = 25, 18 women; 7 men) and after

(n = 17, 13 women; 4 men) successful surgical treatment. We found reduced sgACC

FC with the medial pre-frontal cortex (mPFC) and temporal lobe in CTS compared

with HCs. The group-level sgACC-mPFC FC abnormality was driven by men with CTS,

while women with CTS did not have sgACC FC abnormalities compared with healthy

women. We also found that age and sex influenced sgACC FC in both CTS and HCs,

with women showing greater FC with bilateral frontal poles and men showing greater

FC with the parietal operculum. After surgery, there was reduced sgACC FC with the

orbitofrontal cortex, striatum, and premotor areas and increased FC with the posterior

insula and precuneus compared with pre-op scans. Abnormally reduced sgACC-mPFC

FC in men but not women with a female-prevalent chronic pain condition suggests

pain-related sgACC abnormalities may not be specific to women but rather to individuals

who develop chronic pain conditions that are more dominant in the opposite sex. Our

data suggest the sgACC plays a role in chronic pain in a sex-specific manner, and its

communication with other regions of the dynamic pain connectome undergoes plasticity

following pain-relieving treatment, supporting it as a potential therapeutic target for

neuromodulation in chronic pain.
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INTRODUCTION

The subgenual anterior cingulate cortex (sgACC) plays an
important role in the descending pain modulation (DPM)
pathway. It is associated with endogenous opioidergic pain
inhibition (1, 2) and is structurally and functionally connected to
key nodes within theDPMpathway, including the periaqueductal
gray (PAG), rostroventral medulla (RVM), and medial pre-
frontal cortex (mPFC) (3–6). In healthy individuals, stronger
sgACC functional connectivity (FC) with the DPM is associated
with reduced temporal summation of pain (7), and habituation
to sustained painful stimuli corresponds to sgACC activity (8).
Importantly, there are sex differences in sgACC FC in healthy
individuals. An fMRI study of static resting state (rs) sgACC FC
in our lab found that women had greater connectivity with nodes
of the DPM pathway (PAG and raphe nuclei) while men had
greater connectivity with the salience network (3). Furthermore,
our recent magnetoencephalography (MEG) study of healthy
adults found sex differences in dynamic FC in the sgACC across
multiple frequency bands (9).

Dysfunction in the DPM system (10–12), including the rostral
ACC (13), is a common finding in chronic pain, but the extent
and the character of these abnormalities differ between women
and men (14). Sex differences in sgACC effective connectivity
may underlie sex differences in brain responses to painful stimuli
as well as symptoms in chronic pain (15). Both fMRI and
MEG studies in our lab have found abnormalities, specifically
in the sgACC, across chronic pain conditions. A MEG study
of patients with multiple sclerosis identified abnormal static
and dynamic FC that was particularly pronounced in patients
with neuropathic pain (16). In another study, a graph-theory
analysis of rsFC in patients with low-back pain due to ankylosing
spondylitis (AS) found atypical modular segregation in the mid
cingulate cortex and sgACC in women with chronic pain, with
stronger interactions between nodes within the sgACC module
and weaker interactions with nodes outside of it (17). A FC
study that focused on the sgACC in a subset of these chronic
pain patients found abnormal sgACC FC only in the women.
Compared with healthy women, women with AS had increased
FC with nodes of the default mode and salience networks but
decreased FC with the left inferior frontal gyrus and dorsolateral
pre-frontal cortex (DLPFC)(18).

Interestingly, AS is one of the few chronic pain conditions
that are more prevalent in men than women (19). There are
numerous sex differences in pain physiology and gendered
cognitive and social influences on pain that could translate to
differences in chronic pain prevalence and presentation (20).
Exactly why a given chronic pain condition is more dominant
in a particular sex, and why individuals develop a condition that
is significantly less prevalent in their sex is not clear. In the
present study, we aimed to explore if sex-specific abnormalities
in sgACC FC exist in people with a chronic pain condition that
is ∼3 times more prevalent in women than men, carpal tunnel
syndrome (CTS) (21, 22). CTS is the most common entrapment
neuropathy, characterized by pain, numbness, and tingling in the
hands caused by chronic compression and subsequent damage
to the median nerve in the wrist (23, 24). Surgical release of

the carpal tunnel leads to successful resolution of symptoms
in approximately 80% of CTS patients within 3 months (25),
making it a good condition to study treatment-related brain
plasticity (26).

Treatment-related plasticity in the sgACC has not been well-
studied in chronic pain, although this region has been a target to
alleviate major depressive disorder, using deep brain stimulation
(DBS) (27) and non-invasive brain stimulation. Interestingly,
FC of the sgACC appears to predict responses to cognitive
behavioral therapy for depression (28), response to medication
(29) and non-invasive brain stimulation treatments (30–32),
and is used to guide stimulation site placement. Furthermore,
posttreatment sgACC FC with the default mode network,
DLPFC, and insula was associated with symptom reduction
after transcranial magnetic stimulation (31), and a small study
using intracranial recordings from DBS electrodes placed in the
sgACC showed changes in beta oscillations, corresponding to
normalized responses to an emotional task, following 6 months
of DBS treatment (33).

Despite a growing understanding of the role of the sgACC as a
target for treating depression, its potential as a future therapeutic
target for pain treatments has not been fully realized. Thus, in
this study, our aim was to characterize sgACC FC in individuals
with chronic pain and in those whose pain has resolved following
treatment to better understand this region’s role in chronic pain
in women and men. In this longitudinal study, we collected
rs fMRI in 25 healthy controls (HCs) and 25 CTS patients
before CTS release surgery, 17 of whom returned for a post-op
fMRI. We hypothesized that sgACC FC would be abnormal in
individuals with CTS, and this pattern of abnormalities would
be influenced by sex. We also hypothesized that sgACC to
whole brain FC patterns would differ within individuals when
experiencing ongoing chronic pain (i.e., pre-op CTS) compared
with a pain-free state (i.e., post-op CTS).

MATERIALS AND METHODS

Participants
This study included 25 (18 women, 7 men; mean age ±

SD 49.6 ± 12 years) patients with chronic pain associated
with CTS and 25 sex-matched healthy controls (HCs, mean
age ± SD 45.7 ± 9.4 years). CTS patients were recruited
from the clinic of Dr. Dimitri Anastakis, a hand surgeon at
the Toronto Western Hospital Hand Program. The HCs were
recruited with advertisements posted throughout hospitals of the
University Health Network in Toronto, Ontario, Canada. All
the participants provided informed, written consent to the study
procedures that were approved by the University Health Network
Research Ethics Board.

A diagnosis of CTS was confirmed through clinical
examination by Dr. Anastakis and his team. Each clinical
assessment involved a thorough history of symptomology and
clinical tests, including Tinel’s Sign, Phalen’s Test (34), Pressure
Provocation Test (35), and two-point discrimination tests as well
as assessments of grip strength, key pinch, muscle atrophy, and
abductor pollicis brevis tone (22). Nerve conduction studies were
done in cases with diagnostic uncertainty, but electrodiagnostic
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tests were not required for inclusion in the study because CTS is
a clinical diagnosis (36). Our inclusion criteria included patients
between the ages of 18 to 70 years of age with unilateral or
bilateral CTS who failed conservative management (defined as
three consecutive months of nightly splint wearing) and were
recommended for carpal tunnel release surgery. Our exclusion
criteria were (1) polyneuropathy/other peripheral neuropathy
(e.g., double crush syndrome, cervical radiculopathy, and ulnar
neuropathy), (2) atypical innervation of the hand (e.g., Martin-
Gruber or Riche-Cannieu anastomoses), (3) previous carpal
tunnel release surgery, (4) rheumatoid arthritis or degenerative
osteoarthritis in the hand, (5) diabetes mellitus, renal disease
or metabolic disorder, (6) neurodegenerative disorders (e.g.,
dementia, Parkinson’s disease), (7) other chronic pain conditions,
(8) psychiatric disorders (e.g., personality and eating disorders);
however, patients with anxiety or depression were not excluded,
and (9) pregnancy, claustrophobia, and contraindications for
MRI. HCs were included if they were between the ages of 18 and
70 and excluded if they had any of the nine criteria above, as well
as (1) current acute pain or diagnosis of a chronic pain condition
and (2) diagnosis of any psychiatric or neurological disorder,
including depression and anxiety.

Study Protocol
The study protocol for CTS patients involved both a presurgical
assessment prior to surgical release of one or both of their
carpal tunnels, and a post-surgical assessment for a subset of
patients. At each session, neuroimaging data were acquired and
questionnaires were collected. All the surgeries were performed
by Dr. Anastakis. Of the patients that enrolled in the study,
17 returned for the postsurgical follow-up assessment. Post-op
visits were scheduled for at least 3 months after surgery to allow
sufficient time for the median nerve to heal and regenerate. In
the cases where a patient had significant bilateral CTS and elected
to have surgery on both hands, the post-op visit was collected at
least 3 months after the second surgery. The HCs were assessed
in a single visit, which included neuroimaging data acquisition
and questionnaires.

Questionnaires
The severity of CTS was assessed with the Boston Carpal Tunnel
Questionnaire (BCTQ), a validated tool (37, 38) that contains a
subscale for symptoms and another subscale to assess function.
The symptom severity scale consists of 11 questions about the
occurrence and duration of sensations such as pain, numbness,
and tingling. They are rated 1–5, with 1 representing a “normal”
response (no symptoms) and 5 indicating “very serious” or
constant symptoms. The functional status scale contains eight
questions that assess how CTS affects hand function, such as
writing or opening jars, and each question is rated from 0 (No
difficulty) to 5 (Cannot perform the activity at all due to hands
and wrists symptoms). Scores for both subscales are calculated
by tallying the numerical answers and dividing the total by the
number of questions for that subscale. The resulting score for
each subscale is then added to get the total BCTQ score. Two
represents a “normal” BCTQ score, while the most severe score
is 10. The patients who had bilateral CTS completed a BCTQ

questionnaire for each hand, and, here, we report the BCTQ score
for the most symptomatic hand.

Two questionnaires were used to assess pain in the patients.
The pain DETECT questionnaire (39) was used to assess
the likelihood of the presence of neuropathic pain. The pain
DETECT scores can range from 0 to 38, with scores 12 and
under indicative of pain that is unlikely to be neuropathic and
thus categorized as “non-neuropathic.” Scores between 13 and
18 indicate a “mixed” pain etiology in which a neuropathic
component is likely present, and scores 19 and above indicate
high likelihood of neuropathic pain. The Brief Pain Inventory
(40) (BPI) was used to assess pain severity at present, average
pain, and pain at its worst and least in the past 24 h (41). The
BPI uses scales from 0 (no pain) to 10 (pain as bad as you can
imagine). Here, we report the average of these four ratings as the
patient’s “average pain severity.” The participants self-identified
their sex in a sociodemographic questionnaire with the binary
options of male and female. All the study participants completed
the Beck Depression Inventory (BDI), a 21-question measure of
cognitive and affective symptoms of depression. Each question
is scored from 0 to 3, with a total score range of 0–63 (42).
Depression scores are classified as none to minimal (0–13), mild
(14–19), moderate (20–28), and severe (29–63).

Neuroimaging Acquisition
Neuroimaging data were collected with a 3T GE Signa MRI
scanner fitted with an 8-channel phase-array head coil (GE
Medical Systems, Chicago, IL). The neuroimaging acquisition
protocol included a high resolution T1-weighted anatomical scan
(3D IR-FSPGR sequence; 180 axial slices; repetition time (TR),
7.8ms; echo time (TE), 3ms; flip angle, 15◦; 256 × 256 matrix; 1
× 1 × 1 mm3 voxels) and a T2∗-weighted eyes-closed resting-
state fMRI scan, lasting 9min and 14 s (echo-planar imaging
sequence; 36 slices; TR, 2,000ms; TE, 30ms; 64 × 64 matrix;
3.125× 3.125× 3.125 mm3 voxels).

Pre-processing of Functional MRI Data
For data preprocessing, we used the fMRI Expert Analysis Tool
(FEAT) in FMRIB Software Library (FSL) version 5.0.1. The first
four volumes of the resting-state scan were removed. We used
FEAT’s Brain Extraction Tool (BET) to remove non-brain voxels
from the functional data. Motion correction was performed using
Motion Correction FMRIB’s Linear Image Registration Tool
(MCFLIRT). The participants’ absolute and relative root mean
square displacement (RMS) was inspected to ensure values did
not exceed the cutoff of 2.5mm (absolute RMS) and 0.30mm
(relative RMS). T1-weighted anatomical images were skull
stripped with OptiBET (43). FMRIB’s Linear Image Registration
Tool (FLIRT)(44) (rigid body transformation with six degrees of
freedom) was used to register each participant’s functional images
to his or her skull-stripped T1-weighted anatomical image,
followed by non-linear registration to MNI152-2mm space
with FMRIB’s Non-linear Image Registration Tool (FNIRT).
To further remove physiological and scanner-related noise,
we used aCompCor (45), as described previously (46). This
process regresses out the top five white matter and cerebrospinal
fluid components, and six motion parameters out of the
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functional data. Finally, spatial smoothing was applied, using a
4-mm FWHM Gaussian spatial smoothing kernel, and temporal
filtering was performed, using a high-pass filter (0.01Hz cutoff)
to remove scanner-related signal drift and a low-pass filter (0.1Hz
cutoff) to reduce physiological noise.

Definition of Seeds for Resting State FC
The sgACC seeds that were used in the FC analysis were based
on our previous studies that demonstrated sex differences and
sex-specific abnormalities in sgACC FC to regions throughout
the brain in healthy individuals and those with chronic pain
(3, 18). The sgACC seeds had a radius of 6mm and were centered
around the Montreal Neurological Institute (MNI) coordinates
on the right (5, 34, −4) and left (−5, 34, −4). The anatomical
location of the sgACC makes this region susceptible to signal
dropout. Therefore, we established a minimum cutoff (BOLD
signal intensity equal to or exceeding 50% of the mean intensity
within all non-zero voxels in the brain) that each seed in
each participant must reach for inclusion in the analysis. Two
additional spherical seeds were created to examine the FC of key
nodes in the descending pain modulation system, the PAG, and
RVM. Each seed had a 3mm radius and was centered around
coordinates used previously in our lab (47, 48), MNI: 0, −32, 10
(PAG) and MNI: 0,−34,−50 (RVM).

Functional Connectivity Analyses
Analysis 1: sgACC to Whole Brain FC
In analysis 1, we assessed whether whole brain sgACC FC was
abnormal in CTS patients compared with age/sex-matched HCs.
To do this, we first took the right and left sgACC seeds and
transformed them non-linearly from standard space into native
space for each participant. Next, the average time series for each
seed was extracted and used in a first-level GLM analysis in FSL’s
FEAT that calculated the sgACC seed-to-whole brain FC of each
seed for every participant (49). In eachGLM, the time series of the
sgACC seed region was entered as a regressor to identify voxels
throughout the whole brain that were significantly functionally
connected to the seed. The output from each participant’s first-
level analysis was then entered into a second-level group analysis,
using FEAT’s two-group difference adjusted for covariates model
and FLAME 1+ 2 (50). This consisted of a two-sample unpaired
t-test, comparing CTS patients to HCs with two additional
covariates included in the analysis: sex and age. Including these
covariates in the model allowed us to examine group differences
(CTS vs. HC), adjusted for the participants’ mean—centered
age and sex. Additionally, we included positive and negative
contrasts for each covariate. These contrasts revealed where
in the brain sgACC FC was greater or reduced for all the
participants (CTS and HCs), depending on sex (men/women) or
age (younger/older) as a continuous variable. Sex was included
because our previous study found sex differences and sex-specific
abnormalities in sgACC FC in another chronic pain condition
(18). While our current sample had insufficient numbers of men
(n = 7) to directly compare sex differences among the CTS
patients, we, nonetheless, wanted to explore if sex had any effects
on sgACC FC in CTS. Statistical significance was determined

using Family Wise Error (FWE) correction with a cluster-based
threshold of Z > 2.3 and P < 0.05.

Analysis 2: Exploratory Sex-Disaggregated sgACC to

Whole Brain FC
To further explore the significant positive effect of sex revealed
in Analysis 1, we performed two exploratory sex-disaggregated
analyses of whole brain sgACC FC. To do this, first-level sgACC
to whole brain GLMs for women with CTS (n = 18) and HC
women (n = 18) were entered into a second-level group analysis
with FEAT’s two-group differencemodel as before; this time, with
only age included as a covariate. The same process was repeated
in a second-level FEAT analysis, comparing men with CTS (n =

7) and HC men (n = 7). Statistical significance for these sex-
disaggregated analyses was determined using FWE correction
with a cluster-based threshold of Z > 2.3 and P < 0.05.

Analysis 3: sgACC and the Descending Pain

Modulation System
To investigate the FC of the sgACC with the PAG and RVM,
we included an automated brain stem co-registration (ABC) (51)
as an additional preprocessing step. This step involved linear
registration from each participant’s anatomical space to standard
MNI152 2-mm space as before, followed by a second linear
registration step from anatomical to standard space, using a
binarized brain stem mask, created with the Harvard Oxford
Subcortical Atlas. This was used as a reference volume to
weight FLIRT’s correlation ratio cost function and allow focussed
alignment of the brain stem. Each participant’s transformed
matrix (from the registration of his or her functional data
to anatomical space created during FEAT preprocessing) was
concatenated with the matrices from ABC, and then FLIRT was
used to create the inverse of this concatenated transformation
matrix. The inverse matrix was used to transform the 3-mm
radius spherical PAG and RVM seeds (created in standard
MNI152 2-mm space) to each participant’s functional space, and
the average time series were extracted for each seed. First-level
seed to whole brain FC analyses were performed (as in Analysis
1) for the PAG and RVM seeds. We combined our right and left
sgACC seeds to create an sgACC “mask” and applied this mask
to a second-level FEAT analysis (a two-group difference model)
to compare PAG-sgACC FC between CTS and HC, with sex and
age again included as covariates. We repeated this second-level
analysis with the RVM. As before, statistical significance was
determined using FWE correction with a cluster-based threshold
of Z > 2.3 and P < 0.05. Finally, we correlated the averaged time
series extracted from our PAG and RVM seed, using MATLAB
(R2016b) to calculate FC between the PAG and RVM. A Fisher r-
to-z transform was performed to compare FC between these two
ROIs in CTS patients with HCs (two-sample t-test, p < 0.05).

Analysis 4: Treatment-Related Plasticity in sgACC FC
To examine treatment-related plasticity in sgACC FC, we
performed a paired two-group difference (two-sample paired t-
test) analysis in FEAT, comparing pre- to post-op sgACC to
whole brain FC in 17 of our CTS patients (13 women, 4 men).
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Statistical significance was determined using FWE correction
with a cluster-based threshold of Z > 2.3 and P < 0.05.

RESULTS

Descriptive Statistics and Clinical
Characteristics of Patients With CTS
Clinical and demographic information for patients and healthy
participants are presented in Table 1 and Figure 1. Among the
HCs, two-sample t-tests showed there were no significant sex
differences in age (P = 0.72) or depression scores (P = 0.57).
There were no significant differences in age between patients and
HCs, but CTS patients had significantly higher depression scores
than HCs (CTS average ± SD, 9.9 ± 7.2, compared with HC
average ± SD, 5.2 ± 6.3, two-sample t-test P = 0.01). Only three
of the CTS patients’ depression scores were in the “moderate”
range, with four classified as “mild” and the majority falling in
the “none to minimal” category (see Supplementary Figure 1).
Two CTS patients self-reported a diagnosis of depression, while
three had a diagnosed anxiety disorder. Our cohort consisted of
22 patients with bilateral CTS symptoms and three with unilateral
CTS. There was a predominance of right hands with more severe
symptoms (n = 16) compared with the left being more severe
(n = 9). Within the pre-op CTS patient group, two-sample t-
tests revealed there were no significant sex differences in age
(P = 0.73), depression (P = 0.72), BCTQ score (P = 0.81),
and average pain (P = 0.33). There were also no significant sex
differences in Pain DETECT scores (P = 0.87). Pre-operatively,
nine patients had Pain DETECT scores below 13 (indicating
a low likelihood of a neuropathic pain component), six had
scores of 13–18 (indicating their pain may have a neuropathic
component), and 11 had scores above 19 (indicating a high
likelihood of neuropathic pain).

Among the patients who returned for a post-op study visit,
eight had surgery on both hands, and nine had surgery only on
the most symptomatic hand (6 right, 3 left). Within the patient
group, pain DETECT scores fell significantly from 14.9 ± 4.9

pre-op to 4.0 ± 3.8 post-op (P < 0.001, paired one-tailed t-test).
Furthermore, pain ratings significantly dropped by an average of
81.1%, from pre-op levels of 4.3 ± 2.8 to post-op levels of 0.8 ±

1.9 (P < 0.001, paired one-tailed t-test). Similarly, BCTQ scores
improved on average by 3.1± 1.0 (pre-op: 5.6± 1.1, post-op: 2.5
± 0.4, P< 0.0001), resulting in an average post-op BCTQ score of
2.5± 0.5 for the right hand and 2.5± 0.6 for the left. Depression
scores also improved following surgical treatment (pre-op: 7.5±
6.8, post-op 4.8± 6.9, P = 0.05, paired one-tailed t-test).

Abnormal sgACC FC With Medial
Pre-frontal Cortex and Temporal Lobe in
Patients With Chronic Pain (Analysis 1)
The aim of our first analysis was to determine whether sgACC
to whole brain FC was abnormal in people with chronic
pain associated with CTS compared with HCs. This analysis
showed that the chronic pain group had reduced sgACC FC
with several brain regions (see Table 2, Figure 2). Specifically,
there was reduced FC of the left sgACC with the left frontal
pole/dorsomedial pre-frontal cortex (dmPFC) (P < 0.001) and
the left middle temporal gyrus (P = 0.01) compared with HCs.
Also, the right sgACC had reduced FC with the left temporal
pole (P < 0.001). Because CTS patients had significantly higher
depression scores than HCs, and the sgACC is a region that
has been linked with major depressive disorder, we correlated
patients’ BDI scores with a FC metric (i.e., mean zstat extracted
from a 2-mm sphere centered around the cluster peak) for the
dmPFC, middle temporal gyrus, and temporal pole. There were
no significant correlations between BDI scores and sgACC FC
with the left medial PFC (Rho = −0.09, P = 0.67), left middle
temporal gyrus (Rho = −0.23, P = 0.30) or left temporal pole
(Rho=−0.02, P = 0.94; see Supplementary Figure 1).

In Analysis 1, we also included two covariates to examine the
effect of sex and age in the combined group of CTS patients
and HCs. We found that women exhibit greater bilateral sgACC
FC with bilateral frontal poles and right orbitofrontal cortex

TABLE 1 | Demographic and clinical characteristics.

CTS Pre-Op CTS Post-Op HCs

N Total 25 17 25

W/M 18/7 13/4 18/7

Age (years) Total 49.6 ± 12.0 52.1 ± 12.0 45.7 ± 9.4

W/M W: 49.9 ± 12.2 W: 52.1 ± 12.5 W: 46.3 ± 10.4

M: 48.4 ± 11.4 M: 50.3 ± 11.8 M: 44.7 ± 8.2

Depression (BDI, 0 to 63) Total 9.9 ± 7.2* 4.8 ± 6.9** 5.2 ± 6.3*

W/M W: 9.5 ± 7.5 W: 4.9 ± 6.7

M: 10.7 ± 7.0 M: 6.6 ± 5.6

BCTQ (score: 2–10) 5.9 ± 1.3 2.5 ± 0.4**

painDETECT (score: 0–38) 15.9 ± 6.4 4.0 ± 3.8**

BPI Average pain severity (score: 1–10) 4.7 ± 2.8 0.8 ± 1.9**

Group data are displayed as mean ± standard deviation. Scores with significant group differences are indicated with an * for the pre-op CTS vs. HC comparison and ** for the subset

of CTS patients with pre vs. post-op comparisons. Beck’s depression inventory (BDI) scores were missing from three pre-op carpal tunnel syndrome (CTS) patients, and the average

pain severity score was missing from one post-op CTS patient. BCTQ, Boston carpal tunnel questionnaire; BPI, brief pain inventory; HCs, healthy controls; W, women; M, men.
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FIGURE 1 | Clinical characteristics of chronic pain patients pre and post

carpal tunnel release surgery. CTS symptoms and functional impairment

pre-op (n = 25) improved significantly with surgical treatment (post-op n = 17)

as measured by BCTQ scores (2 = normal, 10 = most severe). Average pain

severity score was calculated by taking an average of the scores from the Brief

Pain Inventory for best and worst pain in the past 24 h, pain at present, and

average pain for each CTS patient (0 = no pain, 10 = pain as bad as you can

imagine). Average pain severity was significantly reduced following surgical

treatment. Neuropathic pain scores (measured by painDETECT) were also

significantly reduced following surgery. *P < 0.001 paired t-test n = 17

patient’s pre- and post-op scores; BCTQ, Boston carpal tunnel questionnaire;

CTS, carpal tunnel syndrome; HC, healthy control.

compared with men (left sgACC to left frontal pole P = 0.01,
right sgACC to left frontal pole P < 0.001; left sgACC to right
frontal pole P= 0.03, right sgACC to right frontal pole P < 0.01).

We also found that men had greater right sgACC FC with the
parietal operculum (P = 0.04) compared with women (Figure 2,
Table 2). There were no areas in the brain where sgACC FC was
stronger in the older participants compared with the younger
participants. However, we did find several regions where sgACC
FC was greater as age decreased, e.g., in younger compared with
older participants, including the right frontal pole (left sgACC P
= 0.03, right sgACC P< 0.01), cuneus, and precuneus (P< 0.001;
see Figure 3; Table 3).

Men With CTS Have Reduced sgACC FC
With the Medial Pre-Frontal Cortex
(Analysis 2)
We next ran exploratory sex-disaggregated analyses to examine
within-sex FC in the HCs and patients with chronic pain
(Figure 2, Table 2). In the women-only analysis, we did not find
any significant differences in sgACC to whole brain FC between
healthy women (n = 18) and women with CTS (n = 18), using
an FWE correction with a cluster-based threshold of Z > 2.3
and P< 0.05. However, themen-only analysis (Table 2, Figure 2)
revealed that men with CTS (n= 7) had reduced bilateral sgACC
FC to the left frontal pole and dmPFC (left sgACC P = 0.016,
right sgACC P < 0.001) compared with HC men (n = 7). The
men with CTS also had decreased right sgACC FC to the inferior
and middle temporal gyrus (P < 0.001), supplementary motor
area (P = 0.01), and middle frontal gyrus (P = 0.04) compared
with HC men.

Sex-specific age effects can be found in Table 3 and Figure 3.
In the men-only analysis, younger men had greater right sgACC
FC to the cuneus and precuneus (p < 0.001) than older men.
The women-only analysis revealed that younger women had
greater right sgACC FC to the subcallosal cortex (P < 0.001),
supplementary motor area (P= 0.002), right (P < 0.001) and left
(P < 0.01) frontal pole and planum temporal (P = 0.02).

No Chronic Pain-Related Abnormalities in
Brain Stem Functional Connectivity With
the sgACC (Analysis 3)
Our next analysis focused on the FC of the sgACC with the PAG
and RVM. In this analysis, there were no significant differences
between the CTS patients and HCs in bilateral sgACC FC
with the PAG or the RVM, or between the PAG and RVM
(FWE corrected).

Treatment-Related Plasticity in sgACC FC
(Analysis 4)
In our last analysis, we examined the impact of carpel tunnel
surgery on the FC of the sgACC (see Figure 4, Table 2). We
found that following surgical treatment of their CTS, patients (n
= 17) showed reduced left sgACC FC with the right orbitofrontal
cortex, putamen, and caudate (P < 0.0001) and left orbitofrontal
cortex and caudate (P< 0.001) compared with their pretreatment
FC. There was also reduced post-op FC between the right sgACC
and the right premotor cortex and middle frontal gyrus (P =

0.047) as well as bilateral sgACC FC to the left cerebellum (left
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TABLE 2 | Subgenual anterior cingulate cortex (sgACC) functional connectivity in carpal tunnel syndrome chronic pain patients and healthy controls: Main findings.

Contrast sgACC Z p MNI coordinates Brain region

x y z

Analysis 1. All CTS vs. HC (n = 50)

HC > CTS L 4.19 0.00114 −14 60 18 Left frontal pole, pre-frontal cortex

L 3.31 0.0133 −54 −26 −12 Left middle temporal gyrus

R 4.9 1.2e-07 −48 14 −28 Left temporal pole

W > M (effect of sex) L 4.53 0.0147 −30 66 6 Left frontal pole

L 4.58 0.0323 26 40 −18 Right frontal pole, orbitofrontal cortex

R 4.57 0.001 −34 64 0 Left frontal pole

R 4.17 0.00175 26 42 −16 Right frontal pole, orbitofrontal cortex

M > W (effect of sex) R 3.33 0.0484 −40 −30 18 Parietal operculum

Analysis 2. Sex disaggregated, men only (n = 14)

HC > CTS L 4.23 0.016 −26 60 28 Left frontal pole

R 4.52 7.4e-05 −24 58 26 Left frontal pole

R 4.57 0.001 −50 −8 −28 Inferior temporal gyrus, middle temporal gyrus

R 3.7 0.0138 −6 −14 56 Supplementary motor area

R 3.23 0.0364 −44 8 36 Middle frontal gyrus

Analysis 4. Pre vs. post-op CTS (n = 17)

Pre > Post L 4.74 1.85e-06 20 20 −14 Right orbitofrontal cortex, right putamen, right

caudate

L 3.45 0.00047 −22 32 −12 Left orbitofrontal cortex, left caudate

L 3.72 0.036 −38 −64 −58 Left cerebellum

R 3.83 0.00733 −38 −62 −58 Left cerebellum

R 4.12 0.0472 44 0 58 Premotor cortex, middle frontal gyrus

Post > Pre R 3.73 2.8e-06 22 −70 20 Cuneus, precuneus

R 3.98 0.00484 −36 −16 10 Left posterior insula, central opercular cortex,

Heschl’s gyrus

Peak MNI coordinates, Z, and p-values are reported for significant clusters found in the sgACC seed-to-voxel whole brain functional connectivity analyses, comparing carpal tunnel

syndrome (CTS) patients (n = 25) and healthy controls (HCs) (n = 25), as well as the sex-disaggregated (n = 14) and CTS pre vs. post-op (n = 17) seed-to-voxel whole brain analyses.

Thresholded at p < 0.05 (FWE-corrected for multiple comparisons). W, women; M, men.

sgACC, P = 0.036: right sgACC, P = 0.007) compared with pre-
op levels. Conversely, right sgACC FC with the right cuneus and
precuneus (P < 0.0001) and left posterior insula and central
and parietal opercular cortex (P < 0.01) increased following
surgical treatment. Using the mean zstat extracted from a 2-
mm sphere centered around the cluster peak as our FC metric,
we investigated whether post-op sgACC functional connectivity
to the posterior insula and precuneus/cuneus was correlated
with the changes in the patients’ BCTQ scores. We found no
significant correlations between improvements in BCTQ scores
and sgACC FC with the cuneus (Rho = 0.23, P = 0.36),
precuneus (Rho = 0.32, P = 0.21) or the posterior insula (Rho
= 0.32, P = 0.22; see Supplementary Figure 2).

DISCUSSION

This study is the first to determine whether the resting state
FC of a key node in the descending pain modulation system,
namely, the sgACC, is impacted by chronic pain and surgical
treatment to alleviate pain, as well as sex. Our study was
conducted in a group of patients with chronic pain caused by the
common neuropathy, CTS. Our main findings are summarized

in Figure 5. We found that (1) sgACC FC with the mPFC and
temporal lobe is lower in CTS than in HCs, (2) this abnormal
sgACC FC is specific to men with CTS but not found in
women with CTS, compared with healthy controls, (3) there
are sex differences in sgACC FC in the chronic pain patients
and healthy controls, such that women have greater FC with
bilateral frontal poles and men have greater FC with the parietal
operculum, and (4) some brain regions show increased sgACC
FC in younger vs. older adults, and these age effects differ
in women and men. Furthermore, a preliminary exploration
of surgical treatment effects found that, compared with pre-
op levels, FC of the sgACC is increased with the precuneus
and posterior insula and decreased with the OFC and dorsal
striatum. These results suggest that FC of the sgACC can exhibit
plasticity in response to pain treatment; specifically, that sgACC
FC is increased with brain regions implicated in pain intensity
and decreased with brain regions associated with negative pain
affect when an individual is in a pain-free versus a chronic
pain state. Overall, our findings highlight connectivity and sex
specificity of the sgACC, a key node of the brain’s descending pain
modulation system, in a chronic pain condition that shows sex
specificity. This provides important insight into understanding
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FIGURE 2 | sgACC seed to whole brain functional connectivity analysis reveals abnormalities in pre-op chronic pain patients driven by men. A seed-to-voxel whole

brain functional connectivity (FC) analysis compared pre-op CTS patients (n = 25) to healthy controls (HCs, n = 25) with age and sex included as covariates (Analysis

1). CTS patients had reduced left sgACC FC with the left dmPFC and middle temporal gyrus and reduced right sgACC FC with the left temporal pole when compared

with HCs. Significant effects of sex were also found. Bilateral sgACC FC with bilateral frontal poles/ventral pre-frontal cortices was greater in women compared with

men, while men had greater sgACC FC with the parietal operculum compared with women. Sex-disaggregated analyses were performed as a follow-up to the

significant effect of the sex covariate found in Analysis 1. The sgACC seed-to-voxel whole brain FC analysis, comparing women with CTS (n = 18) and healthy women

(n = 18), did not reveal any significant differences in sgACC FC. However, the analysis comparing men with CTS (n = 7) with healthy men (n = 7) with age as a

covariate showed reduced sgACC FC with the left dmPFC, SMA, and inferior temporal gyrus. Graphs represent the averaged z-scores from the participants in each

group (horizontal lines represent the mean, and the vertical lines represent the SD), extracted from a 2-mm spherical seed centered on the peak coordinates of one of

the significant clusters from the contrast. Statistical threshold was p <0.05 (FWE-corrected for multiple comparisons). Other significant effects found in Analysis 1 and

the men-only analysis are described in Table 2. Significant age effects in Analysis 1 are shown in Figure 3. sgACC, subgenual anterior cingulate cortex; dmPFC,

dorsomedial pre-frontal cortex; SMA, supplementary motor area; CTS, carpal tunnel syndrome; W, women; M, men; L, left; R, right; Inf, inferior.

mechanisms of chronic pain and potential treatment efficacy in
men and women.

Abnormal FC Between the sgACC and PFC
in Chronic Pain
Our findings raise the question of whether sgACC dysfunction
is a common feature in the subset of individuals who develop

a chronic pain condition that is more prevalent in the other
sex. Support for this concept comes from our previous study

where we reported that people with a male-prevalent chronic

pain condition (e.g., ankylosing spondylitis) exhibit lower sgACC

FC with the DLPFC (18). Strikingly, this previous finding was
specific to women in a male-prevalent pain condition, while men
with AS showed no abnormalities in sgACC FC compared with

Frontiers in Pain Research | www.frontiersin.org 8 July 2021 | Volume 2 | Article 673538

https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles


Osborne et al. sgACC Plasticity in Chronic Pain

TABLE 3 | Negative age effects on subgenual anterior cingulate cortex (sgACC) functional connectivity.

Contrast sgACC Z p MNI coordinates Brain region

x y z

Analysis 1. All CTS vs. HC analysis (n = 50)

Younger > Older L 4.51 0.0287 52 48 8 Right frontal pole

R 4.4 2.68e-06 2 −78 36 Cuneus, precuneus

R 4.24 0.00248 52 48 8 Right frontal pole

Analysis 2. Sex disaggregated, men only (n = 14)

Younger > Older R 5.44 0.00042 6 −78 36 Cuneus, precuneus

Analysis 2. Sex disaggregated, women only (n = 36)

Younger > Older R 4.02 2.38e-07 4 26 −12 Subcallosal cortex

R 4.18 0.00218 0 −12 66 Supplementary motor area, precentral gyrus

R 4.21 0.00453 52 48 8 Right frontal pole

R 3.79 0.00938 −32 48 −16 Left frontal pole

R 3.26 0.0168 −62 −36 16 Planum temporale

Peak MNI coordinates, Z, and p-values are reported for significant clusters in the negative effect of age contrast, which shows where in the brain there is increasing sgACC functional

connectivity with decreasing (younger) age. Significant negative effects of age were found in Analysis 1 (All CTS vs. HC), as well as the sex-disaggregated seed-to-voxel whole brain

analyses. Thresholded at p < 0.05 (FWE-corrected for multiple comparisons). W, women; M, men.

FIGURE 3 | sgACC FC is influenced by age: greater sgACC FC to pre-frontal cortex and precuneus in younger participants. Significant effects of age on sgACC FC

(younger > older) found in Analysis 1 (all CTS patients vs. HCs, n = 50) as well as the sex-disaggregated analyses (Analysis 2) are presented here. Younger CTS

patients and HCs had greater sgACC FC with the right lateral pre-frontal cortex as well as the cuneus and precuneus. The latter finding was also seen in the men-only

analysis (n = 14), while the women-only analysis (n = 36) showed significantly greater sgACC FC with bilateral pre-frontal cortex, orbital frontal cortex, SMA, M1,

subcallosal cortex, and planum temporale. Graphs represent the averaged z-scores from the participants in each group (horizontal lines represent the mean, and the

vertical lines represent the SD), extracted from a 2-mm spherical seed centered on the peak coordinates of one of the significant clusters from the contrast. Statistical

threshold was p < 0.05 (FWE-corrected for multiple comparisons). CTS, carpal tunnel syndrome; HCs, healthy controls; R, right; PFC, pre-frontal cortex; SMA,

supplementary motor area; M1, primary motor cortex; FC, functional connectivity; sgACC, subgenual anterior cingulate cortex.

HCs. In the present study, a sex-disaggregated analysis did not
identify any differences in sgACC FC in women with CTS to
healthy women. This suggests that abnormal sgACC FC may

not be specific to women across pain conditions, as it was the
men with the female-prevalent pain condition (CTS) who had
abnormal sgACC FC.

Frontiers in Pain Research | www.frontiersin.org 9 July 2021 | Volume 2 | Article 673538

https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles


Osborne et al. sgACC Plasticity in Chronic Pain

FIGURE 4 | Treatment-related plasticity in sgACC FC in chronic pain patients. A paired two-group difference analysis of CTS patients’ pre- and post-op sgACC

seed-to-voxel whole brain FC (n = 17) revealed significant differences following surgical treatment. Compared with pretreatment levels, sgACC FC with the

orbitofrontal cortex, putamen, caudate, premotor cortex, and middle frontal gyrus was reduced, while FC with the cuneus, precuneus, posterior insula, and central

and parietal operculum increased after treatment. Images are thresholded at p < 0.05, FWE-corrected for multiple comparisons. R, right; OFC, orbital frontal cortex;

MFG, middle frontal gyrus; FC, functional connectivity; CTS, carpal tunnel syndrome; sgACC, subgenual anterior cingulate cortex.

In chronic pain, abnormal sgACC-mPFC FC could interfere

with the ability to use cognitive strategies to engage the

descending pain modulation system or enhance the negative

affective component of pain. ThemPFC provides themain source
of cortical input to the PAG (4, 52–54) and is thought to play
an integral role in descending pain modulation (55, 56) and
placebo analgesia along with the sgACC (57, 58). Disruption of
this endogenous antinociceptive circuit has been shown in rodent
models of neuropathic pain (59, 60). In humans, abnormalities
in PFC gray matter (61, 62) and function (63) have been
reported in multiple chronic pain conditions and may represent
a predisposing risk factor for developing chronic pain (64).
Due to its role in cognitive and affective pain processing, the
medial and dorsolateral PFC is the focus of brain stimulation
treatments and psychological interventions designed tomodulate
cognitive appraisals of pain and decrease negative pain affect (55).
Interestingly, FC between the sgACC and PFC predicts response
to non-invasive brain stimulation treatment in individuals with
major depressive disorder (30–32). Importantly, the reduced
sgACC FC to the dmPFC seen in pre-op CTS patients did not
correlate with their BDI scores, indicating that these sgACC
abnormalities are likely related to the presence of chronic pain
rather than elevated depression scores in these patients.

A Triple Threat: The sgACC’s Role in Pain,
Depression, and Systemic Inflammation
Research on chronic pain, depression, and peripheral
inflammation provides converging evidence that the sgACC plays
an important role in all three. The sgACC has been linked with
pain affect (65, 66) and pain modulation (7, 8), and abnormal
sgACC gray matter and function are key features of mood
disorders, including major depressive disorder (67–69). Activity
in the sgACC has also been linked with peripheral inflammation
(70), a symptom that is shared by both AS (inflamed joints)
(71, 72) and CTS (inflamed nerve lining) (23, 73, 74). Increases in
peripheral inflammatory markers are positively correlated with
sgACC activity and FC at rest and during emotional processing
tasks (75–77) as well as resting µ-opioid receptor binding
potential and sadness-evoked µ-opioid system activation in the
sgACC (78). Exactly how this neuroimmune interplay occurs
in the sgACC is not clear, although a recent primate study has
found that over-activation of the sgACC reduced vagal tone (79),
and low vagal tone is associated with peripheral inflammation
and depression (80).

It may be that individual differences in the sensitivity or
efficacy of the sgACC response to peripheral inflammation
contribute to the development of chronic pain. Alternately,
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FIGURE 5 | Summary of the effects of chronic pain, treatment, sex, and age on sgACC FC. Results from Analyses 1, 2, and 4 are displayed here to visualize key

regions in the brain where sgACC functional connectivity was affected by chronic pain (yellow/orange and royal blue), sex (red), age (purple), and surgical treatment

(light blue and green). Images are thresholded at p < 0.05, FWE-corrected for multiple comparisons. R, right; Post., posterior; OFC, orbitofrontal cortex; dmPFC,

dorsomedial pre-frontal cortex; Tx, treatment; sgACC, subgenual anterior cingulate cortex; CTS, carpal tunnel syndrome.

changes in this central modulatory mechanism driven by chronic
inflammation could explain the observed abnormal sgACC FC.
Systemic inflammatory markers and altered T cell responses
correlate to pain and disease severity in some patients with AS
(81, 82) and CTS (74), but the efficacy of treatments designed
to reduce inflammation may be influenced by factors such as
sex (83) and the presence of neuropathic pain and maladaptive
brain plasticity (72). A recent imaging study in chronic pain has
found increased depression scores were associated with elevated
neuroinflammation in the anterior middle cingulate cortex and
perigenual ACC and FC of the pgACC with the dorsolateral
PFC (84). Future studies are needed to specifically examine how
pain symptoms, negative affect, and markers of inflammation
correspond to abnormalities in the sgACC, and whether restoring
its function could relieve pain.

FC of the sgACC Shows Sex Differences
and Sex-Specific Age Effects
This study builds on previous work in our lab that identified sex
differences in sgACC FC in both healthy adults and individuals
with chronic pain (3, 9, 17, 18). We found that women had
increased sgACC FC with bilateral ventral PFC compared with
men, while men had increased sgACC FC with the left parietal
operculum. We previously reported greater sgACC FC with the
right central and parietal operculum in a large cohort of healthy
men compared with healthy women (18). Age also affected
sgACC FC, with the younger participants showing greater
sgACC FC with the right frontal pole, cuneus, and precuneus
compared with the older participants. Sex disaggregating the
results revealed these age effects were sex specific, with the
former finding driven by women and the latter by men.
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General-increased FC in younger participants (85) and sex
differences in the effects of aging on brain volume (86) and
resting state FC (87) are seen in healthy adults. This indicates that
it may be important to consider both sex and age in the options
for personalized pain treatments that target the sgACC.

Treatment-Related Plasticity in sgACC FC
With Regions Involved in Processing Pain
Intensity and Affect
Our preliminary exploration of treatment-related plasticity
found that, before surgery, patients had stronger sgACC FC with
the orbitofrontal cortex (OFC), dorsal striatum (caudate and
putamen), premotor cortex, and middle frontal gyrus compared
with after surgery. Striatal dopamine has been associated with
pain processing, which is altered in chronic pain (88, 89), and
a recently discovered somatosensory-striatal pathway in mice
has been linked with comorbid anxiety behaviors in a persistent
inflammatory pain model (90). Reduced striatal function has also
been linked to depression, anhedonia, and reduced motivation in
a reward task in chronic pain patients (91). In the current study,
depression scores in our CTS patients were higher pre-treatment
compared with post. Future studies would be needed to further
examine whether increased sgACC-striatal FC in individuals
in chronic pain before treatment correlates with depression or
anxiety scores. The OFC is another brain region that had greater
pre-op than post-op sgACC FC. The OFC is associated with a
variety of cognitive functions and can also exhibit abnormalities
in chronic pain. For example, OFC gray matter thickness was
positively correlated with neuroticism and negatively correlated
with pain unpleasantness ratings in TMD patients (92). In the
present study, the OFC regions with increased sgACC FC in pre-
vs. post-op CTS patients overlapped with the regions that showed
greater FC in younger women.

Post-op, CTS patients had greater sgACC FC with the
posterior insula and central/parietal operculum compared with
their pre-op scans. Increased sgACC FC with these two
regions was previously seen in healthy men compared with
women (3, 18). The posterior insula is an important node
in the ascending pain pathway responsible for processing the
intensity of somatosensory stimuli, including pain (66, 93,
94). Acupuncture treatment-related increases in FC between
the left insula and right frontoparietal network are associated
with improved pain scores in osteoarthritis (95). Post-op CTS
patients also had greater sgACC FC with the cuneus and
precuneus compared with their pre-op scans. The precuneus
is a key node in the default mode network, and abnormalities
in precuneus FC have been associated with rumination and
excessive internal monitoring in chronic pain (96, 97). Our
previous study found increased sgACC-precuneus FC in healthy
women compared with men and increased sgACC-precuneus
FC in women with chronic pain compared with healthy women
(18). However, in CTS, increased FC between the descending
pain modulation system and brain regions associated with self-
referential thinking (precuneus/posterior cingulate cortex) is
associated with pain-free post-op patients compared with their
pre-op state. Acupuncture treatment-related increases in FC

between the precuneus and the rostral ACC/mPFC have also been
shown inmigraine patients (98). Surprisingly, post-op sgACC FC
increases with the posterior insula and cuneus/precuneus did not
correlate with improved BCTQ scores in our patients. Therefore,
plasticity in these regions may be associated with other cognitive
or physical aspects of recovery.

Study Limitations
Our study has several limitations to consider. First, there are
relatively low numbers of men with CTS in general, which
was reflected in our study sample. Therefore, we were not
able to directly examine sex differences in sgACC FC within
patients with chronic neuropathic pain from CTS. Despite
considerable sex differences in pain biology, prevalence, and
treatment response, few studies have conducted sex difference
or sex-specific analyses (20). Thus, we importantly conducted
sex-disaggregated analyses, especially because sex is known to
influence sgACC FC in healthy and chronic pain states (3, 9, 16
−18). However, our men-only analysis had a small sample size,
and, therefore, any conclusions drawn from it are limited and best
suited to identifying ideas to explore more thoroughly in future,
adequately powered investigations. Second, our post-op sample
is also relatively small, therefore, a similar caveat must be applied
to our comparison of pre- vs. post-op patients, although the
within-subject longitudinal design of this analysis is somewhat
more robust to smaller sample sizes. Future studies should
investigate sex differences in sgACC FC response to treatment
and, specifically, whether FC with the mPFC increases once CTS
symptoms resolve following treatment, as has been reported with
acupuncture treatment of osteoarthritis (99). Another important
consideration is whether lateralization in findings (such as those
reported here, i.e., reduced sgACCFCwith the left dmPFC in pre-
op CTS patients vs. HCs, increased post-op sgACC FC with the
left posterior insula) is influenced by laterality in CTS symptoms.
In our cohort, the right hand was typically more symptomatic
and more often operated on than the left, although most patients
(n= 22) had bilateral CTS. It is unlikely that persistent symptoms
in untreated left hands contributed to the left posterior insula
findings as average post-op BCTQ scores for both right and left
hands were low. A larger study with equally distributed right- and
left-dominant CTS could explore how laterality in symptoms and
pain-relief influence observed brain changes.

Future Directions: The sgACC as a
Therapeutic Target for Pain Relief
Identifying sex-specific brain alterations could help explain
differences in symptom presentation and treatment response
and provide clues for sex divergent disease mechanisms in
the CNS. Characterizing the effects of sex and age on brain
circuitry is important in the development of personalized pain
treatments because therapies developed with research based
primarily on one sex can be less effective in the other sex (20).
Findings from this study in CTS and our previous study in
ankylosing spondylitis suggest that dysfunction in the sgACC is
present in some individuals with chronic pain, specifically those
with conditions that are more prevalent in the opposite sex.
Deep brain stimulation of different parts of the ACC has been
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shown to provide significant, long-lasting pain relief in some
chronic pain patients (100, 101). A preliminary trial targeting
the sgACC with transcranial direct current stimulation to reduce
chronic cluster headaches has shown promising results (102).
Therefore, with its role in the descending painmodulation system
as well as mood and affective processing, the sgACC could
represent a potential target for brain stimulation treatments for
chronic pain.
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Supplementary Figure 1 | Increased depression scores in chronic pain patients

do not correlate with sgACC FC abnormalities. Beck’s depression inventory (BDI)

scores for pre-op (n = 25, data missing from three patients) and post-op (n = 17)

CTS patients and healthy controls (HCs, n = 25). CTS patients’ pre-op depression

scores were significantly higher than HCs (P = 0.01, two-sample t-test). Patients’

depression scores fell significantly after treatment (P = 0.05, n = 17, paired t-test).

Because pre-op patients had increased depression scores and sgACC

abnormalities are frequently reported in depression, we correlated patients’ pre-op

BDI scores with a functional connectivity (FC) metric (mean zstat extracted from a

2-mm sphere centered around the cluster peak) for the brain regions that showed

abnormal sgACC FC in patients. There were no significant correlations between

patients’ pre-op BDI scores and their sgACC FC with the left dorsomedial PFC

(dmPFC: Rho = −0.09, P = 0.67), left middle temporal gyrus (MTG: Rho

= −0.23, P = 0.30) or left temporal pole (TP: Rho = −0.02, P = 0.94). L, left;

sgACC, subgenual anterior cingulate cortex.

Supplementary Figure 2 | Change in BCTQ scores do not correlate with

post-op increases in sgACC functional connectivity (FC). We investigated whether

post-op increases in sgACC functional connectivity to the insula and

precuneus/cuneus were associated with the changes in patients’ BCTQ scores,

using Spearmen’s correlation. Graphs show the mean zstat extracted from a

2-mm sphere centered around the cluster peak, correlated with change in a

BCTQ score for each post-op CTS patient (n = 17). We found no significant

correlations between improvements in a BCTQ score and sgACC FC with the

cuneus (Rho = 0.23, P = 0.36), precuneus (Rho = 0.32, P = 0.21) or the insula

(Rho = 0.32, P = 0.22). BCTQ, Boston carpal tunnel questionnaire; sgACC,

subgenual anterior cingulate cortex; R, right.

REFERENCES

1. Sprenger T, Valet M, Boecker H, Henriksen G, Spilker ME, Willoch F, et al.

Opioidergic activation in the medial pain system after heat pain. Pain. (2006)

122:63–7. doi: 10.1016/j.pain.2006.01.003

2. Navratilova E, Xie JY, Meske D, Qu C, Morimura K, Okun

A, et al. Endogenous opioid activity in the anterior cingulate

cortex is required for relief of pain. J Neurosci. (2015) 35:7264–

71. doi: 10.1523/JNEUROSCI.3862-14.2015

3. Wang G, Erpelding N, Davis KD. Sex differences in connectivity

of the subgenual anterior cingulate cortex. Pain. (2014) 155:755–

63. doi: 10.1016/j.pain.2014.01.005

4. Coulombe MA, Erpelding N, Kucyi A, Davis KD. Intrinsic functional

connectivity of periaqueductal gray subregions in humans.HumBrainMapp.

(2016) 37:1514–30. doi: 10.1002/hbm.23117

5. Freedman LJ, Insel TR, Smith Y. Subcortical projections of area 25

(subgenual cortex) of the macaque monkey. J Comp Neurol. (2000) 421:172–

88. doi: 10.1002/(SICI)1096-9861(20000529)421:2<172::AID-CNE4>3.0.

CO;2-8

6. Joyce MKP, Barbas H. Cortical connections position primate area 25 as

a keystone for interoception, emotion, and memory. J Neurosci. (2018)

38:1677–98. doi: 10.1523/JNEUROSCI.2363-17.2017

7. Cheng JC, Erpelding N, Kucyi A, DeSouza DD, Davis KD. Individual

differences in temporal summation of pain reflect pronociceptive and

antinociceptive brain structure and function. J Neurosci. (2015) 35:9689–

700. doi: 10.1523/JNEUROSCI.5039-14.2015

8. Bingel U, Schoell E, Herken W, Buchel C, May A. Habituation to painful

stimulation involves the antinociceptive system. Pain. (2007) 131:21–

30. doi: 10.1016/j.pain.2006.12.005

9. Kim JA, Bosma RL, Hemington KS, Rogachov A, Osborne NR, Cheng

JC, et al. Sex-differences in network level brain dynamics associated with

pain sensitivity and pain interference. Hum Brain Mapp. (2021) 42:598–

614. doi: 10.1002/hbm.25245

10. Ossipov MH, Morimura K, Porreca F. Descending pain modulation and

chronification of pain. Curr Opin Support Palliat Care. (2014) 8:143–

51. doi: 10.1097/SPC.0000000000000055

11. Schrepf A, Harper DE, Harte SE, Wang H, Ichesco E, Hampson

JP, et al. Endogenous opioidergic dysregulation of pain in

Frontiers in Pain Research | www.frontiersin.org 13 July 2021 | Volume 2 | Article 673538

https://www.frontiersin.org/articles/10.3389/fpain.2021.673538/full#supplementary-material
https://doi.org/10.1016/j.pain.2006.01.003
https://doi.org/10.1523/JNEUROSCI.3862-14.2015
https://doi.org/10.1016/j.pain.2014.01.005
https://doi.org/10.1002/hbm.23117
https://doi.org/10.1002/(SICI)1096-9861(20000529)421:2$<$172::AID-CNE4$>$3.0.CO;2-8
https://doi.org/10.1523/JNEUROSCI.2363-17.2017
https://doi.org/10.1523/JNEUROSCI.5039-14.2015
https://doi.org/10.1016/j.pain.2006.12.005
https://doi.org/10.1002/hbm.25245
https://doi.org/10.1097/SPC.0000000000000055
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles


Osborne et al. sgACC Plasticity in Chronic Pain

fibromyalgia: a PET and fMRI study. Pain. (2016) 157:2217–

25. doi: 10.1097/j.pain.0000000000000633

12. Yarnitsky D. Role of endogenous pain modulation in chronic

pain mechanisms and treatment. Pain. (2015) 156 (Suppl.

1):S24–31. doi: 10.1097/01.j.pain.0000460343.46847.58

13. Jensen KB, Kosek E, Petzke F, Carville S, Fransson P, Marcus H,

et al. Evidence of dysfunctional pain inhibition in fibromyalgia

reflected in rACC during provoked pain. Pain. (2009) 144:95–

100. doi: 10.1016/j.pain.2009.03.018

14. Gupta A, Mayer EA, Fling C, Labus JS, Naliboff BD, Hong JY, et al. Sex-based

differences in brain alterations across chronic pain conditions. J Neurosci Res.

(2017) 95:604–16. doi: 10.1002/jnr.23856

15. Labus JS, Naliboff BN, Fallon J, Berman SM, Suyenobu B, Bueller JA, et al.

Sex differences in brain activity during aversive visceral stimulation and its

expectation in patients with chronic abdominal pain: a network analysis.

Neuroimage. (2008) 41:1032–43. doi: 10.1016/j.neuroimage.2008.03.009

16. Kim JA, Bosma RL, Hemington KS, Rogachov A, Osborne NR, Cheng

JC, et al. Cross-network coupling of neural oscillations in the dynamic

pain connectome reflects chronic neuropathic pain in multiple sclerosis.

Neuroimage Clin. (2020) 26:102230. doi: 10.1016/j.nicl.2020.102230

17. Fauchon C, Meunier D, Rogachov A, Hemington KS, Cheng JC, Bosma RL,

et al. Sex differences in brain modular organization in chronic pain. Pain.

(2020) 162:1188–200. doi: 10.1097/j.pain.0000000000002104

18. Osborne NR, Cheng JC, Rogachov A, Kim JA, Hemington KS, Bosma

RL, et al. Abnormal subgenual anterior cingulate circuitry is unique

to women but not men with chronic pain. Pain. (2021) 162:97–

108. doi: 10.1097/j.pain.0000000000002016

19. Exarchou S, Lindstrom U, Askling J, Eriksson JK, Forsblad-d’Elia H, Neovius

M, et al. The prevalence of clinically diagnosed ankylosing spondylitis and its

clinical manifestations: a nationwide register study.Arthritis Res Ther. (2015)

17:118. doi: 10.1186/s13075-015-0627-0

20. Mogil JS. Qualitative sex differences in pain processing: emerging

evidence of a biased literature. Nat Rev Neurosci. (2020) 21:353–

65. doi: 10.1038/s41583-020-0310-6

21. Aroori S, Spence RA. Carpal tunnel syndrome. Ulster Med J. (2008) 77:6–17.

22. MacDermid JC, Wessel J. Clinical diagnosis of carpal tunnel

syndrome: a systematic review. J Hand Ther. (2004) 17:309–

19. doi: 10.1197/j.jht.2004.02.015

23. Aboonq MS. Pathophysiology of carpal tunnel syndrome. Neurosciences.

(2015) 20:4–9. Available online at: https://nsj.org.sa/content/20/1/04

24. Stevens JC, Smith BE, Weaver AL, Bosch EP, Deen HG, Jr.,

et al. Symptoms of 100 patients with electromyographically

verified carpal tunnel syndrome. Muscle Nerve. (1999) 22:1448–

56. doi: 10.1002/(SICI)1097-4598(199910)22:10<1448::AID-MUS17>3.0.

CO;2-Y

25. Turner A, Kimble F, Gulyas K, Ball J. Can the outcome of open carpal

tunnel release be predicted?: a review of the literature. ANZ J Surg. (2010)

80:50–4. doi: 10.1111/j.1445-2197.2009.05175.x

26. Schmid AB, Fundaun J, Tampin B. Entrapment neuropathies: a

contemporary approach to pathophysiology, clinical assessment, and

management. Pain Rep. (2020) 5:e829. doi: 10.1097/PR9.0000000000000829

27. Riva-Posse P, Choi KS, Holtzheimer PE, Crowell AL, Garlow SJ, Rajendra

JK, et al. A connectomic approach for subcallosal cingulate deep brain

stimulation surgery: prospective targeting in treatment-resistant depression.

Mol Psychiatry. (2018) 23:843–9. doi: 10.1038/mp.2017.59

28. Siegle GJ, Thompson WK, Collier A, Berman SR, Feldmiller J, Thase

ME, et al. Toward clinically useful neuroimaging in depression

treatment: prognostic utility of subgenual cingulate activity for

determining depression outcome in cognitive therapy across studies,

scanners, and patient characteristics. Arch Gen Psychiatry. (2012)

69:913–24. doi: 10.1001/archgenpsychiatry.2012.65

29. Wang Q, Tian S, Tang H, Liu X, Yan R, Hua L, et al. Identification

of major depressive disorder and prediction of treatment response using

functional connectivity between the prefrontal cortices and subgenual

anterior cingulate: a real-world study. J Affect Disord. (2019) 252:365–

72. doi: 10.1016/j.jad.2019.04.046

30. Fox MD, Buckner RL, White MP, Greicius MD, Pascual-Leone A. Efficacy of

transcranial magnetic stimulation targets for depression is related to intrinsic

functional connectivity with the subgenual cingulate. Biol Psychiatry. (2012)

72:595–603. doi: 10.1016/j.biopsych.2012.04.028

31. Philip NS, Barredo J, van ’t Wout-Frank M, Tyrka AR, Price LH, Carpenter

LL. Network mechanisms of clinical response to transcranial magnetic

stimulation in posttraumatic stress disorder and major depressive disorder.

Biol Psychiatry. (2018) 83:263–72. doi: 10.1016/j.biopsych.2017.07.021

32. Cash RFH, Cocchi L, Lv J, Fitzgerald PB, Zalesky A. Functional

magnetic resonance imaging-guided personalization of transcranial

magnetic stimulation treatment for depression. JAMA Psychiatry. (2020)

78:337–9. doi: 10.1001/jamapsychiatry.2020.3794

33. Merkl A, NeumannWJ, Huebl J, Aust S, Horn A, Krauss JK, et al. Modulation

of beta-band activity in the subgenual anterior cingulate cortex during

emotional empathy in treatment-resistant depression. Cereb Cortex. (2016)

26:2626–38. doi: 10.1093/cercor/bhv100

34. Kuschner SH, Ebramzadeh E, JohnsonD, BrienWW, Sherman R. Tinel’s sign

and Phalen’s test in carpal tunnel syndrome. Orthopedics. (1992) 15:1297–

302. doi: 10.3928/0147-7447-19921101-08

35. Williams TM, Mackinnon SE, Novak CB, McCabe S, Kelly L. Verification

of the pressure provocative test in carpal tunnel syndrome. Ann Plast Surg.

(1992) 29:8–11. doi: 10.1097/00000637-199207000-00003

36. Mooar PA, Doherty WJ, Murray JN, Pezold R, Sevarino KS. Management

of carpal tunnel syndrome. J Am Acad Orthop Surg. (2018) 26:e128–

30. doi: 10.5435/JAAOS-D-17-00451

37. Levine DW, Simmons BP, Koris MJ, Daltroy LH, Hohl GG, Fossel AH, et al.

A self-administered questionnaire for the assessment of severity of symptoms

and functional status in carpal tunnel syndrome. J Bone Joint Surg Am. (1993)

75:1585–92. doi: 10.2106/00004623-199311000-00002

38. Leite JC, Jerosch-Herold C, Song F. A systematic review of the psychometric

properties of the boston carpal tunnel questionnaire. BMC Musculoskelet

Disord. (2006) 7:78. doi: 10.1186/1471-2474-7-78

39. Freynhagen R, Baron R, Gockel U, Tolle TR. painDETECT: a

new screening questionnaire to identify neuropathic components

in patients with back pain. Curr Med Res Opin. (2006)

22:1911–20. doi: 10.1185/030079906X132488

40. Daut RL, Cleeland CS, Flanery RC. Development of the wisconsin brief

pain questionnaire to assess pain in cancer and other diseases. Pain. (1983)

17:197–210. doi: 10.1016/0304-3959(83)90143-4

41. Cleeland CS, Ryan KM. Pain assessment: global use of the brief pain

inventory. Ann Acad Med Singap. (1994) 23:129–38.

42. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An

inventory for measuring depression. Arch Gen Psychiatry. (1961)

4:561–71. doi: 10.1001/archpsyc.1961.01710120031004

43. Lutkenhoff ES, Rosenberg M, Chiang J, Zhang K, Pickard JD, Owen AM, et

al. Optimized brain extraction for pathological brains (optiBET). PLoS ONE.

(2014) 9:e115551. doi: 10.1371/journal.pone.0115551

44. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for

the robust and accurate linear registration and motion correction of brain

images. Neuroimage. (2002) 17:825–41. doi: 10.1006/nimg.2002.1132

45. Chai XJ, Castanon AN, Ongur D, Whitfield-Gabrieli S. Anticorrelations in

resting state networks without global signal regression. Neuroimage. (2012)

59:1420–8. doi: 10.1016/j.neuroimage.2011.08.048

46. Kucyi A, Salomons TV, Davis KD. Mind wandering away from pain

dynamically engages antinociceptive and default mode brain networks.

Proc Natl Acad Sci USA. (2013) 110:18692–7. doi: 10.1073/pnas.13129

02110

47. Bosma RL, Cheng JC, Rogachov A, Kim JA, Hemington KS, Osborne

NR, et al. Brain dynamics and temporal summation of pain predicts

neuropathic pain relief from ketamine infusion. Anesthesiology. (2018)

129:1015–24. doi: 10.1097/ALN.0000000000002417

48. Rogachov A, Bhatia A, Cheng JC, Bosma RL, Kim JA, Osborne

NR, et al. Plasticity in the dynamic pain connectome associated

with ketamine-induced neuropathic pain relief. Pain. (2019) 160:1670–

9. doi: 10.1097/j.pain.0000000000001545

49. Woolrich MW, Ripley BD, Brady M, Smith SM. Temporal autocorrelation

in univariate linear modeling of FMRI data. Neuroimage. (2001) 14:1370–

86. doi: 10.1006/nimg.2001.0931

50. Woolrich MW, Behrens TE, Beckmann CF, Jenkinson M,

Smith SM. Multilevel linear modelling for FMRI group

Frontiers in Pain Research | www.frontiersin.org 14 July 2021 | Volume 2 | Article 673538

https://doi.org/10.1097/j.pain.0000000000000633
https://doi.org/10.1097/01.j.pain.0000460343.46847.58
https://doi.org/10.1016/j.pain.2009.03.018
https://doi.org/10.1002/jnr.23856
https://doi.org/10.1016/j.neuroimage.2008.03.009
https://doi.org/10.1016/j.nicl.2020.102230
https://doi.org/10.1097/j.pain.0000000000002104
https://doi.org/10.1097/j.pain.0000000000002016
https://doi.org/10.1186/s13075-015-0627-0
https://doi.org/10.1038/s41583-020-0310-6
https://doi.org/10.1197/j.jht.2004.02.015
https://nsj.org.sa/content/20/1/04
https://doi.org/10.1002/(SICI)1097-4598(199910)22:10$<$1448::AID-MUS17$>$3.0.CO
https://doi.org/10.1111/j.1445-2197.2009.05175.x
https://doi.org/10.1097/PR9.0000000000000829
https://doi.org/10.1038/mp.2017.59
https://doi.org/10.1001/archgenpsychiatry.2012.65
https://doi.org/10.1016/j.jad.2019.04.046
https://doi.org/10.1016/j.biopsych.2012.04.028
https://doi.org/10.1016/j.biopsych.2017.07.021
https://doi.org/10.1001/jamapsychiatry.2020.3794
https://doi.org/10.1093/cercor/bhv100
https://doi.org/10.3928/0147-7447-19921101-08
https://doi.org/10.1097/00000637-199207000-00003
https://doi.org/10.5435/JAAOS-D-17-00451
https://doi.org/10.2106/00004623-199311000-00002
https://doi.org/10.1186/1471-2474-7-78
https://doi.org/10.1185/030079906X132488
https://doi.org/10.1016/0304-3959(83)90143-4
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/j.neuroimage.2011.08.048
https://doi.org/10.1073/pnas.1312902110
https://doi.org/10.1097/ALN.0000000000002417
https://doi.org/10.1097/j.pain.0000000000001545
https://doi.org/10.1006/nimg.2001.0931
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles


Osborne et al. sgACC Plasticity in Chronic Pain

analysis using bayesian inference. Neuroimage. (2004) 21:1732–

47. doi: 10.1016/j.neuroimage.2003.12.023

51. Napadow V, Dhond R, Kennedy D, Hui KK, Makris N. Automated

brainstem co-registration (ABC) for MRI. Neuroimage. (2006) 32:1113–

9. doi: 10.1016/j.neuroimage.2006.05.050

52. Hardy SG, Haigler HJ. Prefrontal influences upon the midbrain:

a possible route for pain modulation. Brain Res. (1985)

339:285–93. doi: 10.1016/0006-8993(85)90094-0

53. Ferreira AN, Yousuf H, Dalton S, Sheets PL. Highly differentiated

cellular and circuit properties of infralimbic pyramidal neurons projecting

to the periaqueductal gray and amygdala. Front Cell Neurosci. (2015)

9:161. doi: 10.3389/fncel.2015.00161

54. Hadjipavlou G, Dunckley P, Behrens TE, Tracey I. Determining anatomical

connectivities between cortical and brainstem pain processing regions in

humans: a diffusion tensor imaging study in healthy controls. Pain. (2006)

123:169–78. doi: 10.1016/j.pain.2006.02.027

55. Ong WY, Stohler CS, Herr DR. Role of the prefrontal

cortex in pain processing. Mol Neurobiol. (2019) 56:1137–

66. doi: 10.1007/s12035-018-1130-9

56. Yin JB, Liang SH, Li F, ZhaoWJ, Bai Y, Sun Y, et al. dmPFC-vlPAG projection

neurons contribute to pain threshold maintenance and antianxiety

behaviors. J Clin Invest. (2020) 130:6555–70. doi: 10.1172/JCI127607

57. Bingel U, Lorenz J, Schoell E, Weiller C, Buchel C. Mechanisms of placebo

analgesia: rACC recruitment of a subcortical antinociceptive network. Pain.

(2006) 120:8–15. doi: 10.1016/j.pain.2005.08.027

58. Wager TD, Rilling JK, Smith EE, Sokolik A, Casey KL, Davidson RJ, et al.

Placebo-induced changes in FMRI in the anticipation and experience of pain.

Science. (2004) 303:1162–7. doi: 10.1126/science.1093065

59. Cheriyan J, Sheets PL. Altered excitability and local connectivity of mPFC-

PAG neurons in a mouse model of neuropathic pain. J Neurosci. (2018)

38:4829–39. doi: 10.1523/JNEUROSCI.2731-17.2018

60. Huang J, Gadotti VM, Chen L, Souza IA, Huang S, Wang D, et al. A

neuronal circuit for activating descending modulation of neuropathic pain.

Nat Neurosci. (2019) 22:1659–68. doi: 10.1038/s41593-019-0481-5

61. Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish

TB, et al. Chronic back pain is associated with decreased

prefrontal and thalamic gray matter density. J Neurosci. (2004)

24:10410–5. doi: 10.1523/JNEUROSCI.2541-04.2004

62. Desouza DD, Moayedi M, Chen DQ, Davis KD, Hodaie M. Sensorimotor

and pain modulation brain abnormalities in trigeminal neuralgia: a

paroxysmal, sensory-triggered neuropathic pain. PLoS ONE. (2013)

8:e66340. doi: 10.1371/journal.pone.0066340

63. Solstrand Dahlberg L, Linnman CN, Lee D, Burstein R, Becerra L,

Borsook D. Responsivity of periaqueductal gray connectivity is related

to headache frequency in episodic migraine. Front Neurol. (2018)

9:61. doi: 10.3389/fneur.2018.00061

64. Vachon-Presseau E, Tetreault P, Petre B, Huang L, Berger SE, Torbey S, et al.

Corticolimbic anatomical characteristics predetermine risk for chronic pain.

Brain. (2016) 139 (Pt. 7):1958–70. doi: 10.1093/brain/aww100

65. Palomero-Gallagher N, Eickhoff SB, Hoffstaedter F, Schleicher A,

Mohlberg H, Vogt BA, et al. Functional organization of human

subgenual cortical areas: relationship between architectonical

segregation and connectional heterogeneity. Neuroimage. (2015)

115:177–90. doi: 10.1016/j.neuroimage.2015.04.053

66. Duerden EG, Albanese MC. Localization of pain-related brain activation:

a meta-analysis of neuroimaging data. Hum Brain Mapp. (2013) 34:109–

49. doi: 10.1002/hbm.21416

67. Drevets WC, Savitz J, Trimble M. The subgenual anterior

cingulate cortex in mood disorders. CNS Spectr. (2008)

13:663–81. doi: 10.1017/S1092852900013754

68. Hajek T, Kozeny J, Kopecek M, Alda M, Hoschl C. Reduced subgenual

cingulate volumes in mood disorders: a meta-analysis. J Psychiatry Neurosci.

(2008) 33:91–9. Available online at: https://jpn.ca/vol33-issue2/33-2-91/

69. Rodriguez-Cano E, Sarro S, Monte GC, Maristany T, Salvador R, McKenna

PJ, et al. Evidence for structural and functional abnormality in the subgenual

anterior cingulate cortex in major depressive disorder. Psychol Med. (2014)

44:3263–73. doi: 10.1017/S0033291714000841

70. Kraynak TE, Marsland AL, Wager TD, Gianaros PJ. Functional

neuroanatomy of peripheral inflammatory physiology: a meta-analysis

of human neuroimaging studies. Neurosci Biobehav Rev. (2018)

94:76–92. doi: 10.1016/j.neubiorev.2018.07.013

71. Sieper J, Braun J, Rudwaleit M, Boonen A, Zink A. Ankylosing

spondylitis: an overview. Ann Rheum Dis. (2002) 61 (Suppl. 3):iii8–

18. doi: 10.1136/ard.61.suppl_3.iii8

72. Bidad K, Gracey E, Hemington KS, Mapplebeck JCS, Davis KD, Inman

RD. Pain in ankylosing spondylitis: a neuro-immune collaboration. Nat Rev

Rheumatol. (2017) 13:410–20. doi: 10.1038/nrrheum.2017.92

73. Schmid AB, Coppieters MW, Ruitenberg MJ, McLachlan EM. Local

and remote immune-mediated inflammation after mild peripheral

nerve compression in rats. J Neuropathol Exp Neurol. (2013)

72:662–80. doi: 10.1097/NEN.0b013e318298de5b

74. Moalem-Taylor G, Baharuddin B, Bennett B, Krishnan AV, Huynh W,

Kiernan MC, et al. Immune dysregulation in patients with carpal tunnel

syndrome. Sci Rep. (2017) 7:8218. doi: 10.1038/s41598-017-08123-6

75. Harrison NA, Brydon L, Walker C, Gray MA, Steptoe A, Critchley

HD. Inflammation causes mood changes through alterations in subgenual

cingulate activity and mesolimbic connectivity. Biol Psychiatry. (2009)

66:407–14. doi: 10.1016/j.biopsych.2009.03.015

76. Marsland AL, Kuan DC, Sheu LK, Krajina K, Kraynak TE, Manuck

SB, et al. Systemic inflammation and resting state connectivity

of the default mode network. Brain Behav Immun. (2017)

62:162–70. doi: 10.1016/j.bbi.2017.01.013

77. O’Connor MF, Irwin MR, Wellisch DK. When grief heats up: pro-

inflammatory cytokines predict regional brain activation. Neuroimage.

(2009) 47:891–6. doi: 10.1016/j.neuroimage.2009.05.049

78. Prossin AR, Koch AE, Campbell PL, McInnis MG, Zalcman

SS, Zubieta JK. Association of plasma interleukin-18 levels with

emotion regulation and mu-opioid neurotransmitter function in

major depression and healthy volunteers. Biol Psychiatry. (2011)

69:808–12. doi: 10.1016/j.biopsych.2010.10.014

79. Alexander L, Wood CM, Gaskin PLR, Sawiak SJ, Fryer TD, Hong YT,

et al. Over-activation of primate subgenual cingulate cortex enhances the

cardiovascular, behavioral and neural responses to threat. Nat Commun.

(2020) 11:5386. doi: 10.1038/s41467-020-19167-0

80. Ondicova K, Pecenak J, Mravec B. The role of the vagus nerve in depression.

Neuro Endocrinol Lett. (2010) 31:602–8.

81. Gracey E, Yao Y, Green B, Qaiyum Z, Baglaenko Y, Lin A, et al. Sexual

dimorphism in the Th17 signature of ankylosing spondylitis. Arthritis

Rheumatol. (2016) 68:679–89. doi: 10.1002/art.39464

82. Huang WN, Tso TK, Kuo YC, Tsay GJ. Distinct impacts of syndesmophyte

formation on male and female patients with ankylosing spondylitis. Int J

Rheum Dis. (2012) 15:163–8. doi: 10.1111/j.1756-185X.2011.01687.x

83. Rusman T, van Vollenhoven RF, van der Horst-Bruinsma IE. Gender

differences in axial spondyloarthritis: women are not so lucky. Curr

Rheumatol Rep. (2018) 20:35. doi: 10.1007/s11926-018-0744-2

84. Albrecht DS, Kim M, Akeju O, Torrado-Carvajal A, Edwards RR,

Zhang Y, et al. The neuroinflammatory component of negative

affect in patients with chronic pain. Mol Psychiatry. (2019) 26,

864–874. doi: 10.1038/s41380-019-0433-1

85. Zhang C, Cahill ND, Arbabshirani MR,White T, Baum SA, Michael AM. Sex

and age effects of functional connectivity in early adulthood. Brain Connect.

(2016) 6:700–13. doi: 10.1089/brain.2016.0429

86. Cowell PE, Turetsky BI, Gur RC, Grossman RI, Shtasel DL, Gur RE. Sex

differences in aging of the human frontal and temporal lobes. J Neurosci.

(1994) 14:4748–55. doi: 10.1523/JNEUROSCI.14-08-04748.1994

87. Scheinost D, Finn ES, Tokoglu F, Shen X, Papademetris X, HampsonM, et al.

Sex differences in normal age trajectories of functional brain networks.Hum

Brain Mapp. (2015) 36:1524–35. doi: 10.1002/hbm.22720

88. Hagelberg N, Jaaskelainen SK, Martikainen IK, Mansikka H, Forssell

H, Scheinin H, et al. Striatal dopamine D2 receptors in modulation

of pain in humans: a review. Eur J Pharmacol. (2004) 500:187–

92. doi: 10.1016/j.ejphar.2004.07.024

89. Barcelo AC, Filippini B, Pazo JH. The striatum and pain modulation. Cell

Mol Neurobiol. (2012) 32:1–12. doi: 10.1007/s10571-011-9737-7

Frontiers in Pain Research | www.frontiersin.org 15 July 2021 | Volume 2 | Article 673538

https://doi.org/10.1016/j.neuroimage.2003.12.023
https://doi.org/10.1016/j.neuroimage.2006.05.050
https://doi.org/10.1016/0006-8993(85)90094-0
https://doi.org/10.3389/fncel.2015.00161
https://doi.org/10.1016/j.pain.2006.02.027
https://doi.org/10.1007/s12035-018-1130-9
https://doi.org/10.1172/JCI127607
https://doi.org/10.1016/j.pain.2005.08.027
https://doi.org/10.1126/science.1093065
https://doi.org/10.1523/JNEUROSCI.2731-17.2018
https://doi.org/10.1038/s41593-019-0481-5
https://doi.org/10.1523/JNEUROSCI.2541-04.2004
https://doi.org/10.1371/journal.pone.0066340
https://doi.org/10.3389/fneur.2018.00061
https://doi.org/10.1093/brain/aww100
https://doi.org/10.1016/j.neuroimage.2015.04.053
https://doi.org/10.1002/hbm.21416
https://doi.org/10.1017/S1092852900013754
https://jpn.ca/vol33-issue2/33-2-91/
https://doi.org/10.1017/S0033291714000841
https://doi.org/10.1016/j.neubiorev.2018.07.013
https://doi.org/10.1136/ard.61.suppl_3.iii8
https://doi.org/10.1038/nrrheum.2017.92
https://doi.org/10.1097/NEN.0b013e318298de5b
https://doi.org/10.1038/s41598-017-08123-6
https://doi.org/10.1016/j.biopsych.2009.03.015
https://doi.org/10.1016/j.bbi.2017.01.013
https://doi.org/10.1016/j.neuroimage.2009.05.049
https://doi.org/10.1016/j.biopsych.2010.10.014
https://doi.org/10.1038/s41467-020-19167-0
https://doi.org/10.1002/art.39464
https://doi.org/10.1111/j.1756-185X.2011.01687.x
https://doi.org/10.1007/s11926-018-0744-2
https://doi.org/10.1038/s41380-019-0433-1
https://doi.org/10.1089/brain.2016.0429
https://doi.org/10.1523/JNEUROSCI.14-08-04748.1994
https://doi.org/10.1002/hbm.22720
https://doi.org/10.1016/j.ejphar.2004.07.024
https://doi.org/10.1007/s10571-011-9737-7
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles


Osborne et al. sgACC Plasticity in Chronic Pain

90. Jin Y, Meng Q, Mei L, Zhou W, Zhu X, Mao Y, et al. A

somatosensory cortex input to the caudal dorsolateral striatum

controls comorbid anxiety in persistent pain. Pain. (2020)

161:416–28. doi: 10.1097/j.pain.0000000000001724

91. Kim M, Mawla I, Albrecht DS, Admon R, Torrado-Carvajal A,

Bergan C, et al. Striatal hypofunction as a neural correlate of

mood alterations in chronic pain patients. Neuroimage. (2020)

211:116656. doi: 10.1016/j.neuroimage.2020.116656

92. Moayedi M, Weissman-Fogel I, Crawley AP, Goldberg MB,

Freeman BV, Tenenbaum HC, et al. Contribution of chronic

pain and neuroticism to abnormal forebrain gray matter in

patients with temporomandibular disorder. Neuroimage. (2011)

55:277–86. doi: 10.1016/j.neuroimage.2010.12.013

93. Davis KD, Bushnell MC, Iannetti GD, St Lawrence K, Coghill R. Evidence

against pain specificity in the dorsal posterior insula. F1000Res. (2015)

4:362. doi: 10.12688/f1000research.6833.1

94. Peyron R, Fauchon C. The posterior insular-opercular cortex: an access to the

brain networks of thermosensory and nociceptive processes? Neurosci Lett.

(2019) 702:34–9. doi: 10.1016/j.neulet.2018.11.042

95. Chen X, Spaeth RB, Freeman SG, Scarborough DM, Hashmi JA, Wey HY,

et al. The modulation effect of longitudinal acupuncture on resting state

functional connectivity in knee osteoarthritis patients. Mol Pain. (2015)

11:67. doi: 10.1186/s12990-015-0071-9

96. Kucyi A, Moayedi M, Weissman-Fogel I, Goldberg MB,

Freeman BV, Tenenbaum HC, et al. Enhanced medial prefrontal-

default mode network functional connectivity in chronic pain

and its association with pain rumination. J Neurosci. (2014)

34:3969–75. doi: 10.1523/JNEUROSCI.5055-13.2014

97. Alshelh Z, Marciszewski KK, Akhter R, Di Pietro F, Mills EP, Vickers ER, et

al. Disruption of default mode network dynamics in acute and chronic pain

states. Neuroimage Clin. (2018) 17:222–31. doi: 10.1016/j.nicl.2017.10.019

98. Li Z, Lan L, Zeng F, Makris N, Hwang J, Guo T, et al. The

altered right frontoparietal network functional connectivity in migraine

and the modulation effect of treatment. Cephalalgia. (2017) 37:161–

76. doi: 10.1177/0333102416641665

99. Chen X, Spaeth RB, Retzepi K, Ott D, Kong J. Acupuncture modulates

cortical thickness and functional connectivity in knee osteoarthritis patients.

Sci Rep. (2014) 4:6482. doi: 10.1038/srep06482

100. Boccard SGJ, Prangnell SJ, Pycroft L, Cheeran B, Moir L, Pereira EAC,

et al. Long-Term results of deep brain stimulation of the anterior

cingulate cortex for neuropathic pain. World Neurosurg. (2017) 106:625–

37. doi: 10.1016/j.wneu.2017.06.173

101. Farrell SM, Green A, Aziz T. The current state of deep brain stimulation for

chronic pain and its context in other forms of neuromodulation. Brain Sci.

(2018) 8:158. doi: 10.3390/brainsci8080158

102. Magis D, D’Ostilio K, Lisicki M, Lee C, Schoenen J. Anodal frontal

tDCS for chronic cluster headache treatment: a proof-of-concept trial

targeting the anterior cingulate cortex and searching for nociceptive

correlates. J Headache Pain. (2018) 19:72. doi: 10.1186/s10194-018-

0904-9

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Osborne, Anastakis, Kim, El-Sayed, Cheng, Rogachov, Hemington,

Bosma, Fauchon and Davis. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Pain Research | www.frontiersin.org 16 July 2021 | Volume 2 | Article 673538

https://doi.org/10.1097/j.pain.0000000000001724
https://doi.org/10.1016/j.neuroimage.2020.116656
https://doi.org/10.1016/j.neuroimage.2010.12.013
https://doi.org/10.12688/f1000research.6833.1
https://doi.org/10.1016/j.neulet.2018.11.042
https://doi.org/10.1186/s12990-015-0071-9
https://doi.org/10.1523/JNEUROSCI.5055-13.2014
https://doi.org/10.1016/j.nicl.2017.10.019
https://doi.org/10.1177/0333102416641665
https://doi.org/10.1038/srep06482
https://doi.org/10.1016/j.wneu.2017.06.173
https://doi.org/10.3390/brainsci8080158
https://doi.org/10.1186/s10194-018-0904-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles

	Sex-Specific Abnormalities and Treatment-Related Plasticity of Subgenual Anterior Cingulate Cortex Functional Connectivity in Chronic Pain
	Introduction
	Materials and Methods
	Participants
	Study Protocol
	Questionnaires
	Neuroimaging Acquisition
	Pre-processing of Functional MRI Data
	Definition of Seeds for Resting State FC
	Functional Connectivity Analyses
	Analysis 1: sgACC to Whole Brain FC
	Analysis 2: Exploratory Sex-Disaggregated sgACC to Whole Brain FC
	Analysis 3: sgACC and the Descending Pain Modulation System
	Analysis 4: Treatment-Related Plasticity in sgACC FC


	Results
	Descriptive Statistics and Clinical Characteristics of Patients With CTS
	Abnormal sgACC FC With Medial Pre-frontal Cortex and Temporal Lobe in Patients With Chronic Pain (Analysis 1)
	Men With CTS Have Reduced sgACC FC With the Medial Pre-Frontal Cortex (Analysis 2)
	No Chronic Pain-Related Abnormalities in Brain Stem Functional Connectivity With the sgACC (Analysis 3)
	Treatment-Related Plasticity in sgACC FC (Analysis 4)

	Discussion
	Abnormal FC Between the sgACC and PFC in Chronic Pain
	A Triple Threat: The sgACC's Role in Pain, Depression, and Systemic Inflammation
	FC of the sgACC Shows Sex Differences and Sex-Specific Age Effects
	Treatment-Related Plasticity in sgACC FC With Regions Involved in Processing Pain Intensity and Affect
	Study Limitations
	Future Directions: The sgACC as a Therapeutic Target for Pain Relief

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


