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Abstract

Localized provoked vulvodynia (LPVD) affects approximately 16% of the female population, but
biological mechanisms underlying symptoms remain unknown. Like in other, often comorbid
chronic pain disorders, altered sensory processing and modulation of pain, including central
sensitization, dysregulation of endogenous pain modulatory systems, and attentional enhancement
of pain perception have been implicated. The aim of this study was to test whether regions of
interest showing differences in LPVVD compared to healthy controls (HCs) in structural and
evoked-pain neuroimaging studies, also show alterations in during rest compared to HCs and a
chronic pain control group (irritable bowel syndrome, IBS). Functional magnetic resonance
imaging was performed during resting state in 87 age-matched premenopausal females (29 LPVD,
29 HCs, 29 IBS). Group independent component analysis and general linear models were applied
to investigate group differences in the intrinsic connectivity of regions comprising sensorimotor,
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salience, and default mode resting state networks. LPVD subjects showed substantial alterations in
the intrinsic connectivity of these networks compared to HCs and IBS. The intrinsic connectivity
of many of the regions showing group differences during rest were moderately associated with
clinical symptom reports in LPVD. Findings were robust to controlling for affect and medication
usage. The current findings indicate LPVD subjects have alterations in the intrinsic connectivity of
regions comprising the sensorimotor, salience, and default mode networks. Although shared brain
mechanisms between different chronic pain disorders have been postulated, the current findings
suggest some alterations in functional connectivity may show disease specificity.
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INTRODUCTION

Localized provoked vulvodynia (LPVD) affects approximately 16% of women [3; 29; 68],
with some studies reporting incidence rates as high as 27% [41]. LPVD is a chronic pain
disorder characterized by localized hypersensitivity of the vulvar vestibule [4; 29].
Symptoms are described as burning, sharp pain limited to the vulvar vestibule during genital
contact (e.g., intercourse and tampon use) [29]. Despite the high prevalence rates and
reduced quality of life, most affected women are undiagnosed or fail to achieve a
satisfactory response to treatment [65]. LPVD often coexists with other chronic somatic and
visceral pain disorders such as irritable bowel syndrome (IBS) and fibromyalgia, suggesting
a common etiology or shared mechanisms [57; 64; 66].

Both peripheral and central abnormalities and alterations in sensory processing have been
reported in women with LPVD [2; 20; 24; 72; 77]. Localized inflammation [27; 46], altered
vestibular innervation [35], and tonic, dysfunctional pelvic floor muscle contractions have
been implicated as possible causes [55; 83].

A few neuroimaging studies examining responses to evoked vaginal pain, and gray-matter
structure in the brain have provided initial evidence that vulvar pain sensitivity may be
associated with central sensitization, dysregulation of endogenous pain modulatory systems,
and attentional enhancement of pain perception [35; 36; 63; 70]. These studies have reported
alterations in brain regions comprising the sensorimotor, salience, and default mode resting
state networks. The sensorimotor network receives sensory input from the periphery and
plays an important role in body sensation awareness and generation of appropriate motor
responses [12]. The salience network monitors the homeostatic state of the body on a
millisecond scale, and automatically adjusts to real or expected disturbances in homeostasis
through autonomic nervous system responses and behavioral responses [13]. The default
mode network comprises a set of regions that are engaged at rest, decreased during goal-
oriented tasks, and associated with self-referential thinking [54]. It remains to be determined
if the reported brain changes play a causal role in symptom generation, or are secondary
responses to the chronic pain condition.
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Task free resting-state magnetic resonance imaging (MRI) studies in other chronic pain
populations have also demonstrated alterations in these same three networks [6; 16; 34;
38-40; 56; 59; 81], and these alterations have been suggested to contribute to the central pain
amplification in these disorders [16; 23; 34; 38; 39; 56]. These resting state networks have
not been examined in LPVD.

The aim of this study was to determine whether the brain regions reported to be altered in
previous neuroimaging studies in LPVD also show altered intrinsic connectivity within three
resting state networks compared to healthy controls (HCs) and a chronic visceral pain group.
We compare LPVD to HCs to assess whether the resting state alterations are specific to
pain. To determine whether the central alterations in LPVD represent distinct or shared
mechanisms with a chronic visceral pain disorder, we compared LPVD to IBS subjects.
Activity in the resting brain of 87 age-matched female subjects was measured to test the
following hypotheses: 1) Intrinsic connectivity of regions comprising the sensorimotor,
salience, and default mode networks are different in LPVD compared to HCs and IBS and 2)
the intrinsic connectivity of regions showing group differences at rest are associated with
key LPVD clinical symptoms, including vulvar pain and vaginal muscle tenderness.

MATERIALS AND METHODS

Participants

Subjects with LPVD were recruited through the University of California, Los Angeles
(UCLA) Obstetrics and Gynecology Clinic. The diagnosis of LPVD was identified during a
clinical examination by an OB/GYN. Inclusion criteria for participants with LPVD were =6
months of pain in the vulvar vestibule of at least 4 out of 10 in severity (O=no pain to 10=
worst pain imaginable) during attempted intercourse or other activities involving vestibular
pressure (e.g. tampon use) and findings on exam consistent with vestibulodynia.
Examination confirmed LPVD if the cotton swab test was positive for pain >4 out of 10
(0=no pain to 10= worst pain imaginable) limited to the vulvar muscle (5, 6, 7, 10 or 2
o'clock) and absence of other pathology such as dermatitis, dermatoses, vulvar vaginal
atrophy, or peripheral neuropathy. Infections such as candida, bacterial vaginosis or herpes
simplex were ruled out by history, visual inspection, vaginal pH, and saline and potassium
hydroxide slide prep. Speculum examination of the vagina and bimanual pelvic examination
were preformed to exclude other pathology that could contribute to the pain. Age-matched
data for female IBS and female healthy control (HC) subjects was obtained from past
subjects enrolled in neuroimaging studies at the Center for Neurobiology of Stress between
2010 and 2013 and have been used in previous publications [34; 38; 39]. Healthy control
subjects (HCs) were recruited by advertisement and screened via history and medical exam
for absence of pain disorders, and were recruited from the UCLA and local Los Angeles
community.

Exclusionary criteria for all subjects included pregnancy or lactation, substance abuse,
tobacco dependence (smoked half a package of cigarettes or more daily), abdominal surgery
other than appendectomy or cholecystectomy, current or past psychiatric illness, extreme
strenuous exercise (exercise more than one hour per day), and major medical or neurological
conditions. In addition, subjects with current regular use of analgesic drugs (including
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narcotics, opioids, and a2-8 ligands) were excluded. Use of medications such as
antidepressants (low-dose tricyclic anti-depressants, selective serotonin uptake inhibitors,
nonselective serotonin reuptake inhibitors) was only allowed if subjects had been on a stable
dose for a minimum of 3 months (10.34%, N=9 subjects of the total sample were on the
medications specified above, of which N=3 (3.44%) were LPVD subjects and N=6 (6.90%)
were IBS subjects). We did not exclude subjects who used NSAIDS such as diclofenac.
Instead we asked that subjects refrain from taking this medication 12 hours prior to their
scanning visit. All subjects were right handed and premenopausal confirmed by self-report,
and most (74%, N=64) were scanned during the follicular phase of the menstrual cycle. All
subjects were naturally cycling and were excluded if they were on hormonal contraceptives
in order to avoid confounds associated with more sensitive vulvar vestibules. To account for
the comorbidity between LPVD and IBS, presence of IBS symptoms for the LPVD subjects
and presence of LPVD symptoms for the IBS subjects were recorded during the medical
history. However, potential LPVD subjects were excluded if IBS was distressing or was
their most important pain complaint.

The study was approved by the University of California, Los Angeles Institutional Review
Board, and was conducted in accordance with the institutional guidelines regulating research
on human subjects. All subjects provided written informed consent to participate and were
compensated for participating in the study.

Clinical Assessments and Questionnaires

Clinical Assessment of LPVD—During clinical examination, detailed information was
obtained regarding vulvar pain for the LPVD patients. Patients with LPVD were asked to
report their pain duration and level of pain intensity (scale 0-20, O=neutral, 20=extremely
intense), and level of pain unpleasentness (scale 0-20, O=neutral, 20=very intolerable) in the
past 24 hours using the Gracely Differential Descriptor Pain Scale [30]. Level of pain related
to sex and not related to sex was also recorded (scale 0-100, 0= no pain, 100= most intense
pain imaginable). A brief neurosensory examination was conducted [45; 83]. Pain testing of
the vulva and vestibule was performed using a cotton swab, which is the main diagnostic
instrument for LPVD [26]. To exclude specific neuropathy, sensory testing of the sensory
dermatomes (T12, L1, S2, S3/4, S5, S1) of the mons pubis, vulva and the perineum were
examined bilaterally for allodynia (pain with gentle touch with the cotton tip), hyperalgesia
(pain with touch with the sharp wooden end of a broken cotton swab), or normal sensation.

Mapping of pain in the vulvar vestibule was then performed by touching the vestibule
perpendicularly with the cotton end of swab (enough to indent the mucosa to a depth of less
than 1/3 of the cotton end) for 1 second at 5, 6, 7 (posterior vestibule), 10, and 2 o'clock
(periurethral, anterior vestibule). Subjects were asked to rate the pain severity (scale=0-10;
0=none, 10=, most severe pain imaginable) and describe quality (verbal descriptor e.g.,
sharp, burning). A vulvar pain total “score” was created by adding the pain scores at each of
the 5 vestibule sites (0-50).

The vaginal muscle examination was then performed. Internal muscle tone and tenderness
was assessed with a single lubricated digit, applying approximately 2 kg of pressure for 2
seconds. (The examiner's finger pressure was calibrated immediately before the exam with
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an algometer). The bulbocavernosis muscles at 5 and 7 o'clock, and the levator ani complex
were assessed in the midline and laterally at 5 and 7 o'clock. Participants were asked to rate
the pain at each site (scale=0-10, 0 =no pain, 10 =the most severe pain imaginable, almost
unconscious). A vaginal muscle tenderness total “score” was created by adding the pain
scores at each of the 5 muscle sites (0-50).

Clinical Assessment of IBS—Subjects with IBS met Rome 111 symptom criteria for a
diagnosis of IBS [22]. A gastroenterologist or gastrointestinal nurse practitioner obtained
histories and conducted physical examinations. Patients with IBS who had all types of
predominant bowel habits were included. Questionnaires were completed before scanning to
determine IBS symptom type, severity, duration of symptoms, and abdominal sensation
[Bowel Symptom Questionnaire] [17]. Overall GI symptom severity and abdominal pain in
the past week were assessed using a 21-point Numerical Rating Scale (scale=0 - 20, 0 = no
pain and 20 =the most intense symptoms imaginable). Usual symptom severity was assessed
on an ordinal scale where 1 = None, 2 = Mild, 3 = Moderate, 4 = Severe, and 5 = Very
Severe.

For all subjects levels of anxiety and depression were also assessed using a self-report 14-
item instrument (Hospital Anxiety and Depression Scale; HADS) [82]. The Early Traumatic
Inventory [14] was used to access histories of childhood traumatic and adverse life events in
all subjects. All subjects also completed the Pain Catastrophising Scale [75].

fMRI Data Acquisition

Whole brain functional resonance imaging (fMRI) data was acquired using a 3.0T MRI
scanner (Siemens Trio; Siemens, Erlangen, Germany). A high resolution structural image
was acquired from each subject for registration purposes with a magnetization-prepared
rapid acquisition gradient-echo sequence, repetition time = 2200ms, echo time = 3.26ms,
structural acquisition time =5m 12s, slice thickness = 1mm, 176 slices, 256*256 voxel
matrix, 1mm voxel size. Resting state scans were acquired using the following parameters:
40-slice whole brain volumes, slice thickness = 4mm, repetition time = 2000ms, echo time=
28ms, resting acquisition time = 10m6s, flip angle = 77°, field of view = 220, 2x2x2 mm
voxel size. Noise reducing headphones were used. Subjects rested with eyes closed while
functional blood oxygen-level dependent images were acquired.

Data Analysis: Image Processing and Data Analysis

Preprocessing—Resting state processing was conducted using SPM8 software (Welcome
Department of Cognitive Neurology, London, UK). The first two volumes were discarded to
allow for stabilization of the magnetic field. Slice timing correction was performed first,
followed by rigid six-degree motion-correction realignment. The motion correction
parameters in each degree were examined for excessive motion. If any volume-to-volume
motion correction parameter was above 2 mm translation or 2° rotation, it was excluded
from the dataset. The resting state images were then co-registered to their respective
anatomical T1 images. Each T1 image was then segmented and normalized to a smoothed
template brain in Montreal Neurological Institute (MNI) template space. Each subject's T1
normalization parameters were then applied to that subject's resting state image, resulting in
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an MNI space normalized resting state image. The resulting images were smoothed with
5mm3 Gaussian kernel. For each subject, a sample of the 300 volumes was inspected for any
artifacts and anomalies. Levels of signal dropout were also visually inspected for excessive
dropout in a priori regions of interest.

Resting State Brain Network Identification—Group-specific independent component
analysis was implemented with GIFT 2.0c (http://www.icatb.sourceforge.com) to identify
components that represented the networks of interest (i.e., sensorimotor, salience, and
default mode networks) in LPVD, HCs and IBS. Multiple runs (i.e., 20 iterations) of ICA
were performed using ICASSO to ensure the reliability of the ICA algorithm and to increase
the robustness of the results [37]. The minimum cluster size was set to 16 and the maximum
cluster size to 20. The minimum was determined by using .8 times the number of ICASSO
runs and the maximum is the number of ICASSO runs based on [49]. The minimum
description length was used to objectively identify the number of independent components
to be extracted [48]. For each group, 15 orthogonal components were extracted with
independent components analysis (ICA) using the infomax algorithm [10]. All images were
visually inspected.

Components representing the sensorimotor, salience, and default mode networks were
identified by spatial correlation with templates provided by Smith et al. [9; 73]. Specifically,
the sensorimotor network was identified by spatial correlation with the template entitled
“sensorimotor” (Map 650) independent component provided by Smith et al. [73]. The
correlations between the ICA derived sensorimotor network and the Map 6, canonical
template for LPVD was r=.58, for IBS was r=.55 and for HC was r=.62. The core regions
in this network include the primary somatosensory cortex (primary sensory cortex), primary
motor cortex (primary motor cortex), secondary somatosensory cortex and supplemental
motor area [12]. The salience network was identified by spatial correlation with the template
entitled the “executive control” independent component (Map 89) [73]. The correlations
between the ICA derived salience executive control network and the Map 8¢ canonical
template for LPVD was r=.49, for IBS was r= .54 and for HC was r=.57. The “executive
control network” template includes dorsal anterior cingulate and insula, the core regions of
the salience network [71]. The default mode network was identified by spatial correlation
with the template entitled “default mode network™” (Map 4,q) independent component
provided by Smith et al. [73]. The correlations between the ICA derived default mode
network and the Map 4, canonical template for LPVD was r=.57, for IBS was r= .54 and
for HC was r=.60. The core regions in this network include the precuneus, posterior
cingulate cortex, bilateral inferior-lateral-parietal and ventromedial frontal cortex.

Individual subject maps were then back reconstructed and converted to z-score maps
representing the degree of correlation between the voxel signal and the group averaged time-
course of the component. These z values reflect the functional connectivity of the voxel and
the resting state network. High z scores (i.e. intrinsic connectivity) indicate greater influence
of that voxel on the network [31]. As a final noise reduction step, for each group separately,
subject maps for each network were entered into one-sample t-tests in SPM8 and group
results were extracted using a threshold at p<0.05 corrected for family-wise error rate as
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recommend by Calhoun et al. [15]. The resulting thresholded t-statistic maps were then
binarized to form group-specific component masks.

Data analysis—The union of these group-specific masks for each network was then
utilized as an explicit mask for analyses of hypothesized group differences. To test the
specified hypotheses, linear contrast analysis within the framework of the general linear
model was applied in SPM8 specifying group as a factor [1; 60; 67]. Linear contrast
analyses specified to test the hypotheses were 1) LPVD compared to HC and 2) LPVD
compared to IBS. Two-stage cluster-extent based thresholding was implemented to control
for multiple comparisons. First, clusters were defined as groups of contiguous voxels lying
above a primary threshold of p<.001, uncorrected, based on recommendations by [80].
Cluster significance was then considered at p <.05 corrected for family-wise error rate [60].
This test for statistical significance controls the estimated false positive probability of the
cluster as a whole, and not each individual voxel in the contiguous cluster [80]. Results for
this analysis were overlaid on the MNI template available in MRIcroN (http:// http://
www.mccauslandcenter.sc.edu/mricro/mricron/index.html) for presentation purposes. In
addition covariate analyses were applied to determine the sensitivity of the results to anxiety
and depression. The results of these analyses are described in the text and included in the
result tables.

Data analysis of non-imaging data—Differences in clinical and demographics
variables were examined using the general linear model in the Statistical Package for the
Social Sciences (SPSS) software (version 19). Linear contrast analysis within the framework
of the general linear model was also employed to examine differences in clinical variables
between 1) LPVD compared to HC and 2) LPVD compared to IBS. Significance was
considered at p<.05 corrected for false discovery rate correction tests [62]. Resting state
activity of regions showing group differences were correlated with clinical (measures of
vulvar pain and vaginal muscle tenderness, self-report of pain), and behavioral variables
(anxiety, depression, pain catastrophizing [PCS] and pain duration) in LPVD patients only.
Significance was considered at p<.05, uncorrected but we emphasized effect size in this
small sample, where r=.30 (r=.09) is considered a moderate effect and r=.50 (r2=.25) is
considered a large effect.

Clinical and behavioral characteristics

Mean clinical and behavioral characteristics of LPVD, IBS, and HCs are summarized in
Table 1. Mean age of subjects was 30 years old. Although within normal clinical ranges,
LPVD subjects had significantly higher anxiety and depression symptom scores compared to
HCs (F(1, 57)=19.74, p=.0008 and IBS (F(1, 57)=8.35, p=.006). Pain catastrophizing scores
were significantly higher in LPVD subjects compared to HCs on two subscales: rumination:
p=.008, and helplessness: p=.001. No significant differences were observed between LPVD
compared to IBS, or between LPVD and HCs. No statistically significant differences were
found on any of the other measures between LPVD and IBS.
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Values for vulvar vestibular pain as assessed by cotton swab and for vaginal muscle
tenderness as assessed by finger pressure exam for the LPVD subjects are summarized in
Table 2a. The average duration of LPVD pain was about 7.5 years (90 months). For the
LPVD subjects the average level of pain intensity during the past 24 hours was 5.96
(SD=6.17), and average level of pain unpleasantness during the past 24 hours was 5.29
(SD=4.86). The values for abdominal pain and gastrointestinal symptoms for the IBS
subjects are summarized in Table 2b. The average symptom duration for IBS subjects was
about 11 years (132 months). Of the 29 LPVD subjects, 5 reported IBS symptoms in the past
and 1 reported current symptoms within the last six months. None of the 29 IBS patients
reported comorbid LPVD symptoms.

Disease Related Differences in the Sensorimotor Network Connectivity

In LPVD subjects compared to HCs, bilateral supplementary motor area had greater
connectivity within the sensorimotor network (Table 3, Figure 1a). In LPVD subjects
compared to IBS subjects, anterior supplementary motor area, posterior supplementary
motor area, and left primary motor cortex had greater connectivity within the sensorimotor
network (Table 3, Figure 1b). However, compared with I1BS subjects, the left and right
primary sensory cortex and the right superior temporal cortex had less connectivity in LPVD
subjects (Table 3, Figure 1c).

To determine the potential influence of anxiety and depression on the observed results,
additional covariate analyses were performed (Table 3). When controlling for depression,
all differences were maintained. However, the spatial extent and probability associated with
greater connectivity of the supplementary motor area in LPVVD compared to HC was reduced
but remained significant at p<.05 corrected. Also when controlling for depression, it was
observed that LPVVD compared to controls showed weaker connectivity of the left primary
sensory cortex, consistent with what was observed in LPVD compared to IBS. When
controlling for anxiety, all initial results remained except differences between LPVD and
HC in supplementary motor area connectivity were no longer significant. Instead greater
connectivity between the left primary sensory cortex and the sensorimotor network was
observed in LPVD compared to HCs.

Disease Related Differences in the Salience Network Connectivity

In LPVD subjects compared to HC subjects, left globus pallidus, left anterior midcingulate
cortex, and left putamen had greater connectivity within the salience network (Table 4,
Figure 2a). Compared to HCs, bilateral orbital medial prefrontal cortex (PFC) had less
connectivity within the salience network in LPVD patients (Table 4, Figure 2b). In LPVD
patients compared to IBS patients, the left anterior mid-cingulate cortex, left globus pallidus,
and right caudate nucleus had greater connectivity within the salience network (Table 4,
Figure 2c). Compared to IBS, bilateral dorsal medial PFC had less connectivity within the
salience network in LPVD patients (Table 4, Figure 2d).

As a sensitivity analysis, analyses were rerun controlling for anxiety and depression. All but
two of the initial findings were maintained. Specifically, differences between LPVD and
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HCs were no longer observed for anterior mid-cingulate cortex when controlling for
depression and left putamen when controlling for anxiety.

Disease Related Differences in the Default Model Network Connectivity

Within the default mode network, LPVD (compared to HCs) had greater bilateral angular
gyrus and right anterior precuneus connectivity (Table 5, Figure 3a), and less connectivity
of the right posterior precuneus, left dorsal and ventral posterior cingulate cortex (Table 5,
Figure 3b). Furthermore compared to IBS, LPVD had greater connectivity of bilateral
angular gyrus and bilateral precuneus within the default mode network (Table 5, Figure 3c)
but less connectivity of right precuneus and right dorsal/ventral posterior cingulate cortex
within the default mode network (Table 5, Figure 3d).

When statistically controlling for anxiety and depression, all but two of the initial findings
were maintained. Specifically, differences between HCs compared to LPVD were no longer
observed for the left ventral posterior cingulate cortex and left dorsal posterior cingulate
cortex when controlling for anxiety.

Sensitivity analysis for medication usage

We also reran all analyses after removing the 9 subjects who were on antidepressants (3 of
the LPVD subjects and 6 of the IBS subjects). All disease related group differences were
maintained.

Correlations between Resting State Activity and Clinical and Behavioral Measures

In LPVD subjects only, exploratory correlations were performed to examine the relationship
between the intrinsic connectivity of regions showing significant group differences and
clinical and behavioral measures (see Table 6). Sensorimotor Network: 1) For the contrast
LPVD compared to HCs, resting state activity in the bilateral supplementary motor area
showed moderate correlation with pain not related to intercourse (r=.46, p=.01). 2) For the
contrast LPVD compared to IBS, bilateral supplementary motor area showed moderate
correlation with total muscle tenderness scores (r=.45, p=.01), and with pain not related to
intercourse (r=.40, p=.04). The left primary motor cortex correlated moderately with several
behavioral variables including anxiety (r=.46, p=.02), depression (r=.43, p=.02), and pain
catastrophizing (r=.45, p=.02). Salience Network: For the contrast LPVD compared to HCs,
resting state activity in the left globus pallidus was negatively correlated with total vulvar
pain (r=—0.38, p=0.04), and the left putamen was negatively correlated with highest daily
pain (r=-.39, p=.04). For the contrast LPVVD compared to IBS, the right caudate nucleus was
negatively correlated with highest daily pain (r=-.42, p=.03). For the contrast IBS compared
to LPVD, the left dorsal medial PFC was positively correlated with anxiety (r=.39, p=.04),
but negatively correlated with pain not related to sex (r=-.41, p=.03). Default Mode
Network: For the contrast LPVD compared to HCs, resting state activity in the right angular
gyrus was positively correlated with pain duration (r=.46, p=.01), and the right precuneus
was correlated with depression (r=.43, p=.02). For the contrast IBS compared to LPVD, the
right dorsal/ventral posterior cingulate cortex was negatively correlated with total vagina
muscle tenderness (r=-.39, p=.04).
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DISCUSSION

The aim of the study was to identify disease-related differences in the resting state
connectivity of brain regions within the sensorimotor, salience and default mode networks,
in localized provoked vulvodynia, compared to HCs and a disease control group, IBS. The
findings demonstrate that many of the regions reported as altered in previously reported
task-based and structural MRI studies in LPVD also show altered connectivity during rest.
Furthermore, although shared mechanisms have been suggested between LPVD and IBS,
differences in the intrinsic connectivity of sensorimotor, salience, and default mode
networks were observed. The intrinsic connectivity of many of the regions showing group
differences during rest was moderately correlated with subjective reports of vulvar pain and
vaginal muscle tenderness. These findings were robust and not affected when controlling for
affect, state anxiety and depression, and medication usage, suggesting that the observed
differences are specific to disease status rather than other confounding factors.

Sensorimotor Network Connectivity

Compared to IBS, LPVD patients showed greater connectivity of the bilateral
supplementary motor area and primary motor cortex and less connectivity of primary
sensory cortex with the sensorimotor network even after controlling for affect.
Supplementary motor area connectivity was moderately correlated with the total muscle
tenderness scores and pain not related to intercourse but not with vulvar vestibular pain
scores in the LPVD.

Even though pelvic floor muscle contractions were not quantified in the current study
several pieces of evidence support a possible role of the motor cortex underlying tonic
contractions of the pelvic floor muscles often noted during clinical examination of women
with vestibulodynia [55]. The supplementary motor area and bilateral primary sensory
cortex and left primary motor cortex are reported to be activated during pelvic floor muscle
contractions in female subjects [43; 44; 69]. Various clinical observations support the
importance of the pelvic floor muscles in the pathophysiology and management of LPVD [2;
55]. Pelvic floor muscle biofeedback [28] or physical therapy [11; 19] show reasonable
therapeutic efficacy for up to 50% of the women evaluated in published studies with small
samples and physical therapy is generally included in the multidisciplinary approach [2].
Tentative support for a primary role of tonic motor contractions comes from studies in
women with IC/PBS who show tenderness and impaired muscular control of the pelvic
floor, and also respond to pelvic floor physical therapy [8; 25]. Resting fMRI intrinsic brain
oscillations in women with painful bladder syndrome/interstitial cystitis, a syndrome often
comorbid with LPVD also showed altered frequency distributions in motor and
somatosensory regions comparable to those seen in the women with LPVD [40]. Despite
these indirect pieces of evidence supporting a pathophysiological role of altered connectivity
of the supplementary motor area and the primary motor and sensory cortices in pelvic floor
or vaginal muscle contractions, these peripheral correlates were not evaluated in this study
and alternative interpretations are possible.
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Salience Network Connectivity

The salience network is involved in evaluating the subjective salience of internal and
external stimuli in order to generate appropriate motor and autonomic outputs [71]. We
found greater connectivity within the salience network in LPVD subjects for basal ganglia
(left globus pallidus, left putamen, right caudate nucleus) and anterior mid-cingulate cortex
compared to both HCs and IBS. Furthermore the intrinsic connectivity of the regions of the
basal ganglia was associated with greater LPVD reports of total vulvar pain and highest
daily pain ratings. IBS patients compared to HCs have shown increased connectivity within
the salience network specifically the anterior insula, anterior cingulate, and putamen regions
[34]. Alterations within the salience network have also been implicated in the
pathophysiology of other chronic pain conditions [5; 13; 56; 59]. The salience network has
strong connections to medial prefrontal, basal ganglia, and temporal regions, which likely
provide contextual and emotional modulation of sensory stimuli [13; 33]. One may speculate
that the more pronounced alterations within the salience network in LPVD compared to IBS
suggest greater impairments in LPVD patients’ ability to appraise, process and respond to
sensory information from the pelvis. Mechanistic studies are required to test this hypothesis.

Even after controlling for affective levels, subregions of bilateral dorsal medial PFC showed
less connectivity with the salience network when LPVD was compared to the two other
groups. Lower connectivity of the dorsal medial PFC was moderately correlated with pain
not related to intercourse in LPVD. The medial PFC plays a prominent role in cortico-limbic
inhibition providing inhibitory input to the amygdala and anterior insula[50; 79] and may
also play a role in the cortical input to descending pain modulation [42]. One may speculate
that LPVD subjects have a compromised ability to engage prefrontal modulatory influences
on the affective dimension of the pain experience [32; 53], and on descending pain
modulation systems [51; 76].

Default Mode Network Connectivity

In general, greater connectivity of known attentional regions, medial and lateral parietal
regions (angular gyrus and anterior precuneus)[18; 61], with the default mode network was
observed for LPVD compare to the HC and IBS with less connectivity observed for the
dorsal/ventral posterior cingulate cortex. The greater connectivity of the right angular gyrus
in LPVD compared to HCs was moderately correlated with increased pain duration in
LPVD. The reduced connectivity of the right dorsal/ventral posterior cingulate cortex that
was observed in LPVVD compared to IBS correlated with increased total vaginal muscle
tenderness scores, suggesting specificity of this finding to LPVD. Finally, reduced
connectivity of the left ventral posterior cingulate and right dorsal posterior cingulate
cortices with the default mode network was observed in LPVD patients compared to HCs
but covariate analysis indicated that these effects were dependent on anxiety levels.

Our results are similar to some other studies that have demonstrated alterations of default
mode network connectivity in patients with chronic pain disorders [6; 7; 56; 58; 81]. Similar
to our study, increased connectivity within the default mode network has been observed in
fibromyalgia patients but the activity was mainly observed in regions different to those
found in this study (such as in the anterior, middle, and posterior insula) [56]. However, in a
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recent study, decreased connectivity was observed from the anterior insula to the bilateral
precuneus and the angular gyrus in IBS subjects [39], suggesting that LPVD subjects show
different patterns of resting state activity in the default mode network compared to IBS
patients. The functional and pathophysiological correlates of the observed altered intrinsic
connectivity within default mode network remain unknown. However, recent evidence
suggests that the intrinsic connectivity of the precuneus and angular gyrus within the default
mode network is strongly associated with greater efficiency in performing an executive
control attention task[78].

The interplay of the default mode network with other networks such as the salience network
has also been suggested in other studies [52; 74]. An important function of the salience
network is to switch from the default network to other action related networks[13] For
example, it is possible that increased connectivity of the attentional regions with the other
regions of the default mode network are caused by dysfunction in this switching function. It
remains to be determined to what degree the varying results reported in different studies
reflect methodological differences, or reflect true differences in underlying brain
mechanisms.

Even though we studied only premenopausal women predominantly during the follicular
phase of the menstrual cycle, we did not measure female sex hormones and therefore could
not address a possible influence of sex hormones on the current findings. Additionally, since
a psychiatric diagnosis was an exclusion criterion, subjects with severe LPVD and IBS with
comorbid pathological levels of anxiety were excluded from the study sample. However, we
did not find any significant correlations with anxiety and depression for the sensorimotor or
the salience networks. Finally, interpretation of the pathophysiological relevance of the data
is limited by the fact that pelvic floor or vaginal muscle contractions were not assessed
during the study.

Summary and conclusions

LPVD subjects show alterations in the intrinsic connectivity of sensorimotor, salience, and
default mode networks. These impairments are substantial and exceeded those seen in IBS.
Although shared brain mechanisms between different chronic pain disorders have been
postulated [13; 21; 47], the current findings suggest alterations in functional connectivity
may also show some disease specificity. Future research is required to determine similarities
and difference in the central mechanisms associated with LPVD and other chronic pain
disorders. Furthermore, longitudinal studies are necessary to determine if these alterations
are primary or a secondary abnormality due to chronic nociceptive input to the brain,
abnormal pelvic motor function (muscle relaxation, pelvic floor physiotherapy), or cortical
control mechanisms (cognitive behavioral therapy).
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Figure 1. Brain regions showing significant diseaserelated alterationsin theintrinsic
connectivity of the sensorimotor resting state network

Regions showing group differences in intrinsic connectivity within the sensorimotor resting
state network. Whole brain voxel-wise images are thresholded at p<.05 corrected for family
wise error. Contrasts are color-coded. VVoxels showing overlap by contrast have dark hues.
Each sagittal slice is depicted by vertical blue line on the brain on the right and the X slice is
identified in white as depicted in Montreal Neurological Institute (MNI) space.
Abbreviations: IBS: irritable bowel syndrome; HC: healthy control; L, left; LPVD, localized
provoked vulvodynia, R, right.

1: left/right supplemental motor area (SMA)

2: left primary motor cortex (PMC)

3: left/right primary somatosensory cortex (PSC)

4: right superior temporal cortex (STC)
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Figure 2. Brain regions showing significant disease related alterationsin theintrinsic
connectivity of the salience resting state network

Regions showing group differences in intrinsic connectivity within the salience resting state
network. Whole brain voxel-wise images are thresholded at p<.05 corrected for family wise
error. Contrasts are color-coded. VVoxels showing overlap by contrast have dark hues. Each
sagittal slice is depicted by vertical blue line on the brain on the right and the X slice is
identified in white as depicted in Montreal Neurological Institute (MNI) space.
Abbreviations: IBS: irritable bowel syndrome; HC: healthy control; L, left; LPVD, localized
provoked vulvodynia, R, right.

1: left anterior mid-cingulate cortex (aMCC)

2: left putamen

3: left globus pallidus

4: left/right orbital medial prefrontal cortex (omPFC)

5: right caudate nucleus

6: left/right dorsal medial prefrontal cortex (dmPFC)
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Deault Mode Ntwork

»

[l LPVD>HC Il HC>LPVD I LPVD>IBS IBS>LPVD

Figure 3. Brain regions showing significant disease related alterationsin theintrinsic
connectivity of the default mode resting state networ k

Regions showing group differences in intrinsic connectivity within the default mode resting
state network. Whole brain voxel-wise images are thresholded at p<.05 corrected for family
wise error. Contrasts are color-coded. VVoxels showing overlap by contrast have dark hues.
Each sagittal slice is depicted by vertical blue line on the brain on the right and the X slice is
identified in white as depicted in Montreal Neurological Institute (MNI) space.
Abbreviations: IBS, irritable bowel syndrome; HC: healthy control; L, left; LPVD, localized
provoked vulvodynia, R, right.

1: left/right angular gyrus

: right anterior precuneus

: right posterior precuneus

: right dorsal posterior cingulate cortex (dPCC)

. left/right ventral posterior cingulate cortex (vPCC)

- left/right precuneus

o Ol AW DN
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