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Abstract

Altered resting-state brain activity, as a measure of functional connectivity, is commonly observed
in chronic pain. Identifying a reliable signature pattern of altered resting-state activity for chronic
pain could provide strong mechanistic insights and serve as a highly beneficial neuroimaging-
based diagnostic tool. We collected and analyzed resting-state fMRI data from female patients
with urologic chronic pelvic pain syndrome (UCPPS, N = 45) and matched healthy participants (N
= 45) as part of a NIDDK funded multicenter project (www.mappnetwork.org). Using dual
regression and seed-based analyses, we observed significantly decreased functional connectivity
of the default mode network (DMN) to two regions in the posterior medial cortex (PMC): the
posterior cingulate cortex (PCC) and left precuneus (TFCE, FWE corrected p<0.05). Further
investigation revealed that patients demonstrated increased functional connectivity between the
PCC and several brain regions implicated in pain, sensory, motor, and emaotion regulation
processes (e.g., insular cortex, dorsolateral prefrontal cortex, thalamus, globus pallidus, putamen,

Corresponding Author: Sean Mackey, M.D., Ph.D. Redlich Professor Departments of Anesthesiology, Perioperative and Pain
Medicine | Neurosciences | Neurology (by courtesy) Chief, Division of Pain Medicine Director, Stanford Systems Neuroscience and
Pain Lab (SNAPL) Stanford University School of Medicine 1070 Arastradero Road, Room 285, MC 5596 Palo Alto, CA 94304-1336
Ph: (650) 498-6477 | Fx: (650) 725-9642 | smackey@stanford.edu.

Conflict of Interest Statement:

Dr. Daniel Clauw declares receipt of grants from Pfizer, Eli Lilly, UCB, Astra Zeneca, Merck, J &J, Nuvo, Jazz, Abbott, Cerephex,
Iroko, Tonix, Theravance, IMC, Zynerba, Sammumed, and receipt of consulting fees or honorarium from Pfizer, Cypress,
Biosciences, Forest, Merck, Nuvo, and Cerephex. Dr. Harris declares consultancy for Pfizer Inc. Dr. Greicius declares SBGneuro
stock/stock options. All other authors have no conflicts of interest to declare.


http://www.mappnetwork.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martucci et al. Page 2

amygdala, hippocampus). The left precuneus demonstrated decreased functional connectivity to
several regions of pain processing, reward, and higher executive functioning within the prefrontal
(orbitofrontal, anterior cingulate, ventromedial prefrontal) and parietal cortices (angular gyrus,
superior and inferior parietal lobules). The altered PMC connectivity was associated with several
phenotype measures, including pain and urologic symptom intensity, depression, anxiety, quality
of relationships and self-esteem levels in patients. Collectively, these findings indicate that in
UCPPS patients, regions of the PMC are detached from the DMN, while neurological processes of
self-referential thought and introspection may be joined to pain and emotion regulatory processes.

Keywords

UCPPS; interstitial cystitis; bladder pain syndrome; posterior cingulate cortex; default mode
network; DMN; precuneus; dual regression; resting state; fMRI

1. Introduction

Accumulating evidence indicates that alterations in central nervous system (CNS) structure
and function are associated with the manifestation and maintenance of chronic pain [1; 6;
33; 54]. Resting-state functional magnetic resonance imaging (RS-fMRI) is commonly used
to examine CNS function by measuring the synchronicity of low-frequency oscillations in
the blood oxygen level dependent (BOLD) signal across distinct brain regions [22].
Functional brain networks are collections of brain regions whose BOLD signal oscillations
are significantly synchronous [9]. The default mode network (DMN) and salience network
are among the most thoroughly researched [27; 50], and their topographies are altered by
injury [12; 48; 56], disease [28], and cognitive processes [49]. In addition, functional
network topography (including that of the DMN) and brain activity are altered across many
chronic pain syndromes, including, fibromyalgia, chronic pelvic pain, chronic low back
pain, and others [5; 11; 13; 41]. The overall picture of how these alterations contribute to
chronic pain, however, remains unclear.

Pain is a complex sensory and cognitive experience, and pain processing involves multiple
distributed brain regions and networks [16]. Therefore, we hypothesized that in chronic pain,
functional connectivity (FC), which is a measure of the synchrony of BOLD signal
oscillations, would be altered across multiple major resting-state (RS) networks (e.g.,
sensory-motor, default mode, salience and executive control networks). We also expected
these networks to demonstrate altered FC to the individual brain regions involved in pain
processing previously shown to be altered in chronic pain (e.g., somatosensory, motor,
insular, prefrontal regions). We tested this hypothesis using RS-fMRI data acquired through
the MAPP Research Network, a multicenter collaborative initiative of the National Institutes
of Health for the study of urologic chronic pelvic pain syndrome (UCPPS). UCPPS is a
debilitating disorder of pain in the pelvic region and urological symptoms (e.g. bladder
pressure, urgency to void, increased frequency of urination) [10]. Previous studies of brain
activity in chronic pelvic pain have revealed altered FC within and between specific brain
regions [2; 19; 35]; however, a whole brain data-driven approach applied to a large patient
data set has not yet been published, and may have implications for alterations in RS FC and
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chronic pain states in general. Using a data-driven approach, we observed significantly
decreased FC of between regions of the posterior medial cortex (PMC), specifically the
posterior cingulate cortex (PCC) and left precuneus, to the DMN in patients with UCPPS as
compared with HCs. To further understand these alterations in DMN FC, we conducted
seed-based FC analyses of the PCC and left precuneus which revealed additional alterations
in FC, both within and outside the DMN, and implicated associations to several clinical and
behavioral measures.

2. Methods

2.1. Data Collection

All data were obtained through a multicenter collaborative study, the Multidisciplinary
Approach to the Study of Chronic Pelvic Pain (MAPP) Research Network*
(www.mappnetwork.org) [15]. Patients with UCPPS and matched healthy controls (HC)
participated in study visits that included extensive phenotyping, collection of biospecimens
(blood and urine), and neuroimaging [37]. Extensive phenotype data included information
on the duration of symptoms, intensity and locations of pain, medication use history,
presence of urologic symptoms (e.g., urgency, frequency), and psychological symptoms
(e.g., depression and anxiety).

2.1.1. Participants—Data from 45 females with UCPPS (henceforth referred to as
“patients”) and 45 age-matched HC females were used in the present study. The included
scans were collected at multiple sites as follows: Northwestern University (NU) 5 HC, 2
UCPPS; University of California at Los Angeles (UCLA) 10 HC, 9 UCPPS; University of
Michigan (UM) 13 HC, 15 UCPPS; University of Alabama at Birmingham (UAB) 7 HC, 9
UCPPS; Stanford University (SU) 10 HC, 10 UCPPS. Patient and HC data were selected
from a larger MRI data set of 279 total participants who underwent neuroimaging scans
from March 2010 through November 2012 as part of the MAPP Research Network. The data
used in the present study were selected from the total MAPP neuroimaging data set to
include only female patients without comorbid syndromes of fibromyalgia (FM), chronic
fatigue syndrome (CFS), and irritable bowel syndrome (IBS). UCPPS in females consists of
interstitial cystitis / bladder pain syndrome (IC/BPS) defined as chronic unpleasant sensation
(pain, pressure, discomfort) perceived to be related to the urinary bladder, associated with
lower urinary tract symptoms, in the absence of infection or other identifiable causes.
General patient inclusion criteria were therefore as follows: the presence of pain, pressure,
or discomfort (present intensity rating > 1 on a 0-10 scale) perceived to be related to the
bladder and/or pelvic region; associated with lower urinary tract symptoms; present for the
majority of the time during any 3 months in the previous 6 months; and present for the
majority of the time during the most recent 3 months. Patients were allowed to continue
their standard medications during the study. All HC participants were required to have no
pain in the pelvic or bladder region, and no chronic pain in more than one non-urologic
region. Additional inclusion / exclusion criteria for all participants undergoing neuroimaging
study procedures were as follows: no current major psychiatric disorder or other psychiatric,
vision or hearing disorders that would interfere with study participation; no history of
neurological disease including stroke or seizure disorders; no claustrophobia; and no
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metallic implants or devices that would be contraindicative to scanning procedures. (For
additional details on general inclusion / exclusion criteria and study protocols of the MAPP
Research Network study see: [37].) All procedures were approved by the Institutional
Review Boards at each site, and written informed consent was obtained from all participants
prior to study procedures.

2.1.2. Neuroimaging Data Collection—MRI scanning was performed at multiple sites
using different scanner technology (3T Siemens Trio (NU and UCLA), 3T Phillips Ingenia
(UM), 3T Philips Achieva (UAB), and 3T GE Discovery (SU)). Trans-MAPP neuroimaging
data was collected, quality controlled and archived according to multi-site imaging
procedures developed collaboratively between the MAPP Research Network, the UCLA
PAIN repository and the UCLA Laboratory of Neuroimaging. Detailed procedures and
description of the repository are available at PAINrepository.org. Scanner compatible
acquisition parameters were developed based on recommendations from fBIRN (https://
xwiki.nbirn.org:8443/bin/view/Function-BIRN/FBIRN_Best_Practices) and all sites were
required to complete and pass a site qualification including a set of pilot scans of a human
volunteer; the initial scans were reviewed for quality control by the UCLA site, and
recommendations and adjustments were made as necessary prior to commencement of study
scans. A high resolution structural image was acquired from each subject with a
magnetization-prepared rapid gradient-echo (MP-RAGE) sequence, repetition time (TR) =
2200 ms, echo time (TE) = 3.26 ms, slice thickness = 1 mm, 176 slices, 256 x 256 voxel
matrices, and 13 mm voxel size. RS scans were acquired while subjects rested with eyes
closed for 10 minutes in 30 — 40 slice* whole brain volumes, slice thickness = 4 mm, slice
gap = 0.5 mm, TR = 2000 ms, TE = 28 ms, flip angle = 77°, field of view (FOV) = 220 x
200, 3.43 x 3.43 mm in-slice voxel size*, 64 x 64 voxel matrices*. (*Number of slices
varied among sites: NU 36, UCLA 40, UM 30, SU 32 and UAB 32. UM's sequence used
2.75 x 2.75 mm in-plane voxel size and 80 x 80 voxel matrices to acquire the same FOV as
other sites.) Before entering the scanner, subjects were asked to empty their bladder.
Physiological data (heart rate and respiration) were monitored and recorded at some of the
scanning sites; however, because these data were not consistently collected across all sites
and all participants, alternative methods for physiological noise regression were used in the
analyses presented here.

2.2. Neuroimaging Analysis

2.2.1. MRI Image Preprocessing—Structural and functional images were reconstructed
and preprocessed using FSL [Functional Magnetic Resonance Imaging of the Brain
(FMRIB) Software Library (Center for FMRIB, University of Oxford, Oxford, UK)].
Structural brain (T1) images were separated from skull and surrounding tissue using FSL's
brain extraction tool. Functional images were preprocessed using FSL's FMRI Expert
Analysis Tool (FEAT) software as follows: deletion of the first 5 volumes, motion
correction (MCFLIRT), registration to structural (brain-extracted) images [7 degrees of
freedom (DOF) to subject structural image and 12 DOF to standard space image], spatial
smoothing (6-mm FWHM), temporal filtering (high-pass temporal filter of 0.01 Hz to
eliminate linear drift). Voxel-wise noise-regression of cerebrospinal fluid (CSF), white
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matter (WM) signal, movement, and the mean global brain signal was performed using a
custom, in-house MATLAB script (MATLAB 2012, MathWorks, Natick, MA, USA).

2.2.2. Independent Components Analysis (ICA)—An independent components
analysis (ICA) was conducted using FSL's MELODIC (Multivariate Exploratory Linear
Optimized Decomposition into Independent Components). Rather than use a standard
template that best characterizes the network organization of HC participants, we identified
RS networks specific to our population. We concatenated the preprocessed RS-fMRI data
from all 90 subjects, and included these data in an ICA analysis. The ICA was restricted to
30 components. RS networks were identified and distinguished from artifactual components
(i.e., those due to physiologic noise or movement) by visual inspection, which was based on
templates of standard RS networks from Shirer et al. (2012) [49]. Components identified as
valid networks, based on a standardized template matching, were used as spatial regressors
in the dual regression analysis. Noise components were similarly regressed from the dual
regression analysis.

2.2.3. Dual Regression: Creation of Back-reconstructed Spatiotemporal Maps
—As done previously we used FSL software to perform dual regression analysis to measure
differences in functional brain networks in patients as compared with HCs [7; 20; 21; 61].
While several functional brain networks have been established for healthy populations [50],
these networks might not accurately depict brain function in pathological states. Thus, the
use of standard network templates may be biased and not ideal for assessing clinical states.
Dual regression avoids this issue by basing its analysis on networks derived from the sample
population (i.e., a combination of healthy participants and those with chronic pain) [20; 61].
Dual regression also automatically regresses out signals related to noise components.

Briefly, dual regression uses a selected network map (identified from the ICA) as a spatial
regressor to extract a time series of activity from each subject's functional data. Then, the
time series for each subject is used as a temporal regressor to back-reconstruct an
individual's spatial map for the given network (i.e., “back-reconstructed spatiotemporal
map”). This was conducted serially and automatically for each of the 30 components
identified by the group ICA (for both valid components and noise components).

2.2.4. Statistical Group Comparison using Randomise—We used FSL's randomise
permutation-testing tool (two-sample t-test for patient group versus HC group) to conduct
statistical comparisons to identify differences in functional brain networks, based on the
initial dual regression outputs (back-reconstructed spatiotemporal maps for each individual).
Spatial network ICA maps for each of the non-artifactual components were generated by
running a one-sample t-test including all patient and HC scans (randomise). The ICA maps
were then thresholded [voxel-based thresholding, family wise error (FWE) corrected, p <
0.05] and binarized to make a mask for each component. Second, the masks were used in a
two-sample t-test comparison (randomise), with statistical analysis for each component
restricted to within the regions of the component's network. Between-group significant
differences were determined using threshold-free cluster enhancement (TFCE), (FWE
corrected p < 0.05)[51].
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2.2.5. Seed-Based Functional Connectivity Analyses—To further investigate the
results of our dual regression analysis, we conducted seed-based FC analyses. This allowed
us to determine how altered FC within the DMN, identified through our dual regression
analysis, was related to brain regions outside of the DMN. Significant clusters from the dual
regression analysis (TFCE, FWE corrected p < 0.05) were used as regions of interest in our
whole-brain seed-based FC analyses. The seed-based analysis was performed twice,
separately for each PMC seed region identified earlier in the ICA / dual regression analysis:
the posterior cingulate cortex (PCC) and left precuneus. For each seed region, we performed
the following steps. First, we created a seed mask and then used the seed mask to extract the
time course of activity within the seed region for each subject's preprocessed RS image
(preprocessing and voxel-wise noise-regression was performed as described above). For
each individual subject, the seed time courses were then used as a regressor of interest in a
whole-brain seed-based FC analysis using FSL's FEAT [100s high pass filter cut-off, custom
regressors for subject's motion (from preprocessing step) and the subject's seed time course].
The resulting individual subject whole-brain FC maps were contrasted between patients and
controls using a two-sample t-test using FSL's FLAME for mixed effects (Gaussianized T/F
statistic images determined for significance using Z > 2.3 and cluster correction p < 0.05)
[59]. Significant results indicated brain regions to which the patients’ PCC and left
precuneus demonstrated FC that was significantly different than HC.

We used the Automated Anatomical Labeling (AAL) atlas to identify the anatomical
boundaries of regions that showed significantly altered FC to the PCC or the left precuneus
in patients as compared with HCs (WFU PickAtlas) [53]. This allowed us to separate each
significant cluster into a distinct anatomically defined region of interest (ROI). To identify
each cluster's anatomical boundaries, we first binarized the FC map results, and then masked
the binarized FC maps with brain regions as defined by the AAL atlas. This produced 10
anatomical ROIs (aROIs) for the PCC seed, and 11 aROls for the left precuneus seed. For
each subject, we measured the pairwise Pearson's linear correlation coefficients between the
mean time series for each seed region (PCC and left precuneus) and the mean time series
extracted from each of their respective aROIs (MATLAB). Across all patients (N=45), we
then ran a correlation analysis between the seed-aROI correlation coefficients and
behavioral measures described below (MATLAB).

2.2.6. Clinical and Behavioral Covariates—For each of 21 seed ROI - aROlI
connections (10 for the PCC seed and 11 for the L. Precuneus seed), we assessed
associations of FC strength to 17 phenotype measures (clinical and behavioral measures
collected within 48 hours of the scan visit). Eight clinical measures included: duration of
symptoms, symptom severity (Symptom Measures Questionnaire, SYMQ), sensory pain
score (McGill Pain Questionnaire, MPQ), affective pain score (MPQ), pain from comorbid
symptoms (Comorbid Symptom Index, CMSI), pelvic pain (Genito-Urinary Pain Index,
GUPI), urinary symptoms (GUPI), and quality of life (QOL) related to urinary symptoms
and pain (GUPI). Nine behavioral measures included: anxiety (Hospital Anxiety and
Depression Scale, HADS), depression (HADS), positive affect (Positive and Negative
Affect Scale (PANAS), negative affect (PANAS), experience of traumatic life events before
age 17 (Childhood Traumatic Event Scale, CTES), experience of traumatic life events
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within the last 3 years (CTES), level of self-esteem (Self Esteem and Relationships, SEAR),
quality of overall relationships (SEAR), and quality of sex relationships (SEAR). Two
demographic measures, age and BMI, were correlated with several seed-aROI pairs in a
preliminary analysis and these correlations were therefore regressed prior to the final
correlation analysis (MATLAB). Since the behavioral correlation analysis was primarily an
exploratory analysis, we did not correct for multiple comparisons (p < 0.05).

3.1. Participant Demographics

Patients ranged in age from 21.2-65.1 years (mean, std 39.4 years +/- 11.4); HC
participants ranged in age from 20.9-57.3 years (mean, std 37.9 years +/- 10.5), not
statistically different from the patient group. Racial distribution for patients (41 white, 1
white—Hispanic, 2 African-American, and 1 combination of African and Native American)
was similar to that of HC participants (37 white, 2 white—Hispanic, 2 Asian, 2 African-
American, 1 other/not reported, 1 combination of 3 races (white, African-American, and
Native American) (Table 1).

3.2. ICA Networks

We identified 17 valid (i.e., non-artifactual) RS networks from the group ICA results
including the cerebellum, right executive control network (ECN), primary visual, medial
sensory motor, precuneus /DMN, ventral DMN, anterior DMN, visuospatial/left ECN,
lateral visuospatial, higher visual, language/dorsal DMN, lateral sensory motor, salience,
basal ganglia, medial visuospatial, auditory, and medial temporal lobe (MTL) networks
(Supplementary Fig. 1.). Each network was identified based on how its brain regions
overlapped with regions included in previously established RS networks. Notably, a number
of functional networks are reliably produced in resting-state fMRI research, which are not
included in the atlas from Shirer et al. 2012. We elected to include these additional
networks, and did not restrict ourselves to the Shirer et al. 2014 atlas, for network
identification. For example, some of the networks that we identified represent subdivisions
of networks (e.g., medial and lateral sensory motor) [60], combinations of networks (e.g.,
visuospatial / left ECN), and regional networks (e.g., cerebellum) [50].

3.3. Dual Regression Results

The dual regression analysis revealed regions of significant alterations in FC between
patients and HCs. The main finding of statistical significance was observed within the DMN
(precuneus / DMN shown in Supplementary Figure 1). Regions within the PCC (peak voxel
coordinates: 4, =30, 36) and left precuneus (peak voxel coordinates: =22, —74, 26)
demonstrated decreased FC to the DMN in patients as compared with HCs (TFCE, FWE
corrected p < 0.05) (Fig. 1). No other networks showed significant between-group
differences.

3.4. Seed-based Functional Connectivity

The seed-based FC analysis of the PCC seed demonstrated increased FC to a large cluster
which encompassed 10 brain regions: the left anterior insular cortex, right mid-insular
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cortex, left hippocampus, left amygdala, bilateral putamen, bilateral globus pallidus, right
thalamus and left dorsolateral prefrontal cortex (DLPFC) (Z > 2.3, cluster correction p <
0.05) (Fig. 2). In contrast, the seed-based FC analysis with the left precuneus seed
demonstrated decreased FC to large clusters which encompassed 11 brain regions: the
bilateral ventromedial prefrontal cortex (VMPFC), bilateral orbitofrontal cortex (OFC), right
anterior cingulate cortex (ACC), left mid-cingulate cortex (MCC), right superior parietal
lobule (SPL), right inferior parietal lobule (IPL), right angular gyrus, and bilateral precuneus
(Z > 2.3, cluster correction p < 0.05) (Fig. 3). (Anatomically-masked regions (aRQls) are
shown in Supplementary Fig. 2 and 3.) Specifically, mean z-score values indicated greater
positive PCC seed connectivity (correlated) in patients as compared with negative
(anticorrelated) PCC seed connectivity in HCs. Mean z-score values also indicated that left
precuneus seed connectivity was negative (anticorrelated) in HCs, and this negative
connectivity was nearly eliminated in patients (values approaching zero). The negative z-
score values were still present in a subsequent analysis without global signal regression,
indicating that these values represent true negative correlations or anticorrelations [23].
(Supplementary Table 1.)

3.5. Seed ROI - aROI FC Associations with Clinical and Behavioral Phenotype Measures

We observed several positive and negative associations among the 21 seed ROI - aROI
connections and 17 phenotype measures. Post-hoc analyses revealed significant correlation
between several measures; therefore, our inclusion of 17 phenotype measures in actuality
only represented approximately 7 distinct measurements (see Table 2). For example,
measures of pain and symptom intensity were moderately to strongly correlated (SYMQ,
GUPI, MPQ), measures of behavior and affect were all moderately correlated (HADS and
PANAS), CTES subscales were moderately correlated, and SEAR subscales were
moderately to strongly correlated. From a preliminary analysis, we observed that FC of the
PCC to right insula, right putamen, right globus pallidus, and left DLPFC all were positively
associated with age, and FC of the left precuneus to left mid-cingulate (MCC) showed a
strong positive association with BMI, along with several other associations (see Table 3).
Therefore, the demographic measures of age and BMI were regressed from the final
correlation analysis.

3.5.1. PCC - aROI FC Associations with Phenotype Measures—Several positive
and negative associations were observed between PCC - aROI FC strengths and phenotype
measures (see Table 4A). PCC - left amygdala FC was positively associated with several
measures of urologic symptom and pain severity (GUPI, SYMQ, MPQ). PCC - left
hippocampus FC was negatively associated with levels of anxiety and depression (HADS).
PCC - left putamen FC was positively associated with the experience of childhood (prior to
age 17) traumatic events (CTES) and negatively associated with levels of self-confidence
and positive overall relationships (SEAR). PCC - right thalamus FC was negatively
associated with levels of self-esteem (SEAR).

3.5.2. Left precuneus - aROI FC Associations with Phenotype Measures—
Several positive and negative associations were observed between left precuneus - aROls
FC strengths and phenotype measures (see Table 4B). Left precuneus - left OFC FC was
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positively associated with urologic symptom severity, while left precuneus - right OFC FC
was negatively associated with urologic symptom severity (GUPI). Left precuneus - right
IPL FC and left precuneus — right SPL FC were both positively associated with patient-
reported quality of sexual relationships (SEAR). Left precuneus - right precuneus FC was
negatively associated with patient-reported levels of self-esteem (SEAR).

4. Discussion

4.1. Altered Regional PMC-DMN Functional Connectivity in UCPPS

Through the combined efforts of a multi-site, NIDDK-sponsored initiative for the study of
urologic chronic pelvic pain syndrome, we have identified significantly decreased FC
between regions of the PMC and the DMN in a large sample of female patients with
UCPPS. Further, the specific regions within the PMC, the PCC and left precuneus, exhibit
significantly altered FC to multiple regions outside of the DMN as well. Specifically, we
observed that the PCC is decoupled from the DMN and instead appears to join with other
brain regions implicated in pain, sensory, motor, and emotion regulatory processes (e.g.,
insula, putamen, amygdala, and hippocampus). Additionally, we observed that a region
within the left precuneus is similarly decoupled from the DMN, as well as from regions
within the prefrontal and parietal lobes. Through our use of a whole brain, data-driven
analysis, we offer a pattern of altered RS activity that ties together previous findings of
altered RS activity within the insular and parietal cortices [5; 19; 35] and regions of altered
gray matter structure within the thalamus, hippocampus, amygdala, insula, cingulate cortex,
and putamen [2; 3; 34].

Complimentary to previous findings in chronic pelvic pain populations, we have identified a
multi-region pattern of altered FC in UCPPS, centered around the PCC and left precuneus,
and including regions involved in pain processing and emotion regulation. Urological
chronic pelvic pain syndrome is characterized by pain in the pelvic region accompanied by
urological symptoms (e.g., bladder pressure, urgency to void, increased frequency of
urination) [10]. It often occurs with unknown etiology [8]. Altered CNS structure and
function occurs in patients with chronic pelvic pain, indicating that these changes may play a
role in the pathophysiology of pain and urologic symptoms [2; 19]. For example, altered FC
within the insular cortex is correlated with pain intensity in males with chronic prostatitis
[19]. In females with chronic pelvic pain, alterations in the lowest RS frequency band
(0.01-0.027 Hz) occur within the sensory, motor, and insular cortices, and these regions
demonstrate altered connectivity to the midbrain, cerebellum, and parietal lobe [35].
Anatomically, decreased gray matter density within the thalamus, cingulate cortex, putamen,
and insula is observed in females with painful endometriosis [2], while increased gray
matter density within the somatosensory cortex, amygdala, and hippocampus is observed in
females with chronic pelvic pain [3; 34].

Our correlation analyses between FC strength and phenotype measures support the
behavioral significance of altered FC between the PCC and precuneus regions. Particularly,
our observation of increased PCC - left amygdala FC in patients was associated with
increased pain and urinary symptom severity. This association may reflect enhanced levels
of prevention [31] [52] and fear-avoidance behaviors [45; 57] in UCPPS as part of the
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chronic pain experience [30]. The hippocampus is implicated in default mode network
processes and is functionally connected to the PCC [28]. Therefore it is not surprising that
we observed increased FC of the PCC to the hippocampus in our patient group. This
connection is decreased in Alzheimer's disease and is related to dysfunctional episodic
memory and consolidation [28]. Conversely, this connection is increased in UCPPS, perhaps
reflecting increased processes of memory consolidation related to the pain experience. The
negative correlation of hippocampus - PCC FC with behavioral measures of anxiety and
depression suggests a within group (among patients) effect.

Both the PCC and precuneus regions have been described as functional “hubs” or core
regions of the DMN [24; 44; 55]. Thus, our primary observation of decreased FC of the PCC
and left precuneus to the DMN, suggests some general DMN dysfunction in UCPPS. DMN
connectivity is altered in several psychopathological states (for review: [58]) and in chronic
pain, including chronic low back pain [4; 38; 47], complex regional pain syndrome [11], and
fibromyalgia. For example, increased FC between the DMN and the right insular cortex
occurs in fibromyalgia and can be partially reversed by effective therapeutics [29; 40; 41].
Interestingly, the level of connectivity between the precuneus and DMN has been described
previously as reflecting the level of engagement with one's surroundings [55]. Following
this notion, our findings may suggest a similar state of disengagement and increased
introspection in UCPPS. In contrast to previous neuroimaging studies of chronic pelvic pain,
we did not find significant changes in the sensory-motor network. We also did not observe
altered FC to regions of the somatosensory or motor cortices in our follow-up PCC and left
precuneus seed-based analyses. However, this may have been due to differences in our
analysis approach since, rather than being directly influenced by DMN connections,
somatosensory and motor regions may alternatively be affected via top-down influences of
the insular and anterior cingulate cortices [17; 39]. Regions of the PMC, including the PCC
and precuneus, are generally implicated in self-referential thought processes [14; 18]. Our
observations of increased PCC FC to regions related to aspects of pain processing and
emotion suggest the integration of these self-referential thought processes with the chronic
pain experience. For example, our observation of increased PCC - anterior insular cortex
FC, may reflect integration of self-referential thought processes with emotional valence of
pain [46].

Chronic pain, and pelvic pain syndromes especially, are linked to sociopsychological issues
and history of childhood traumatic events, and are exacerbated by stressful relationships and
situations [25; 26; 42]. We observed that increased PCC FC to several regions was related to
decreased levels of self-confidence, self-esteem and quality of relationships and increased
experience of childhood traumatic events. These observations may therefore represent an
increased integration of stress and self-devaluation with one's neural processes of self-
representation [43]. We also observed interesting positive correlation between the FC of the
left precuneus to right SPL and right IPL regions and quality of sex relationships. Thus,
while in the HC group the left precuneus is normally anticorrelated with these regions, in
patients this anticorrelation is extinguished and may be related to lower quality of sex
relationships. Ultimately, the suggested implications of these behavioral correlations with
altered PCC and left precuneus FC should be interpreted cautiously because they were
observed through secondary exploratory analyses.
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4.2. Limitations

As a multi-site study, we used standardized scan protocols and rigorous quality control
standards across sites, but additional sources of between-site variability may still exist.
However, results from a subsequent analysis with site effects regressed were the same as
those presented here (without site regressed). (Supplementary Fig. 4.) Our patient population
excluded major comorbid conditions (FM, IBS, CFS). Future studies will need to determine
whether our findings are generalizable to chronic pain patients with mixed symptomology.
Previous neuroimaging studies of chronic visceral pain indicate differences in RS brain
activity based on sex [32], therefore our findings in a female population might not generalize
to males. We assessed 17 validated RS networks for differences in FC, and this may be
argued as a non-specific approach. However, strikingly, the PCC and left precuneus were
the only regions of significant difference found. Thus, these regions may represent the most
robust alterations across RS networks in UCPPS. In contrast to our observation of decreased
left precuneus to vmPFC FC in our patient population, increased FC of DMN regions the
PCC / precuneus to the medial prefrontal cortex has been linked to enhanced levels of
rumination in patients with temporomandibular disorder [36]. However, the precuneus
region we identified was at a location superior within the posterior medial cortex, as
compared with the PCC / precuneus region identified previously, which may have
contributed to these different findings in two distinct chronic pain populations. Lastly, our
exploratory correlation analyses of phenotype measures and seed ROI - aROI FC were
intentionally broad and not corrected for multiple comparisons, therefore, our observed
associations warrant further investigation as a priori hypotheses.

4.3. Conclusions

Our findings contribute to the growing body of evidence indicating that altered neurological
function plays a role in UCPPS. Decreased FC among DMN hubs of the PCC and precuneus
indicates an overall emotional disconnectedness from a patient's surroundings.

Meanwhile, increased FC between the PCC and several regions outside of the DMN
suggests a shift of introspective and self-referential thought towards affective and sensory
dimensions of pain and emotion regulation. Although our UCPPS patient population
excluded major comorbid conditions, our findings complement previous neuroimaging
findings in chronic pain, including fibromyalgia, chronic low back pain and chronic visceral
pain. Thus, the intertwined neurological processes of self-referential thought, sensory and
affective dimensions of pain, and emotion regulation may be relevant to chronic pain in
general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decreased regional functional connectivity (FC) of the posterior medial cortex (PMC)
to the default mode network (DM N)

Dual regression analysis (masked for the DMN) demonstrated decreased FC within a region
of the PCC (peak voxel, x =4,y = -30, z = 36) (A) and left precuneus (peak voxel, x = =22,
y = =74, z = 26) (B) to the DMN network in patients. DMN shown in green. Regions of
decreased connectivity to the network in blue (TFCE, FWE corrected p<0.05).
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Figure 2. Whole-brain, seed-based functional connectivity (FC) of the PCC seed region
Seed-based analysis revealed increased FC of the PCC seed region (peak voxel, x =4,y =

-30, 2 = 36) (A) in relation to several regions (B), including the bilateral insular cortex,
bilateral globus pallidus, bilateral putamen, right thalamus, left amygdala, left hippocampus,
and left dorsolateral prefrontal cortex (DLPFC) (Z > 2.3, cluster corrected p < 0.05).
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Figure 3. Whole-brain, seed-based functional connectivity (FC) of the left precuneus seed region
Seed-based analysis revealed decreased FC of the left precuneus seed region (peak voxel, x

=-22,y=-74,z=26) (A) in relation to several regions (B), including the bilateral
ventromedial prefrontal cortex (VMPFC), right anterior cingulate cortex (ACC), bilateral
orbitofrontal cortex (OFC), bilateral precuneus cortex, left mid-cingulate cortex (MCC),
right angular gyrus, and right superior and inferior parietal lobule (SPL, IPL respectively) (Z
> 2.3, cluster corrected p < 0.05).
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Table 1

Phenotype data: Demographic, clinical and behavioral measures for patients and healthy controls.

Demographics Patients(N) Mean Healthy Controls(N) Mean
Age (years) 45 40.3 45 38.1
Duration of UCPPS (years) 45 9.42
Race / Ethnicity
White 41 37
White-Hispanic 1 2
Black 2 2
Asian 0 2
Other 1 2
Endometriosis 9 0
Diagnosis of IC / BPS 37 0
Diagnosis of CPPS 5 0
RICE case (binary, yes) 24 0
TMID 8 0
Vulvodynia 13 0
Medication Type
none 22 42
peripheral 6 2
central 12 1
opioid 5 0
No. painful body sites (BP1)
within pelvic region 42 21 6 0.26
beyond pelvic region 26 2.15 13 0.71
Behavioral Measures at time of MRI Scan Visit:  Patients(N) Mean Healthy Controls(N) Mean
Pain Sensory Score (MPQ) 40 9.34 41 0.46
Pain Affect Score (MPQ) 40 2275 41 0.73
Present Pain Severity (SYMQ) 44 3.95 42 0.07
Anxiety Score (HADS) 44 5.77 45 3.977
Depression Score (HADS) 44 4.45 45 1933
Pain Score (GUPI) 44 12.56 45  0.577
Urinary Symptom Score (GUPI) 44 5.63 45 0.77
Qualtiy of Life (GUPI) 44 7318 44 0.409
Total Score (GUPI) 45 2551 45 1.75
CTES (prior to age 17) 44 1.73 45 1.02
CTES (within last 3 years) 44 1.49 45 1.15
SEAR sexual relationships 43 37.37 40 68.34
SEAR overall relationships 43 72.96 39 87.82
SEAR self esteem 45 47.77 41 55.69
SEAR total 42 46.37 40  68.29
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Abbreviations: IC / BPS, interstitial cystitis / bladder pain syndrome; CPPS, chronic pelvic pain syndrome; TMJD, temporomandibular joint
disorder; RICE, RAND Interstitial Cystitis Epidemiology; BPI, Brief Pain Inventory; MPQ, McGill Pain Questionnaire; SYMQ, Symptom
Measures Questionnaire; HADS, Hospital Anxiety and Depression Scale; GUPI, Genito-Urinary Pain Index; CTES, Childhood Traumatic Events
Scale [sum (items 1-6) effect of traumatic life events prior to age 17; and sum (items 7-13) effect of traumatic life events within the last 3 years];
SEAR, Self-Esteem and Relationships Scale.

*
BPI was collected at the baseline visit, prior to the scan visit. BPI regions indicated by several of the healthy controls were primarily located in the
head, back and abdomen regions and likely due to general (non-chronic) aches and pains.
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Associations between clinical and behavioral phenotype measures.

r value | pvalue
SYMQ x GUPI pain 0.698 | <0.001
SYMQ x GUPI urinary 0.429 0.003
SYMQ x MPQ sensory 0.526 | <0.001
MPQ sensory x GUPI pain 0.587 | <0.001
MPQ sensory x GUPI urinary 0.556 | <0.001
MPQ affective x GUPI pain 0.307 0.04
MPQ affective x GUPI urinary 0.309 0.039
HADS Anx x HADS Dep 0.458 0.002
HADS Anx x PANAS Pos -0.386 0.009
HADS Anx x PANAS Neg 0.613 | <0.001
HADS Dep x PANAS Pos —-0.502 | <0.001
HADS Dep x PANAS Neg 0.588 | <0.001
CTES < age 17 x CTES last 3 years 0.412 0.005
SEAR s.e. x SEAR s.C. 0.68 | <0.001
SEAR s.e. x SEAR s.r 0.305 0.041
SEAR s.e. x SEAR o.r. 0.482 0.001
SEAR s.c. x SEAR s.I. 0.377 0.011
SEAR s.c. x SEAR o.r. 0.936 | <0.001

Table 2
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Several significant correlations were observed between clinical and behavioral phenotype measures. Significant correlations (p < 0.05) with
Pearson's correlation coefficient (r) greater than or equal to 0.6 were considered “strong” associations, while significant correlations with r values
greater than 0.3 but less than 0.6 were considered to be “moderate” associations. Non-significant associations not shown. SYMQ, Symptom
Measures Questionnaire; GUPI, Genito-Urinary Pain Index; MPQ, McGill Pain Questionnaire; HADS, Hospital Anxiety and Depression Scale;
PANAS, Positive and Negative Affect Score; CTES, Childhood Traumatic Events Scale; SEAR, Self-Esteem and Relationships Scale (s.e., self-

esteem; s.c., self-confidence; s.r. quality of sex relationships; o.r., overall quality of relationships).
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Associations between demographic measures and seed-ROI functional connectivity.

Correlationswith Age r value p value
PCC - R. Insula x age 0.33 <0.02
PCC - R. Putamen x age 0.32 <0.03
PCC - R. Globus Pallidus x age 0.37 <0.02
PCC - L. DLPFC x age 0.33 <0.03
L. Precuneus - R. Precuneus x age 0.29 <0.05
Correlations with BMI

L. Precuneus - R. Precuneus x BMI 0.43 <0.004
L. Precuneus - L. Precuneus x BMI 0.44 <0.003
L. Precuneus - R. Angular x BMI 0.38 <0.02
L. Precuneus - L. MCC x BMI 0.6 | <0.00001

Table 3
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Age was correlated with posterior cingulate cortex (PCC) FC to 4 aROls, and with left precuneus FC to the right precuneus. BMI was correlated

with left precuneus FC to 4 aROls. L. DLPFC, left dorsolateral prefrontal cortex; MCC, left medial cingulate cortex.
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Associations between ROI-aROI connectivity and phenotype measures (clinical and

behavioral)

Table 4A

Clinical and Behavioral Measure Associations with PCC - aROI Connectivity

Measure/ aROI L. Amygdala L. Hippocampus L. Putamen R. Thalamus
GUPI pain r=0.30, p=0.043

GUPI urinary r=0.37, p=0.012

MPQ sensory r=0.41, p=0.0085

SYMQ severity r=0.32, p=0.035

HADS anxiety r=-0.38, p=0.010

HADS depression r=-0.30, p=0.048

CTES prior to age 17 r=0.33, p=0.029

SEAR self confidence r=-0.31, p=0.044

SEAR self esteem r=-0.29, p=0.049
SEAR relationships r=-0.34, p=0.024
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Associations between ROI-aROI connectivity and phenotype measures (clinical and

behavioral)

Table 4B

Clinical and Behavioral Measure Associations with Left Precuneus - aROI Connectivity

Measure/ aROI L.OFC R. OFC R. SPL R. IPL R. Precuneus
GUPI urinary r=0.31, p=0.042 | r=-0.30, p=0.047

SEAR sex relation. r=0.32, p=0.038 | r=0.35, p=0.020

SEAR self esteem r=-0.30, p=0.042

Page 24

Associations between phenotype measures and aROI to A) PCC seed ROI and B) left precuneus seed ROI connections are shown. All correlations
shown are p < 0.05, not corrected for multiple comparisons. See text for complete list of tested phenotype measures. SYMQ, Symptom Measures
Questionnaire; MPQ, McGill Pain Questionnaire; GUPI, Genito-Urinary Pain Index; HADS, Hospital Anxiety and Depression Scale; CTES,
Childhood Traumatic Event Scale; SEAR, Self Esteem and Relationships. R. and L. OFC, right and left orbitofrontal cortex; R. SPL, right superior
parietal lobe, R. IPL, right inferior parietal lobe.

Pain. Author manuscript; available in PMC 2016 September 01.





