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Abstract

Pain is a highly complex and individualized experience with biopsychosocial components.
Neuroimaging research has shown evidence of the involvement of the central nervous sys-
tem in the development and maintenance of chronic pain conditions, including urological
chronic pelvic pain syndrome (UCPPS). Furthermore, a history of early adverse life events
(EALSs) has been shown to adversely impact symptoms throughout childhood and into adult-
hood. However, to date, the role of EAL’s in the central processes of chronic pain have not
been adequately investigated. We studied 85 patients (56 females) with UCPPS along with
86 healthy controls (HCs) who had resting-state magnetic resonance imaging scans (59
females), and data on EALs as a part of the Multidisciplinary Approach to the Study of
Chronic Pelvic Pain (MAPP) Research Network Study. We used graph theory methods in
order to investigate the impact of EALs on measures of centrality, which characterize infor-
mation flow, communication, influence, and integration in a priori selected regions of inter-
est. Patients with UCPPS exhibited lower centrality in the right anterior insula compared to
HCs, a key node in the salience network. Males with UCPPS exhibited lower centrality in the
right anterior insula compared the HC males. Females with UCPPS exhibited greater cen-
trality in the right caudate nucleus and left angular gyrus compared to HC females. Males
with UCPPS exhibited lower centrality in the left posterior cingulate, angular gyrus, middle
temporal gyrus, and superior temporal sulcus, but greater centrality in the precuneus and
anterior mid-cingulate cortex (aMCC) compared to females with UCPPS. Higher reports of
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EALs was associated with greater centrality in the left precuneus and left aMCC in females
with UCPPS. This study provides evidence for disease and sex-related alterations in the
default mode, salience, and basal ganglia networks in patients with UCPPS, which are mod-
erated by EALSs, and associated with clinical symptoms and quality of life (QoL).

1. Introduction

Urologic Chronic Pelvic Pain Syndrome (UCPPS) is used to describe idiopathic chronic pelvic
pain of urologic origin [1], including interstitial cystitis/bladder pain syndrome (IC/BPS), pri-
marily diagnosed in women [2] and chronic prostatitis/chronic pelvic pain syndrome (CP/
CPPS), a diagnosis exclusive to men [3]. The hallmark symptom is chronic pain in the pelvic
region, urogenital floor or external genitalia, along with symptoms of urinary urgency and fre-
quency [4,5]. UCPPS affects between 1.8% and 26.6% of the population [6,7], and it is thus a
major healthcare problem with social and economic consequences [8,9]. However, despite var-
ious efforts directed towards identifying the underlying pathophysiology of UCPPS, our cur-
rent understanding of the syndrome and effectiveness of available treatments remains limited
[10]. One of the goals of the Multidisciplinary Approach to the Study of Chronic Pelvic Pain
(MAPP) Research Network, a multi-site project funded by the National Institute of Diabetes
and Digestive and Kidney Diseases [10,11], is to identify alterations in brain networks in
affected patients which may play a role in symptom generation.

Multimodal neuroimaging has characterized abnormalities present in patients with UCPPS
[12-18]. As part of the neuroimaging efforts of the MAPP Research Network—which was
developed to investigate the underlying pathology of UCPPS and inform clinical management
of patients—[1,10,11], alterations in gray matter (GM), white matter (WM) microstructure
and resting-state functional connectivity (RS-FC) have been identified in key regions of the
sensorimotor, basal ganglia, executive control, emotion regulation, salience, and default mode
networks (DMN) [12,15-24]. Alterations in these networks have been associated with behav-
ioral phenotypes, greater pain, anxiety and urinary urgency [14], suggesting they may play an
important role in symptom generation, maintenance [25,26] and may be critical targets for
therapeutic control of UCPPS.

Attention has also been directed to the influence of psychosocial variables in patients with
chronic pain, such as early adverse life events (EALs) during childhood [27-29]. The experi-
ence of EALs may result in epigenetic changes within central stress circuits, causing changes
through adulthood [30,31], that promote the development of diseases by altering neurodeve-
lopment of myelination, neurogenesis, and synaptic branching [32,33]. A history of EALs has
been associated with brain alterations related to the sensorimotor, basal ganglia, emotion regu-
lation, salience, and default mode networks [34-36]. These associations are consistent with the
hypothesis that EAL-related brain changes can contribute to UCPPS and its associated symp-
toms [28,36-39]. Given the relevance of EALs in chronic pain and the brain architecture
[27,35], and the lack of incorporation of EALs in current research with patients with UCPPS,
we sought to explore how EALs may influence brain phenotypes exhibiting both disease and
sex-related differences in UCPPS patients compared to healthy controls.

Graph theory was used to investigate the main disease and sex-related differences of rest-
ing-state functional connectivity in patients with UCPPS compared to HCs, as well as the
moderating role of EALs on those differences. This analysis method assesses the role of specific
brain regions in the functional integrity and information flow (indexed as centrality) within a
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priori regions from specific brain networks [40-42]. We aimed to test the general hypothesis
that a history of EALs is associated with alterations of brain networks, and that these associa-
tions differ depending on disease and sex. Furthermore, based on past brain imaging research
in chronic pain and UCPPS [13,18,21,43-46], we hypothesized that a history of EALs will
moderate: (1) Disease-related differences in measures of centrality to a greater extent in
patients with UCPPS compared to non-UCPPS controls in regions of the sensorimotor, basal
ganglia, executive control, emotion regulation, salience, and default mode networks, and these
alterations will be associated with greater symptom and pain severity and decreased quality of
life; and (2) Sex-related differences in measures of centrality to a greater extent in female
patients with UCPPS compared to male patients with UCPPS in regions of the DMN, salience,
and sensorimotor networks, and these alterations will be associated with greater symptom and
pain severity and decreased quality of life.

2. Methods
2.1. Subjects

Participants included men and women diagnosed with UCPPS and healthy controls (HC).
Each participant underwent multimodal neuroimaging phenotyping with structural and rest-
ing state scans collected as a part of the Multidisciplinary Approach to the Study of Chronic
Pain (MAPP) multisite neuroimaging project [1,11]. Data were collected using standardized
acquisition protocols at the various sites. Data were collected using standardized acquisition
protocols at the various sites. All subjects provided informed written consent to participate in
the current study according to the Declaration of Helsinki. All consenting procedures and pro-
tocols were approved by the institutional review board at each of the participating sites, which
included University of California Los Angeles, University of Michigan, Stanford University,
University of Alabama, Birmingham, and Northwestern University. Detailed procedures,
acquisition protocols and a description of the MAPP repository are available at https://
repository.niddk.nih.gov/studies/mapp and S1 Table [11]. All subjects were asked to keep
their eyes closed and not fall asleep during the resting-state scan. Data on some of these sub-
jects has previously been published [12-18,22]. The final data included 85 patients with
UCPPS (29 males and 56 females), and 86 healthy control subjects (29 males and 59 females).

2.2. Clinical measures

All participants completed the child version of the Childhood Traumatic Events Scale (CTES)
[47]. The CTES is a validated and reliable brief survey measuring 6 types of early traumatic
experiences during childhood (death, divorce, violence, sexual abuse, illness, or other). Finals
scores were composed of the sum of all the endorsed categories. Higher scores reflect greater
exposure to traumatic events up to age 17.

Additionally, all participants completed the National Institute of Health’s Genitourinary
Pain Index (GUPI). The GUPI is a 9-item instrument developed from the NIH-Chronic Pros-
tatitis Symptom Index (CPSI) [48]. The GUPI versions used by MAPP Research Network
include several new items about bladder-specific pain, and male gender-specific items were
replaced with female-gender specific items for a women’s version. This revised GUPI is there-
fore applicable to men and women to assess pain symptoms (0-23 scale), urinary symptoms
(0-10 scale), and quality of life (0-12 scale) as separate sub-scales, and overall as a total score
[49]. The GUPI assesses symptoms over the past week and was given on the same day as the
MRI. It has been shown to be valid, reliable, and responsive to change [49]. Higher scores
reflect greater symptom burden and impact on quality of life.
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2.3. Magnetic resonance imaging: Preprocessing/quality control

A series of standard processes were used to convert the raw neuroimaging data to data ready
for statistical analysis. Briefly, after acquiring the raw data, images were preprocessed to deal
with timing issues (slice-timing correction), head movement (motion correction), anatomical
alignment of various types of scans (co-registration), and transforming the images onto a stan-
dard anatomical reference space (spatial normalization or warping). The normalized, co-regis-
tered images were then parcellated into regions based on well-regarded atlases, which are used
as regions of interest (ROIs) to calculate functional network metrics using graph theory
methods.

Structural images were included based on compliance with the acquisition protocol, full
brain coverage, minimal motion (< 2 mm in all directions), absence of flow/zipper, and minor
atrophy/vascular degeneration. Functional images were included based on compliance with
acquisition protocol, full brain coverage, motion estimate of <1/2 voxel size between adjacent
time points (keeping a stringent standard across time series for all voxels), ghosting in cere-
brum, minimal physiological noise (> 0.2 Hz in frequency spectrum), and few to no outlier
voxels, mean intensity shifts, or K-space “spikes.”

2.4. Magnetic resonance imaging: Structural brain parcellation

Segmentation and regional parcellation of gray matter images were performed using FreeSur-
fer [50-52] and in-house workflow pipelines using the Destrieux atlas and the Harvard-Oxford
atlas [53]. This parcellation yielded 74 cortical structures, 7 subcortical structures, and the cer-
ebellum for each hemisphere (left and right), plus the brainstem, for a complete set of 165 par-
cellations for the entire brain.

2.5. Magnetic resonance imaging: Resting state functional connectivity

Resting state processing was conducted using SPM8 software (Welcome Department of Cogni-
tive 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 exam-
ined for excessive motion. Mean frame-wise displacement (FD), and again with root mean
squared (RMS) realignment estimates were also calculated as robust measures of motion using
publicly available MATLAB code from GitHub [54]. These were used to check for the influ-
ence of motion in subsequent supplementary analyses as covariates. The resting state images
were then co-registered to their respective anatomical T1 images. Each T1 image was then seg-
mented 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 an MNI space normalized resting state image. The
resulting images were smoothed with 4mm? Gaussian kernel.

2.6. Magnetic resonance imaging: Regions of interest

ROIs were selected based on prior neuroimaging research on patients with UCPPS and with
studies related to EALs [15,16,34-36,55,56]. Parcellated regions from the Destrieux atlas and
regions of interest evaluated in this study were taken from the original 165 parcellated regions
based on previous research and involved the following networks: sensorimotor network (pre-
central gyrus and sulcus [M1], supplementary motor area [SMA/M2], precentral gyrus and
sulcus [S1], thalamus, posterior insula [pINS]) [15,16,18-20,55,57,58]; basal ganglia network
(nucleus accumbens [NAcc], putamen [Pu], pallidum [Pal] and caudate nucleus [CaN])
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[17,18,20]; executive-control network (ventrolateral prefrontal cortex [vIPFC], dorsolateral
prefrontal cortex [dIPFC], posterior parietal cortex [PPC]) [15,17,18,20,22]; emotion regula-
tion network (pregenual anterior cingulate [pgACC], subgenual anterior cingulate [sgACC],
parahippocampal gyrus, amygdala [Amg] and hippocampus) [12,16-18,22-24,55]; salience
network (anterior insula [aINS], anterior midcingulate cortex [aMCC], orbitofrontal cortex
[OFC]) [16,17,20,23,24,55]; and default mode network (precuneus, middle temporal gyrus
[MTG], superior temporal gyrus [SupTG], superior temporal sulci [STS], angular gyrus
[AngG], posterior cingulate cortex [PCC]) [15-18,20,22,55,56] (See Table 1 and Fig 1). The
anterior part of the default mode network was not included in the analysis because of the lack
of results regarding this region in past brain imaging studies in patients with UCPPS.

2.7. Magnetic resonance imaging: Resting state functional brain network
construction

To determine functional connectivity between the parcellated 165 regions, seed-to-seed char-
acterization was performed by uploading the preprocessed and normalized functional images
into the CONN-fMRI functional connectivity toolbox version 13 [59] (http://www.nitrc.org/
projects/conn). The normalized, co-registered images were further pre-processed and analyzed
using the SPM-based CONN toolbox version 13 [59]. Resting-state images were filtered using
a band pass filter to reduce the low and high frequency noises. A component-based noise cor-
rection method, CompCor [59] was applied to remove nuisances for better specificity and sen-
sitivity. Six motion realignment parameters (3 translation, and 3 rotational), along with
confounds for white matter and CSF were removed using regression. The parcellation and the
functional connectivity results were combined to produce a 165x165 weighted, undirected
connectivity matrix. ROI-to-ROI functional connectivity analysis was performed between all
the ROIs in the CONN-fMRI functional connectivity toolbox. Connectivity correlation coeffi-
cients representing the association between average temporal BOLD time series signals across
all voxels in the brain were calculated using a general linear model. Each region of interest was
Fisher’s r to z transformed, and bivariate correlation maps were smoothed with a 4 mm isotro-
pic Gaussian kernel and submitted into group-level analyses implemented in SPM8. The cor-
relation coefficients from the CONN-fMRI functional connectivity toolbox are thresholded at
Z>0.3 and all other values are set to 0. We did not use a proportional-based thresholding
approach as it’s been shown that in patient vs. control studies a minimal difference in overall
functional connectivity may introduce group differences in network metrics, and a threshold
of 0.3 was chosen since a correlation of 0.3 represents a medium effect size, and the inclusion
of lower correlations could result in the inclusion of less accurate estimates [60,61]. This infor-
mation was then used for subsequent analysis. Furthermore, sensitivity analyses were com-
pleted at Z>0.4, 0.5, 0.6, 0.7, and 0.8 to determine robustness of significant results (S2 Table).

2.8. Magnetic resonance imaging: Computing network metrics

The Graph Theoretic GLM toolbox [62] and in-house MATLAB scripts were used to compute
graph theoretical brain network properties representing centrality and organization from the
subject-specific functional brain networks. Several local-weighted network metrics indexing
centrality were computed. Regions with high centrality are highly influential, communicate
with many other regions, facilitate flow of information, and play a key role in network resil-
ience to insult [41]. Specifically, three indices representing centrality were computed: 1)
Strength: reflecting the weighted version of the number of connections present to a given
node, 2) Betweenness centrality: reflecting the proportion of shortest paths that go through a
given node, and 3) Eigenvector Centrality: reflecting a self-referential measure defined as a
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Table 1. A priori regions of interest (ROISs) selected for analyses.

Sensorimotor Network
Precentral Gyrus (Primary Motor Cortex, M1) Precentral gyrus PRCG [12,16,18,20-
22]
Precentral Sulcus (Primary Motor Cortex, M1) Superior part of the precentral sulcus SupPrCs [12,16,18,20-
22]
Inferior Part of the precentral sulcus InfPrCS [12,16,18,20-
22]
Postcentral Gyrus (Primary Somatosensory Cortex, S1) Postcentral Gyrus PosCG [12,14,15,18,21]
Postcentral Sulcus (Primary Somatosensory Cortex, S1) Postcentral Sulcus PosCS [12,14,20]
Posterior insula (pINS) Long insular gyrus and central sulcus of the insula LoInG/ [15,16,23]
CInS
Posterior ramus (or segment) of the lateral sulcus (or fissure) PosLS [15,16,23]
Superior segment of the circular sulcus of the insula SupCirln$S [15,16,23]
Supplementary Motor Area (SMA/Secondary Motor BAG6/Superior Frontal Gyrus SupFG [12,14-
Cortex/M2) 16,21,24]
BAG6/Superior Frontal Sulcus SupFS [12,14-
16,21,24]
Thalamus Thalamus Thal [17,18,22,24]
Basal Ganglia Network
Nucleus Accumbens (NAcc) Nucleus Accumbens Nacc [18,20]
Putamen Putamen Pu [17,18,20]
Pallidum/Globus Pallidus Pallidum Pal [17,18]
Caudate Nucleus Caudate Nucleus CaN [18]
Executive Control Network
Ventrolateral Prefrontal Cortex Inferior Frontal Sulcus InfFS [20,22]
Triangular Part of the Inferior Frontal Gyrus InfFGTrip [22]
Dorsolateral Prefrontal Cortex Superior Frontal Gyrus SupFG [20]
Posterior Parietal Cortex Superior Parietal Lobule SupPL [14,15,17,20]
Emotion Regulation Network
Pregenual Anterior Cingulate (pgACC) Anterior part of the cingulate gyrus and sulcus ACgG/S [17,18,20]
Subgenual Anterior Cingulate (sgACC) Subcallosal area, subcallosal gyrus SbCag [17,18]
Parahippocampal Gyrus Parahippocampal gyrus, parahippocampal part of the medial occipito- PaHipG [20,22,23]
temporal gyrus
Hippocampus Hippocampus Hip [12,17,20]
Amygdala Amygdala Amg [12,17,23,24]
Salience Network
Anterior Insula (aINS) Inferior segment of the circular sulcus of the insula InfCirlns [17,21,24]
Anterior segment of the circular sulcus of the insula ACirInS [17,21,24]
Anterior Mid-Cingulate Cortex (aMCC) Anterior Midcingulate Gyrus MACgG_S [21,23,24]
Orbitofrontal Cortex Suborbital Sulcus SbOrS [17,20]
Default Mode Network
Precuneus Precuneus PrCun [14,15,17,22]
Marginal branch (or part) of the Cingulate Sulcus CgSMarp [17]
Angular Gyrus Angular Gyrus AngG [17]
Middle Temporal Gyrus Middle Temporal Gyrus MTG [20]
Superior Temporal Gyrus Lateral aspect of the superior temporal gyrus SupTGLp [16]
Planum polare of the superior temporal gyrus PoPl [16]
Superior Temporal Sulci Superior Temporal Sulci SupTS [16,20]
(Continued)
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Table 1. (Continued)

Posterior Cingulate Cortex Posterior-dorsal part of the cingulate gyrus (dPCC) PosDCgG [17,20]

Posterior ventral part of the cingulate gyrus (vPCC) PosVCgG [17]

A priori regions of interest (ROIs) are shown along with their Destreuix Atlas labels and Destreuix Atlas short names. Sensorimotor Network: SupFG (1): Superior
Frontal Gyrus; SupFS (2): Superior Frontal Sulcus; PRCG (3): Precentral Gyrus; SupPrCS/InfPrCS (4): Precentral Sulcus; PosCG (5): Postcentral Gyrus; PosCS (6):
Postcentral Sulcus; SuMarG (7): Supramarginal Gyrus; PosLS (8): Posterior ramus (or segment) of the lateral sulcus (or fissure); Thal (9): Thalamus; SupCirlns (10):

Superior segment of the circular sulcus of the insula; LoInG/Cins (11): Long insular gyrus and central sulcus of the insula. Basal-Ganglia Network: Nacc (1): Nucleus
Accumbens; Put (2): Putamen; CaN (3): Caudate Nucleus; Pal (4): Pallidum/Globus Pallidus. Emotion Regulation Network: pgACC (1): Pregenual Anterior Cingulate;

sgACC (2): Subgenual Anterior Cingulate; PaHipG (3): Parahippocampal Gyrus; Hipp (4): Hippocampus; Amg (5): Amygdala. Executive Control Network: InfES (1):

Inferior Frontal Sulcus; InfEGTrip (2): Triangular Part of the Inferior Frontal Gyrus; SupFG (3): Superior Frontal Gyrus; SupPL (4): Superior Parietal Lobule. Salience
Network: aMCC (1): Anterior Mid Cingulate Cortex; ACirIns (2): Anterior segment of the circular sulcus of the insula; InfCirIns (3): Inferior segment of the circular
sulcus of the insula. Default Mode Network: CGSMarp (1): Marginal branch (or part) of the Cingulate Sulcus; MTG (2): Middle Temporal Gyrus; SupTS (3): Superior
Temporal Sulcus; (4): Superior Temporal Gyrus (SupTGLp, PoPl); PrCun (5): Precuneus; (6): Posterior Cingulate Cortex (PCC); (7): Angular Gyrus (AngG).

https://doi.org/10.1371/journal.pone.0217610.t001

number highly-connected brain regions to which a given brain region is connected, thus serv-
ing as a modulating region.

2.9. Magnetic resonance imaging: Network metrics brain data visualization

The network metrics output was then input into in-house MATLAB programs to display sig-
nificant ROIs for each group and then visualized using BrainNet [63].

2.10. Statistical analysis

The primary analyses of the above brain imaging metrics and clinical variables entailed a series
of 4 a priori contrasts examining the influence of EALs on disease and sex group-based differ-
ences in measures of centrality; 1) UCPPS vs. HC (disease effect), 2) Males with UCPPS vs. HC
Males (disease effect within males), 3) Females with UCPPS vs. HC Females (disease effect
within females), and 4) Males with UCPPS vs. Females with UCPPS (sex effect). Significance
was set at o = .05. Permuted probability values were corrected using an FDR adjusted p-value,
where a FDR q<0.05 was considered significant. This correction was performed within each
contrast, each measure of centrality, by the number of regions in each network (reward,
salience, sensorimotor), and by laterality (left vs. right). Due to multi-site acquisition of imag-
ing data, subject network metric data was first transformed and controlled to account for neu-
roimaging site differences by subtracting from each measure that subject’s site-specific average
and then adding the global average. Additionally, to address the possible effects of motion in
the scanner contributing to statistical differences, the aforementioned analyses were run with
mean frame-wise displacement (FD), and again with root mean squared (RMS) realignment
estimates as covariates (S3A-S3C Table) [54].

The brain metrics that showed significant group differences in these contrasts were fol-
lowed up with a moderation analysis testing if the group difference was altered depending on
the level of self-reported EALs (CTES total score). The SPSS PROCESS program was used to
determine if EALs were a significant moderator of the group contrast. The PROCESS analysis
examined the Johnson-Neyman’s region(s) to determine the significance of the group differ-
ence at low, medium and high levels of EALs. All moderation tests were run with two-tailed
confidence intervals set at 95% and statistical significance was set to o = 0.05. Age was used as
covariate in all the moderation analyses.
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Fig 1. A Priori Regions of Interest (ROIs) selected for analyses. A priori regions of interest (ROIs) are shown along with their Destreuix Atlas labels and Destreuix
Atlas short names. Sensorimotor Network: SupFG (1): Superior Frontal Gyrus; SupFS (2): Superior Frontal Sulcus; SupCirlns (3): Superior segment of the circular
sulcus of the insula; PRCG (4): Precentral Gyrus; PosCG (5): Postcentral gyrus; PosCS (6): Postcentral Sulcus; PosLS (7): Posterior ramus (or segment) of the lateral
sulcus (or fissure); LoInG/Cins (8): Long insular gyrus and central sulcus of the insula; SupPrCs (9): Superior part of precentral sulcus; InfPrCs (10): Inferior part of
precentral sulcus; Thal (11): Thalamus Basal Ganglia Network: Nacc (1): Nucleus Accumbens; Put (2): Putamen; CaN (3): Caudate Nucleus; Pal (4): Pallidum/Globus
Pallidus Executive Control Network: SupFG (1): Superior Frontal Gyrus; InfFGTrip (2): Triangular Part of the Inferior Frontal Gyrus; InfFS (3): Inferior Frontal Sulcus;
SupPL (4): Superior Parietal Lobule Emotion Regulation Network: pgACC (1): Pregenual Anterior Cingulate; sgACC (2): Subgenual Anterior Cingulate; PaHipG (3):
Parahippocampal Gyrus; Hipp (4): Hippocampus; Amg (5): Amygdala Salience Network: aMCC (1): Anterior Mid Cingulate Cortex; ACirIns (2): Anterior segment of
the circular sulcus of the insula; InfCirIns (3): Inferior segment of the circular sulcus of the insula Default Mode Network: PoPI (1): Planum Polare of the superior frontal
gyrus; SupTGLp (2): Lateral aspect of the superior temporal gyrus; MTG (3): Middle Temporal Gyrus; SupTS (4): Superior Temporal Sulcus; AngG (5): Angular gyrus;
PrCun (6): Precuneus; PosVCgG (7): Posterior-ventral part of the cingulate gyrus; PosDCgG (8): Posterior-dorsal part of the cingulate gyrus; CGSMarp (9): Marginal
branch (or part) of the Cingulate Sulcus.

https://doi.org/10.1371/journal.pone.0217610.9001

To determine the associations between the group-related alterations (either disease and/or
sex based) in network metrics and clinical variables, partial correlations were run while con-
trolling for age.

3. Results
3.1. Demographics and clinical variables

There were no significant differences in age between groups for any contrast. Females with
UCPPS (mean = 1.89, SD = 1.49, N = 56) had greater CTES scores compared to HC females
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(mean = 1.25; SD = 1.14; N = 59; F = 6.61, g = .02). Patients with UCPPS had lower baseline
levels of QoL (F(; 167 = 678.43, q = 4.95¢->%), higher pain severity (F;,167) = 654.20,
q=7.6le->*),and urinary severity scores (F(; 147) = 150.10, g = 2.82e->’) compared to HCs.
Both males with UCPPS and females with UCPPS had significantly lower baseline levels of
QoL and greater pain and urinary symptom severity compared to HC males and females
respectively. (See Table 2, Table 3 and Fig 2).

3.2. Differences in resting-state functional centrality

Results indicating differences in measures of centrality between groups are shown in Table 4
and Fig 3. A summary of the group-based differences has been provided in Table 5.

3.2.1. UCPPS vs. HC (disease effect). Salience Network: Patients with UCPPS exhibited
lower betweenness centrality in the right anterior insula compared to HCs (¢ = -3.15, g = .03)
(Table 4, Table 5 and Fig 3). The overall model investigating disease group comparisons pre-
dicting right anterior insula betweenness centrality with CTES scores as the moderator, and
site and age as covariates, significantly accounted for 8% of the variance (Fs, 156y = 2.61, p =
.03, R = .08). Investigation at the specific levels of EALs revealed that the moderation took
effect at high CTES scores. When compared to patients with UCPPS, HCs had a stronger effect
of high CTES scores on betweenness centrality of the right anterior insula (B = 106.36, t(;56) =
2.61, p = .01). (Fig 4).

3.2.2. Males with UCPPS vs. HC males (disease effect within males). Salience Network:
Males with UCPPS exhibited lower betweenness centrality in the right anterior insula (aINS)
compared to HC males (f = -3.99, ¢ = .001) (Table 4, Table 5 and Fig 3). The overall model of
disease group predicting right aINS betweenness centrality, with CTES scores as the modera-
tor, accounted for 19% of the variance (F4, 51) = 3.04, p = 0.03, R?=0.19). Investigation at the
specific levels of EALs revealed that there was a significant moderation effect between disease
group and eigenvector centrality in the right aINS at average (B = 60.53, t(51) = 2.55, p = 0.01)
and high (B = 93.12, t(51) = 2.93, p = 0.009) values of CTES scores (Fig 5).

3.2.3. Females with UCPPS vs. HC females (disease effect within females). Basal-Gan-
glia Network: Females with UCPPS exhibited greater betweenness centrality in the right cau-
date nucleus (t = 3.20, g = 0.023) (Table 4, Table 5, Fig 3). The overall model of disease group
predicting right caudate nucleus betweenness centrality, with CTES scores as the moderator,
and age and site as covariates, accounted for 9% of the variance (Fs, 101y = 1.91, p = 0.099, R’=
0.09), but not significantly. Investigation at the specific levels of EALs revealed that there was a
significant moderation effect between sex and betweenness centrality of the right caudate
nucleus at both low (B = -56.25, 01y = -2.36, p = 0.02) and average (B = -44.30, t;01) = -2.63,
p =.01) values of CTES scores (Fig 6).

Default Mode Network: Females with UCPPS exhibited greater betweenness centrality in
the left angular gyrus (t = 3.18, ¢ = 0.037) (Table 4, Table 5, Fig 3). The overall model of
disease group predicting left angular gyrus betweenness centrality, with CTES scores as the
moderator, and age and site as covariates, significantly accounted for 13% of the variance (F(s,
1on =3.11, p = 0.01, R?=0.13). Investigation at the specific levels of EALs revealed that there
was a significant moderation effect between sex and betweenness centrality of the left angular
gyrus at both low (B = -75.67, t(101) = -2.36, p = 0.02) and average (B = -67.72, t(101) = -2.99, p =
0.004) values of CTES scores (Fig 6).

3.2.4. Males with UCPPS vs. females with UCPPS (sex effect). Salience Network: Com-
pared to females, males with UCPPS exhibited greater strength in the left aMCC (MACgG_S)
(t=3.14, g = 0.03) (Table 4, Table 5 and Fig 3). The overall model of sex predicting left aMCC
strength with CTES scores as the moderator accounted for 18% of the variance (Fs, 75 = 3.08,
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Table 3. Differences in population demographics and clinical/behavioral measures.

Measurement F-value = p-value @ q-value F-value p-value q-value F-value p-value @ q-value F-value p-value | q-value

Age 0.008 0.93 0.95 0.168 0.68 0.82 0.92 0.34 0.36 2.35 0.13 0.16

BMI 0.15 0.70 0.73 1.78 0.19 0.49 0.80 0.37 0.39 0.29 0.59 0.62

Early Adversity (CTES) 1.526 0.22 0.24 2.84 0.09 0.42 0.08 0.78 0.79 6.61 0.01 0.02
Baseline GUPI QoL Score | 678.431 | 1.05E-60 | 4.95E-59 1.13 0.29 0.62 236.19 | 8.72E-34 | 4.10E-32 | 551.98 | 8.09E-55 | 3.80E-53
Pain Severity 654.199 | 3.24E-55 | 7.61E-54 3.20 0.08 0.40 23494 | 557E-32 | 1.31E-30 | 485.71 | 7.86E-48 | 1.23E-46
Urinary Severity 150.096 | 4.80E-24 | 2.82E-23 0.78 0.38 0.66 53.74 1.55E-11 | 1.04E-10 111.75 1.17E-19 | 5.50E-19

Groups: UCPPS: Urological chronic pelvic pain syndrome, HC: Healthy controls. Questionnaires: Body Mass Index (BMI), Childhood Traumatic Events Scale (CTES),
Baseline GUPI (Genitourinary Pain Index), Pain Severity (GUPI Pain Subscale Score), Urinary Severity (GUPI Urinary Subscale Score). Abbreviations: F statistic (F-
value), p value (p-value), FDR corrected p value (g-value). Significance: p < .05

https://doi.org/10.1371/journal.pone.0217610.t003

p=0.01, R = 0.18) (Fig 7). Investigation at the specific levels of EALs revealed that there was a
significant moderation effect between sex and strength of the left aMCC at both low (B = -6.23,
t72) = -2.70, p = 0.009) and average (B = -4.10, t(g1) = -2.66, p = 0.01) values of the CTES scores
(Fig 7).

Clinical Variables - Resting State

25- m Hekek
° — . B UCPPS Males
P ! | b sl
3 20+ Bl UCPPS Females
® 15l Bl UCPPS Total
f= B HC Males
S 10-
.g HC Females
§ = Bl HC Total

X

("\ Q'bo 40{@ 40{@
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@ ) )
o"é\ ‘b“& "9*0
\% be‘° ) ood
N

Fig 2. Differences in clinical behavioral measures. Groups: UCPPS: Urological chronic pelvic pain syndrome, HC: Healthy controls
Questionnaires: Childhood Traumatic Events Scale (CTES), Baseline GUPI (Genitourinary Pain Index), Pain Severity (GUPI Pain Subscale Score),
Urinary Severity (GUPI Urinary Subscale Score). “p < .05, ***p < .001.

https://doi.org/10.1371/journal.pone.0217610.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 11/26


https://doi.org/10.1371/journal.pone.0217610.t003
https://doi.org/10.1371/journal.pone.0217610.g002
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

Table 4. Significant resting-state functional network metrics.

Network = Region of Interest Network t- p- q B Cohen’s  Interpretation
Metric value value -value value d
Salience Right Anterior Betweeness -3.15 | 0.007 | 0.030 | -44.00 -0.32 UCPPS|
Insula (InfCirlns) Centrality HC 1T
Network = Region of Interest Network Metric  t- P- q B Cohen’s  Interpretation
value value -value value d
Salience Right Anterior Eigenvector -3.99 | 0.0003 | 0.001 | -181.47 -0.56 UCPPSM |
Insula (InfCirIns) Centrality HCM 1
Network  Region of Interest Network t- P- q B Cohen’s | Interpretation
Metric value value @ -value value d
Basal Right Caudate Betweeness 3.20 | 0.006 | 0.023 | 83.61 0.52 UCPPSF T
Ganglia Nucleus Centrality HCF |
Default | Left Angular Gyrus Betweeness 3.18 | 0.006 | 0.037 | 119.00 0.52 UCPPSF 1
Mode Centrality HCF|
Network = Region of Interest Network t- p- q B Cohen’s | Interpretation
Metric value value @ -value value d
Default Left Posterior Eigenvector -3.10 | 0.008 | 0.038 | -0.037 -0.52 UCPPSM |
Mode Cingulate Cortex Centrality UCPPSF T
(PosDCgG)
Left Angular Gyrus | Eigenvector -2.81 | 0.018 | 0.042 | -0.033 -0.64 UCPPSM |
Centrality UCPPSF T
Left Middle Eigenvector -2.95 | 0.013 | 0.038 | -0.034 -0.55 UCPPSM |
Temporal Gyrus Centrality UCPPSF 1
Left Superior Eigenvector -2.98 | 0.012 | 0.038 | -0.034 -0.53 UCPPSM |
Temporal Sulcus Centrality UCPPSF T
Left Precuneus Eigenvector 2.73 | 0.024 | 0.043 | 0.029 0.37 UCPPSM T
(CgSMarp) Centrality UCPPSF |
Left Precuneus Strength 3.25 | 0.005 | 0.045 | 5.68 0.31 UCPPSM T
(CgSMarp) UCPPSF |
Salience Left aMCC Strength 3.14 | 0.007 | 0.030 | 4.84 0.58 UCPPSM 1
UCPPSF |

Groups: UCPPS: Urological chronic pelvic pain syndrome, HC: Healthy controls. Regions: InfCirIns: Inferior
segment of the circular sulcus of the insula, PosDCgG: Posterior dorsal part of the cingulate gyrus, CGSMarp:
Marginal branch of the cingulate sulcus, aMCC: Anterior mid-cingulate cortex

1 = Higher

| = Lower

https://doi.org/10.1371/journal.pone.0217610.1004

Default Mode Network: Males with UCPPS exhibited lower eigenvector centrality in the
left posterior cingulate cortex (PCC) (t = -3.10, g = .04) (Table 4, Table 5 and Fig 3). The over-
all model of sex predicting left PCC eigenvector centrality, with CTES scores as the moderator,
and age and site as covariates, significantly accounted for 16% of the variance (Fs, 72) = 2.68,

p = 0.03, R” = 0.16). Investigation at the specific levels of EALs revealed that there was a signifi-
cant moderation effect between sex and eigenvector centrality of the left PCC at both average
(B=0.039, (75 = 3.06, p = 0.003) and high (B = 0.046, t(;) = 2.55, p = 0.01) values of CTES
scores (Fig 8A).

Males with UCPPS exhibited lower eigenvector centrality in the left angular gyrus (t =
-2.81, g = .04) (Table 4, Table 5 and Fig 3). The overall model of sex predicting left angular
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Fig 3. Differences between groups in measures of centrality. UCPPS: Urological Chronic Pelvic Pain Syndrome. Salience Network: aINS: anterior insula, aMCC:
anterior mid-cingulate cortex Default Mode Network: AngG: angular gyrus, PCC: posterior cingulate cortex, MTG: middle temporal gyrus, SupTS: superior temporal
sulcus, Precuneus: precuneus Basal Ganglia Network: CaN: caudate nucleus.

https://doi.org/10.1371/journal.pone.0217610.9003

gyrus eigenvector centrality, with CTES scores as the moderator, and age and site as covariates,
significantly accounted for 14% of the variance (Fs, 72 = 2.42, p = 0.04, R* = 0.14). Investiga-
tion at the specific levels of EALs revealed that there was a significant moderation effect
between sex and eigenvector centrality of the left angular gyrus at both average (B = 0.034, t(73)
=.2.66, p = 0.01) and high (B = 0.038, f;,) = 2.01, p = 0.048) values of CTES scores (Fig 8B).

Males with UCPPS exhibited lower eigenvector centrality in the left middle temporal gyrus
(MTQG) (t =-2.95, q = .04) (Table 4, Table 5 and Fig 3). The overall model of sex predicting
left MTG eigenvector centrality, with CTES scores as the moderator, and age and site as covar-
iates, significantly accounted for 17% of the variance (Fs, 72y = 2.91, p = 0.02, R?=0.16). Inves-
tigation at the specific levels of EALs revealed that there was a significant moderation effect
between sex and eigenvector centrality of the left MTG at both average (B = 0.029, t(75) = 2.65,
p =0.01) and high (B = 0.037, t(7,) = 2.41, p = 0.02) values of CTES scores (Fig 8C).

Males with UCPPS exhibited lower eigenvector centrality in the left superior temporal sul-
cus (SupTS) (t =-2.98, g = .04) (Table 4, Table 5 and Fig 3). The overall model of sex predict-
ing left SupTS eigenvector centrality, with CTES scores as the moderator, and age and site as
covariates, significantly accounted for 15% of the variance (Fs, 75y = 2.53, p = 0.04, R*=0.15).
Investigation at the specific levels of EALs revealed that there was a significant moderation ef-
fect between sex and eigenvector centrality of the left SupTS at both average (B = 0.027, t(7,) =
2.39, p = 0.02) and high (B = 0.037, t7,) = 2.26, p = 0.03) values of CTES scores (Fig 8D).

Males with UCPPS exhibited greater eigenvector centrality in the left precuneus compared
to females with UCPPS (¢ = 3.25, g = 0.03) (Table 4, Table 5 and Fig 3). The overall model of
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Table 5. Summary of network Metrics findings and moderating effects.

Network Regionof = Contrast Network  ETI UCPPS HC Males Females HC HC
Interest Metric with with | Males Females
UCPPS UCPPS
Salience | RightaINS | UCPPSvs. | Betweenness | T 1 1
HC Centrality
Right aINS | Males with | Betweenness | T 1 T
UCPPS Centrality
vs. HC
Males
LeftaMCC | Males with Strength T 1 T
UCPPS vs
Females
with UCPPS
Default | Left MTG | Males with | Eigenvector 1 1 1
Mode UCPPS Centrality
vs. Females
with UCPPS
Left SupTS | Males with | Eigenvector T 1 T
UCPPS Centrality
vs. Females
with UCPPS
Left Males with | Eigenvector T T 1
Precuneus UCPPS Centrality
vs. Females Strength
with UCPPS & f ! f
Left PCC | Males with | Eigenvector T 1 1
UCPPS Centrality
vs. Females
with UCPPS
Left AngG | Males with | Eigenvector 1 1 1
UCPPS Centrality
vs. Females
with UCPPS
UCPPS Betweenness | | 1 |
Females vs. Centrality
HC Females
Basal | Right CaN UCPPS Betweenness | | 1 )
Ganglia Females vs. Centrality
HC Females

Summary table for network metrics findings by group are summarized along with their moderating effect. Regions:
MTG: Middle temporal gyrus, SupTS: Superior Temporal Sulcus, aMCC: anterior mid-cingulate cortex, aINS:
anterior insula, CaN: caudate nucleus, AngG: angular gyrus, PCC: posterior cingulate cortex.

1 = Higher

| = Lower

https://doi.org/10.1371/journal.pone.0217610.t005

sex predicting left precuneus eigenvector centrality, with CTES scores as the moderator, and
age and site as covariates, accounted for 11% of the variance (Fs, 72) = 1.76, p = 0.13, R’ =
0.11), but was not significant. Investigation at the specific levels of EALs revealed that there
was a significant moderation effect between sex and eigenvector centrality of the left precuneus
at both average (B = -0.021, ¢7,) = -2.01, p = 0.048) and high (B = -0.036, t;,) = -2.48, p = 0.02)
values of CTES scores (Fig 8E).

Males with UCPPS exhibited greater strength (¢ = 3.14, g = 0.03) in the left precuneus com-
pared to females with UCPPS (Table 4, Table 5 and Fig 3). The overall model of sex predicting
left precuneus strength, with CTES scores as the moderator, and age and site as covariates,
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Fig 4. Moderating effect of CTES on the effect of disease on betweenness centrality of the right anterior insula (salience network). Abbreviations:
UCPPS: Urologic Chronic Pelvic Pain Syndrome, HC: Healthy Controls, CTES: Childhood Traumatic Events Scale **p = 0.01.

https://doi.org/10.1371/journal.pone.0217610.g004

significantly accounted for 22% of the variance (Fs, 7) = 4.06, p = 0.003, R* = 0.22). Investiga-
tion at the specific levels of EALs revealed that there was a significant moderation effect
between sex and strength of the left precuneus at both low (B = -5.53, t(7,) = -2.23, p = 0.03)
and average (B = -4.82, t(7,) = -2.91, p = 0.005) values of CTES scores (Fig 8F).

3.3. Network metric correlations with symptoms

3.3.1. Males with UCPPS vs. females with UCPPS. Females with UCPPS exhibited positive
correlations with strength of the left precuneus (r45) = 0.45, p = 0.002) and GUPI impact on qual-
ity of life scores, as well as positive correlations between strength of the left aMCC (r(45) = 0.36,

p =0.01) and GUPI impact on quality of life scores. No correlations were observed in males with
UCPPS. No significant correlations were observed for the other group comparisons (UCPPS vs.
HC, Females with UCPPS vs HC Females, and Males with UCPPS vs. HC Males).

4. Discussion

We identified group differences in measures of centrality in specific regions associated with
UCPPS that are moderated by the presence of self-reported early life trauma. In most cases,
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Fig 5. Moderating effect of CTES on the effect of disease within males on centrality of the right anterior insula (salience network).
Abbreviations: UCPPS: Urologic Chronic Pelvic Pain Syndrome, CTES: Childhood Traumatic Events Scale ** p < 0.01.
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Fig 6. Moderating effect of CTES on the effect of disease within females on centrality of the left angular gyrus (default mode network) and right caudate nucleus
(basal ganglia network). Abbreviations: UCPPS: Urologic Chronic Pelvic Pain Syndrome, CTES: Childhood Traumatic Events Scale. *p < 0.05, **p < 0.01.
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this moderation was sex-specific. In our multi-site sample, females with UCPPS reported more
EALs than female HCs, but there were no differences in EALs between males with UCPPS and
male HCs, a finding consistent with previous analyses within the MAPP Research Network
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[29]. As previously reported, patients with UCPPS exhibited lower levels of quality of life, and
greater pain symptom severity and urinary symptom severity compared to HCs. There was an
overall disease-dependent association on measures of centrality with UCPPS patients having
lower centrality in the anterior insula compared to HCs. EALs did have a sex-dependent asso-
ciation in the salience network, with greater EALs being associated with lower strength in the
anterior mid-cingulate cortex in males with UCPPS, but greater in females with UCPPS.
Greater EALs were mostly associated with lower centrality in the default mode network in
males (except eigenvector centrality in the precuneus) but showed more nuanced results in
females—differing by temporal sulci. This suggests that brain mechanisms in females, even
within the default mode network, can contribute specifically to their observed symptoms.

4.1. Differences in functional network centrality in patients with UCPPS:
The effect of sex and early adversity

Opverall, patients with UCPPS had lower resting-state centrality in a region of the salience net-
work-the anterior insula—compared to HCs. The salience network has been implicated in the
context of pain [45,64,65] and pain sensitivity [66-69]. The observed lower resting-state cen-
trality in the anterior insula was also present when comparing males with UCPPS with male
HCs, but no other contrast, suggesting that males are driving the trend seen when comparing
by disease group. Similar findings showing lower resting-state connectivity between regions to
and from the anterior insula have also been observed within the MAPP Research Network
using ROI-to-ROI-based analyses [16].

When comparing males with UCPPS to females with UCPPS, males with UCPPS exhibited
greater centrality in the aMCC, another key node of the salience network. Activity of the ante-
rior insula within the salience network has been shown to mediate stimulus-driven, bottom-
up control of attention [70] of behaviorally relevant stimuli, including pain [71]. It also inte-
grates sensory information with emotional and homeostatic relevance [72]. The anterior mid-
cingulate cortex (aMCC) has been shown to be involved in fear, prediction of negative conse-
quences and avoidance behaviors in regards to pain processing [73]. These findings suggest
changes in the activity of the salience network in patients with UCPPS may have nuanced
characteristics, especially in males.

Many more nuanced differences were observed when looking at sex differences within
UCPPS. Within the salience network, males with UCPPS had greater centrality in the anterior
mid-cingulate cortex (aMCC) compared to females with UCPPS, but the moderating effect of
early life trauma on this centrality differed by sex; with early trauma being associated with
lower centrality in males, but greater centrality in females. Past research outside the context of
chronic pain has shown lower structural centrality in the anterior cingulate in young adults
with childhood maltreatment [74], but we only observed this pattern in functional centrality in
males with UCPPS, and an opposite trend in females with UCPPS. The increase in centrality
of the aMCC in females due to childhood trauma may predispose them to increased percep-
tion of pain during a painful crisis, which was supported by a positive association between cen-
trality of the aMCC and greater impact on quality of life in our own sample.

Within the default mode network, males with UCPPS had lower centrality in the angular
gyrus and temporal regions compared to females, and the moderating effect of early childhood
trauma differed by specific gyri. Specifically, in UCPPS patients, greater early childhood
trauma was associated with lower centrality in the middle temporal gyrus in both males and
females, but with greater centrality in the superior temporal sulcus in just females. Past
research has shown that specifically parental verbal abuse is associated with greater gray matter
in the superior temporal gyrus and decreased integrity of the arcuate fasciculus emerging from
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the superior temporal sulcus [75,76]. It has also been observed that the middle temporal gyrus
has lower structural centrality in young adults who were maltreated as children [74], and our
results mirror this with regards to functional centrality. Both these regions are well regarded to
be key nodes of the default mode network attributing to social cognitive processes, theory of
mind (superior temporal sulcus), and self-referential processes (middle temporal gyrus)
[77,78]. Perhaps, then the impact of trauma on processes specific to the superior temporal sul-
cus are buffered in females due to girls and women having a greater ability to engage in theory
of mind and social cognitive processes [79,80]. Increased information flow in women through
these networks could relate to increased processing of affective components of pain [81],
which can result in pain augmentation and reduced quality of life [82].

It was also observed that females with UCPPS compared with female HCs exhibited differ-
ences in centrality in regions, specifically—the angular gyrus and caudate nucleus—that were
not present in the full sample or in males. The angular gyrus is a key node in the default mode
network that has been observed to be more active in rest in a variety of patients with chronic
pain, including chronic pelvic pain [21,68,83-85], and is highly associated with interoception
and somesthesis [86]. Additionally, females have been shown to have greater activity of the
default mode network at rest, including the angular gyrus [87]. The caudate nucleus has also
been shown to have a role in chronic pain via endogenous opioid-mediated analgesia, as the
striatum is the most densely populated location for opioid receptors in the brain [88-90]. The
perception of chronic pain has been related to upregulation of opioid receptors in the caudate
nucleus [91]. Overall, women have been shown to have greater opioid receptor availability in
the caudate nucleus [92], and to have greater therapeutic efficacy from analgesic medication
aimed at opioid receptors [93]. The results observed in females with UCPPS, but not in males
with UCPPS provide plausible evidence that these differences may be related to inherent sex
differences present in the brain, providing guidance for future research and treatment.

4.2. Limitations and directions for future research

As this was a cross-sectional study using retrospective reports of adverse childhood events, it is
not possible to determine causality between the observed brain changes in resting-state func-
tional connectivity, early life trauma and UCPPS. Future longitudinal studies are needed to
determine if brain differences present in early childhood and adolescence, and the presence of
trauma in early childhood, are predisposing factors to the development of UCPPS in adoles-
cence and adulthood. All the observed findings are based on the static connectivity of resting-
state networks, and dynamics with or without stimuli are not accounted for. Another limita-
tion is the fact that the study had an unbalanced number of males and females, emphasizing
the need to have a similar sample size of males and females in order to get statistically accurate
representation of sex-related brain effects. Future studies should a conduct a meta-analysis as
the number of imaging studies in patients with UCPPS increases. Finally, as there is no stan-
dard atlas to use for parcellating the brain, future research should test the effect of different
brain atlases, as the selection of different atlases [94,95] may impact final results. We used a
structural atlas due to previous research conducted in patients with UCPPS [16,20,21]. How-
ever, there are several disadvantages to using spatial maps to make inferences about functional
resting state networks, including that it may average dissimilar functional signals based on an
a-priori definition of a region [94,96]. Recently, Arslan et al [97] did a systematic comparison
between anatomical, connectivity-driven, and random parcellation methods using resting-
state data from the Human Connectome Project. It was shown that functionally driven atlases,
such as the Glasser HCP Atlas [98] and Gordon Atlas [99], have greater amounts of reproduc-
ibility via measures of homogeneity, parcellation reliability via Silhouette analyses, agreement
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with task activation using the Bayesian Information Criterion (BIC), and greatest overlap over
Brodmann Areas via Dice coefficients, making them more optimal atlases to use in future
studies [97]. This would allow a greater degree of precision when assigning regions to specific
resting-state networks. However, it is important to note that graph theoretical measures such
as network segregation and integration (as used in the current study) can be relatively robust
to the underlying parcellation scheme [97].

4.3. Conclusions

There is a dearth of reported sex differences in research involving chronic pain, and many
studies are heavily imbalanced and include more females than males [45]. We found that
patients with UCPPS have disease-related differences, with important moderating influences
of sex and early life adversity on resting-state functional connectivity within the salience and
default mode networks. These differences are associated with decreased, disease-related quality
of life in women, but not men. The findings from this study highlight the need to take into
consideration sex as well as multiple psychosocial factors, including a history of childhood
trauma in the evaluation of patients with chronic pelvic pain. Furthermore, they emphasize
the importance of adopting patient-specific, psychological approaches for treating trauma
both early in life and after it has occurred. This may play a key role in preventing and treating
central changes involved in the development and persistence of chronic pain [100].

Supporting information

S1 Table. Acquisition parameters.
(DOCX)

S2 Table. Sensitivity analyses using different thresholds.
(DOCX)

$3 Table. Motion Parameter Analyses (A) Descriptives of Motion Parameters by Group. (B)
Differences between means in framewise displacement and root-mean squared realignment
estimates for a priori contrasts. (C) Comparison of analyses of the a-priori contrasts after
including framewise displacement and root mean squared realignment estimates as covariates.
(DOCX)

S4 Table. Members of the MAPP research network.
(DOCX)

Acknowledgments

We would like to thank Cody Ashe-McNalley for his assistance in quality control and IT sup-
port required for the transfer of MAPP data. Additionally, we would like to thank Cathy Liu
for data generation and management, artistic input, and editing. We would also like to thank
the MAPP Research Network neuroimaging sites and their respective heads.

Author Contributions

Conceptualization: Arpana Gupta, Bruce D. Naliboff, Jason J. Kutch, Susan Lutgendorf,
Emeran A. Mayer.

Data curation: Emeran A. Mayer.

Formal analysis: Arpana Gupta, Ravi R. Bhatt, Mher Alaverdyan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 20/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217610.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217610.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217610.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217610.s004
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

Investigation: Arpana Gupta, Emeran A. Mayer.
Methodology: Arpana Gupta, Ravi R. Bhatt, Emeran A. Mayer.
Project administration: Arpana Gupta.

Resources: Emeran A. Mayer.

Supervision: Arpana Gupta, Emeran A. Mayer.

Validation: Arpana Gupta.

Visualization: Arpana Gupta, Ravi R. Bhatt, Priten P. Vora.
Writing - original draft: Arpana Gupta, Ravi R. Bhatt.

Writing - review & editing: Arpana Gupta, Ravi R. Bhatt, Bruce D. Naliboff, Jason J. Kutch,
Jennifer S. Labus, Andrew Schrepf, Susan Lutgendorf, Emeran A. Mayer.

References

1. Landis JR, Williams DA, Lucia MS, Clauw DJ, Naliboff BD, Robinson NA, et al. The MAPP research
network: design, patient characterization and operations. BMC Urol. 2014; 14: 1-17. hitps://doi.org/
10.1186/1471-2490-14-1

2. Hanno P, Burks D, Clemens JQ, Dmochowski R, Erickson D, Fitzgerald M, et al. Diagnosis And Treat-
ment Of Interstitial Cystitis/Bladder Pain Syndrome. J Urol. 2014;

3. Krieger JN, Nyberg L, Nickel JC. NIH consensus definition and classification of prostatitis. JAMA.
1999; 282: 236-7. https://doi.org/10-1001/pubs.JAMA-ISSN-0098-7484-282-4-jbk0728 PMID:
10422990

4. Bogart LM, Berry SH, Clemens JQ. Symptoms of Interstitial Cystitis, Painful Bladder Syndrome and
Similar Diseases in Women: A Systematic Review. Journal of Urology. 2007. pp. 450—-456. https://doi.
org/10.1016/j.juro.2006.09.032 PMID: 17222607

5. Clemens JQ, Markossian TW, Meenan RT, O’Keeffe Rosetti MC, Calhoun EA. Overlap of Voiding
Symptoms, Storage Symptoms and Pain in Men and Women. J Urol. 2007; 178: 1354—1358. https://
doi.org/10.1016/j.juro.2007.05.157 PMID: 17706719

6. Suskind AM, Berry SH, Ewing BA, Elliott MN, Suttorp MJ, Clemens JQ. The Prevalence and Overlap
of Interstitial Cystitis/Bladder Pain Syndrome and Chronic Prostatitis/Chronic Pelvic Pain Syndrome in
Men; Results of the RAND Interstitial Cystitis Epidemiology (RICE) Male Study. J Urol. 2013; 189:
141-145. https://doi.org/10.1016/j.juro.2012.08.088 PMID: 23164386

7. Ahangari A. Prevalence of chronic pelvic pain among women: an updated review. Pain Physician.
2014; 17: E141-7. Available: http://www.ncbi.nlm.nih.gov/pubmed/24658485 PMID: 24658485

8. Henschke N, Kamper SJ, Maher CG, Lanier WL, Jopke TL, Sankey KD, et al. The Epidemiology and
Economic Consequences of Pain. Mayo Clin Proc. 2015; 90: 139-147. https://doi.org/10.1016/j.
mayocp.2014.09.010 PMID: 25572198

9. Stones RW, Selfe SA, Fransman S, Horn SA. Psychosocial and economic impact of chronic pelvic
pain. Baillieres Clin Obstet Gynaecol. 2000; 14: 415—-431. https://doi.org/10.1053/beog.1999.0084

10. Clemens JQ, Mullins C, Kusek JW, Kirkali Z, Mayer EA, Rodriguez L V, et al. The MAPP research net-
work: a novel study of urologic chronic pelvic pain syndromes. BMC Urol. 2014;14. https://doi.org/10.
1186/1471-2490-14-14

11.  Alger JR, Ellingson BM, Ashe-Mcnalley C, Woodworth DC, Labus JS, Farmer M, et al. Multisite, multi-
modal neuroimaging of chronic urological pelvic pain: Methodology of the MAPP Research Network.
Neurolmage Clin. 2016; 12: 65—77. https://doi.org/10.1016/j.nicl.2015.12.009 PMID: 27408791

12. Bagarinao E, Johnson KA, Martucci KT, Ichesco E, Farmer MA, Labus J, et al. Preliminary structural
MRI based brain classification of chronic pelvic pain: A MAPP network study. Pain. 2014; 155: 2502—
2509. https://doi.org/10.1016/j.pain.2014.09.002 PMID: 25242566

13. Farmer MA, Huang L, Martucci K, Yang CC, Maravilla KR, Harris RE, et al. Brain White Matter Abnor-
malities in Female Interstitial Cystitis/Bladder Pain Syndrome: A MAPP Network Neuroimaging Study.
J Urol. 2015; 194: 118-126. https://doi.org/10.1016/j.juro.2015.02.082 PMID: 25711200

14. Kairys AE, Schmidt-Wilcke T, Puiu T, Ichesco E, Labus JS, Martucci K, et al. Increased Brain Gray
Matter in the Primary Somatosensory Cortex is Associated with Increased Pain and Mood Disturbance

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 21/26


https://doi.org/10.1186/1471-2490-14-1
https://doi.org/10.1186/1471-2490-14-1
https://doi.org/10-1001/pubs.JAMA-ISSN-0098-7484-282-4-jbk0728
http://www.ncbi.nlm.nih.gov/pubmed/10422990
https://doi.org/10.1016/j.juro.2006.09.032
https://doi.org/10.1016/j.juro.2006.09.032
http://www.ncbi.nlm.nih.gov/pubmed/17222607
https://doi.org/10.1016/j.juro.2007.05.157
https://doi.org/10.1016/j.juro.2007.05.157
http://www.ncbi.nlm.nih.gov/pubmed/17706719
https://doi.org/10.1016/j.juro.2012.08.088
http://www.ncbi.nlm.nih.gov/pubmed/23164386
http://www.ncbi.nlm.nih.gov/pubmed/24658485
http://www.ncbi.nlm.nih.gov/pubmed/24658485
https://doi.org/10.1016/j.mayocp.2014.09.010
https://doi.org/10.1016/j.mayocp.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25572198
https://doi.org/10.1053/beog.1999.0084
https://doi.org/10.1186/1471-2490-14-14
https://doi.org/10.1186/1471-2490-14-14
https://doi.org/10.1016/j.nicl.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/27408791
https://doi.org/10.1016/j.pain.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25242566
https://doi.org/10.1016/j.juro.2015.02.082
http://www.ncbi.nlm.nih.gov/pubmed/25711200
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

in Patients with Interstitial Cystitis/Painful Bladder Syndrome. J Urol. 2015; 193: 131-137. https://doi.
0rg/10.1016/j.juro.2014.08.042 PMID: 25132239

Kilpatrick LA, Kutch JJ, Tillisch K, Naliboff BD, Labus JS, Jiang Z, et al. Alterations in Resting State
Oscillations and Connectivity in Sensory and Motor Networks in Women with Interstitial Cystitis/Painful
Bladder Syndrome. J Urol. 2014; 192: 947-955. https://doi.org/10.1016/j.juro.2014.03.093 PMID:
24681331

Kutch JJ, Yani MS, Asavasopon S, Kirages DJ, Rana M, Cosand L, et al. Altered resting state neuro-
motor connectivity in men with chronic prostatitis/chronic pelvic pain syndrome: A MAPP: Research
Network Neuroimaging Study. Neurolmage Clin. 2015; 8: 493-502. https://doi.org/10.1016/j.nicl.
2015.05.013 PMID: 26106574

Martucci KT, Shirer WR, Bagarinao E, Johnson KA, Farmer MA, Labus JS, et al. The Posterior Medial
Cortex in Urologic Chronic Pelvic Pain Syndrome: Detachment from Default Mode Network. A Rest-
ing- State Study from the MAPP Research Network. Pain. 2015; 156: 1755—-1764. https://doi.org/10.
1097/j.pain.0000000000000238 PMID: 26010458

Woodworth D, Mayer E, Leu K, Ashe-McNalley Cody, Naliboff BD, Labus JS, et al. Unique Microstruc-
tural Changes in the Brain Associated with Urological Chronic Pelvic Pain Syndrome (UCPPS)
Revealed by Diffusion Tensor MRI, Super-Resolution Track Density Imaging, and Statistical Parame-
ter Mapping: A MAPP Network Neuroimaging Study. PLoS One. 2015; 10: e0140250. Available:
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0140250&type=printable https://
doi.org/10.1371/journal.pone.0140250 PMID: 26460744

Kairys AE, Schmidt-Wilcke T, Puiu T, Ichesco E, Labus JS, Martucci K, et al. Increased Brain Gray
Matter in the Primary Somatosensory Cortex is Associated with Increased Pain and Mood Disturbance
in Patients with Interstitial Cystitis/Painful Bladder Syndrome. J Urol. 2015; 193: 131-137. https://doi.
org/10.1016/j.juro.2014.08.042 PMID: 25132239

Kutch JJ, Labus JS, Harris RE, Martucci KT, Farmer MA, Fenske S, et al. Resting-State Functional
Connectivity Predicts Longitudinal Pain Symptom Change In Urologic Chronic Pelvic Pain Syndrome.
Pain. 2017; 158: 1. https://doi.org/10.1097/j.pain.0000000000000745

Kutch JJ, Ichesco E, Hampson JP, Labus JS, Farmer MA, Martucci KT, et al. Brain signature and func-
tional impact of centralized pain: a multidisciplinary approach to the study of chronic pelvic pain
(MAPP) network study. Pain. 2017; 158: 1979-1991. https://doi.org/10.1097/j.pain.
0000000000001001 PMID: 28692006

Huang L, Kutch J, Ellingson BM, Martucci KT, Harris R, Clauw DJ, et al. Brain white matter changes

associated with urological chronic pelvic pain syndrome: multisite neuroimaging from a MAPP case-

control study. Pain. 2016; 157: 2782-2791. https://doi.org/10.1097/}.pain.0000000000000703 PMID:
27842046

Harper DE, Ichesco E, Schrepf A, Halvorson M, Puiu T, Clauw DJ, et al. Relationships between brain
metabolite levels, functional connectivity, and negative mood in urologic chronic pelvic pain syndrome
patients compared to controls: A MAPP research network study. Neurolmage Clin. 2018; 17: 570—
578. https://doi.org/10.1016/j.nicl.2017.11.014 PMID: 29201643

Kleinhans NM, Yang CC, Strachan ED, Buchwald DS, Maravilla KR. Alterations in Connectivity on
Functional Magnetic Resonance Imaging with Provocation of Lower Urinary Tract Symptoms: A
MAPP Research Network Feasibility Study of Urological Chronic Pelvic Pain Syndromes. J Urol.
2016; 195: 639-645. https://doi.org/10.1016/j.juro.2015.09.092 PMID: 26497778

Borsook D, Edwards R, Elman |, Becerra L, Levine J. Pain and analgesia: The value of salience cir-
cuits. Prog Neurobiol. 2013; 104: 93—105. https://doi.org/10.1016/j.pneurobio.2013.02.003 PMID:
23499729

Craig AD. Pain Mechanisms: Labeled Lines Versus Convergence in Central Processing. Annu Rev
Neurosci. 2003; 26: 1-30. https://doi.org/10.1146/annurev.neuro.26.041002.131022 PMID: 12651967

Bradford K, Shih W, Videlock EJ, Presson AP, Naliboff BD, Mayer EA, et al. Association Between
Early Adverse Life Events and Irritable Bowel Syndrome. Clin Gastroenterol Hepatol. 2012; 10: 385—
390. https://doi.org/10.1016/j.cgh.2011.12.018 PMID: 22178460

Gupta A, Kilpatrick L, Labus J, Tillisch K, Braun A, Hong J-Y, et al. Early adverse life events and rest-
ing state neural networks in patients with chronic abdominal pain: evidence for sex differences. Psy-
chosom Med. 2014; 76: 404—12. https://doi.org/10.1097/PSY.0000000000000089 PMID: 25003944

Naliboff BD, Stephens AJ, Afari N, Lai H, Krieger JN, Hong B, et al. Widespread psychosocial difficul-
ties in men and women with urologic chronic pelvic pain syndromes: Case-control findings from the
multidisciplinary approach to the study of chronic pelvic pain research network. Urology. Elsevier;
2015; 85: 1319-1327. https://doi.org/10.1016/j.urology.2015.02.047 PMID: 26099876

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 22/26


https://doi.org/10.1016/j.juro.2014.08.042
https://doi.org/10.1016/j.juro.2014.08.042
http://www.ncbi.nlm.nih.gov/pubmed/25132239
https://doi.org/10.1016/j.juro.2014.03.093
http://www.ncbi.nlm.nih.gov/pubmed/24681331
https://doi.org/10.1016/j.nicl.2015.05.013
https://doi.org/10.1016/j.nicl.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26106574
https://doi.org/10.1097/j.pain.0000000000000238
https://doi.org/10.1097/j.pain.0000000000000238
http://www.ncbi.nlm.nih.gov/pubmed/26010458
http://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0140250&type=printable
https://doi.org/10.1371/journal.pone.0140250
https://doi.org/10.1371/journal.pone.0140250
http://www.ncbi.nlm.nih.gov/pubmed/26460744
https://doi.org/10.1016/j.juro.2014.08.042
https://doi.org/10.1016/j.juro.2014.08.042
http://www.ncbi.nlm.nih.gov/pubmed/25132239
https://doi.org/10.1097/j.pain.0000000000000745
https://doi.org/10.1097/j.pain.0000000000001001
https://doi.org/10.1097/j.pain.0000000000001001
http://www.ncbi.nlm.nih.gov/pubmed/28692006
https://doi.org/10.1097/j.pain.0000000000000703
http://www.ncbi.nlm.nih.gov/pubmed/27842046
https://doi.org/10.1016/j.nicl.2017.11.014
http://www.ncbi.nlm.nih.gov/pubmed/29201643
https://doi.org/10.1016/j.juro.2015.09.092
http://www.ncbi.nlm.nih.gov/pubmed/26497778
https://doi.org/10.1016/j.pneurobio.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23499729
https://doi.org/10.1146/annurev.neuro.26.041002.131022
http://www.ncbi.nlm.nih.gov/pubmed/12651967
https://doi.org/10.1016/j.cgh.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22178460
https://doi.org/10.1097/PSY.0000000000000089
http://www.ncbi.nlm.nih.gov/pubmed/25003944
https://doi.org/10.1016/j.urology.2015.02.047
http://www.ncbi.nlm.nih.gov/pubmed/26099876
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, Mccarthy MM, et al. Early Life Programming
and Neurodevelopmental Disorders. Biol Psychiatry. 2010; 68: 314—319. https://doi.org/10.1016/j.
biopsych.2010.05.028 PMID: 20674602

Cottrell E, Seckl JR. Prenatal stress, glucocorticoids and the programming of adult disease. Front
Behav Neurosci. 2009;3. https://doi.org/10.3389/neuro.08.003.2009

Teicher MH, Andersen SL, Polcari A, Anderson CM, Navalta CP. Developmental neurobiology of
childhood stress and trauma. Psychiatr Clin North Am. 2002; 25: 397—-426. Available: http://www.
psych.theclinics.com/article/S0193-953X(01)00003-X/pdf PMID: 12136507

Teicher MH, Andersen SL, Polcari A, Anderson CM, Navalta CP, Kim DM. The neurobiological conse-
quences of early stress and childhood maltreatment. Neurosci Biobehav Rev. 2003; 27: 33—44.
https://doi.org/10.1016/S0149-7634(03)00007-1 PMID: 12732221

Teicher MH, Samson JA, Anderson CM, Ohashi K. The effects of childhood maltreatment on brain
structure, function and connectivity. Nat Rev Neurosci. Nature Publishing Group; 2016; 17: 652—666.
https://doi.org/10.1038/nrn.2016.111 PMID: 27640984

Gupta A, Kilpatrick L, Labus J, Tillisch K, Braun A, Hong J-Y, et al. Early Adverse Life Events and Rest-
ing State Neural Networks in Patients with Chronic Abdominal Pain: Evidence for Sex Differences.
Psychosom Med. 2014; 76: 404—412. hitps://doi.org/10.1097/PSY.0000000000000089 PMID:
25003944

Gupta A, Mayer EA, Acosta JR, Hamadani K, Torgerson C, van Horn JD, et al. Early adverse life
events are associated with altered brain network architecture in a sex- dependent manner. Neurobiol
Stress. 2017; 7: 16—26. https://doi.org/10.1016/j.ynstr.2017.02.003 PMID: 28239631

Aas M, Navari S, Gibbs A, Mondelli V, Fisher HL, Morgan C, et al. Is there a link between childhood
trauma, cognition, and amygdala and hippocampus volume in first-episode psychosis? Schizophr
Res. 2012; 137: 73-79. https://doi.org/10.1016/j.schres.2012.01.035 PMID: 22353995

Grant MM, Cannistraci C, Hollon SD, Gore J, Shelton R. Childhood trauma history differentiates amyg-
dala response to sad faces within MDD. J Psychiatr Res. 2011; 45: 886—895. https://doi.org/10.1016/j.
jpsychires.2010.12.004 PMID: 21276593

Teicher MH, Anderson CM, Polcari A, Mcewen BS. Childhood maltreatment is associated with
reduced volume in the hippocampal subfields CA3, dentate gyrus, and subiculum. PNAS. 2012; 109:
E563—-E572. https://doi.org/10.1073/pnas. 1115396109 PMID: 22331913

Bullmore E, Sporns O. The economy of brain network organization. Nat Neurosci Rev. 2012; 13: 336—
349.

Rubinov M, Sporns O. Complex network measures of brain connectivity: Uses and interpretations.
Neuroimage. 2010; 52: 1059—1069. https://doi.org/10.1016/j.neuroimage.2009.10.003 PMID:
19819337

Sporns O. Structure and function of complex brain networks. Dialogues Clin Neurosci. 2013; 15: 247—
262. PMID: 24174898

Martucci KT, Mackey SC. Neuroimaging of Pain: Human Evidence and Clinical Relevance of Central
Nervous System Processes and Modulation. Anesthesiology. 2018; 128: 1241-1254. https://doi.org/
10.1097/ALN.0000000000002137 PMID: 29494401

Kilpatrick LA, Kutch JJ, Tillisch K, Naliboff BD, Labus JS, Jiang Z, et al. Alterations in Resting State
Oscillations and Connectivity in Sensory and Motor Networks in Women with Interstitial Cystitis/Painful
Bladder Syndrome. J Urol. 2014; 192: 947-955. https://doi.org/10.1016/j.juro.2014.03.093 PMID:
24681331

Gupta A, Mayer EA, Fling C, Labus JS, Naliboff BD, Hong J-Y, et al. Sex-Based Differences in Brain
Alterations Across Chronic Pain Conditions. J Neurosicence Res. 2016;

Bluhm RL, Osuch EA, Lanius RA, Boksman K, Neufeld RWJ, Théberge J, et al. Default mode network
connectivity: Effects of age, sex, and analytic approach. Neuroreport. 2008; 19: 887-891. https://doi.
org/10.1097/WNR.0b013e328300ebbf PMID: 18463507

Pennebaker JW, Susman JR. Disclosure of traumas and psychosomatic processes. Soc Sci Med.
1988; 26: 327-332. https://doi.org/10.1016/0277-9536(88)90397-8 PMID: 3279521

Litwin MS, McNaughton-Collins M, Fowler FJJ, Nickel JC, Calhoun EA, Pontari MA, et al. The National
Institutes of Health chronic prostatitis symptom index: development and validation of a new outcome
measure. Chronic Prostatitis Collaborative Research Network. J Urol. 1999; 162: 369-375. Available:
http://www.ncbi.nim.nih.gov/pubmed/10411041 PMID: 10411041

Clemens JQ, Calhoun EA, Litwin MS, Mcnaughton-Collins M, Kusek JW, Crowley EM, et al. Validation
of a Modified National Institutes of Health Chronic Prostatitis Symptom Index to Assess Genitourinary
Pain in Both Men and Women Landis for the Urologic Pelvic Pain Collaborative Research Network.
Urology. 2009; 74: 983-987. https://doi.org/10.1016/j.urology.2009.06.078 PMID: 19800663

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 23/26


https://doi.org/10.1016/j.biopsych.2010.05.028
https://doi.org/10.1016/j.biopsych.2010.05.028
http://www.ncbi.nlm.nih.gov/pubmed/20674602
https://doi.org/10.3389/neuro.08.003.2009
http://www.psych.theclinics.com/article/S0193-953X(01)00003-X/pdf
http://www.psych.theclinics.com/article/S0193-953X(01)00003-X/pdf
http://www.ncbi.nlm.nih.gov/pubmed/12136507
https://doi.org/10.1016/S0149-7634(03)00007-1
http://www.ncbi.nlm.nih.gov/pubmed/12732221
https://doi.org/10.1038/nrn.2016.111
http://www.ncbi.nlm.nih.gov/pubmed/27640984
https://doi.org/10.1097/PSY.0000000000000089
http://www.ncbi.nlm.nih.gov/pubmed/25003944
https://doi.org/10.1016/j.ynstr.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28239631
https://doi.org/10.1016/j.schres.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22353995
https://doi.org/10.1016/j.jpsychires.2010.12.004
https://doi.org/10.1016/j.jpsychires.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21276593
https://doi.org/10.1073/pnas.1115396109
http://www.ncbi.nlm.nih.gov/pubmed/22331913
https://doi.org/10.1016/j.neuroimage.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19819337
http://www.ncbi.nlm.nih.gov/pubmed/24174898
https://doi.org/10.1097/ALN.0000000000002137
https://doi.org/10.1097/ALN.0000000000002137
http://www.ncbi.nlm.nih.gov/pubmed/29494401
https://doi.org/10.1016/j.juro.2014.03.093
http://www.ncbi.nlm.nih.gov/pubmed/24681331
https://doi.org/10.1097/WNR.0b013e328300ebbf
https://doi.org/10.1097/WNR.0b013e328300ebbf
http://www.ncbi.nlm.nih.gov/pubmed/18463507
https://doi.org/10.1016/0277-9536(88)90397-8
http://www.ncbi.nlm.nih.gov/pubmed/3279521
http://www.ncbi.nlm.nih.gov/pubmed/10411041
http://www.ncbi.nlm.nih.gov/pubmed/10411041
https://doi.org/10.1016/j.urology.2009.06.078
http://www.ncbi.nlm.nih.gov/pubmed/19800663
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Dale AM, Fischl B, Sereno MI. Cortical Surface-Based Analysis: |. Segmentation and Surface Recon-
struction. Neuroimage. 1999; 9: 179—194. https://doi.org/10.1006/nimg.1998.0395 PMID: 9931268

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Neurotechnique Whole Brain
Segmentation: Automated Labeling of Neuroanatomical Structures in the Human Brain. Neuron.
2002; 33: 341-355. Available: http://ac.els-cdn.com/S089662730200569X/1-s2.0-
S089662730200569X-main.pdf?_tid=bb18d95e-1e29-11e7-a462-00000aacb361&acdnat=
1491855204 _865f6ed19281bafb7536e130852098d7 PMID: 11832223

Fischl B, Sereno MI, Dale AM. Cortical Surface-Based Analysis: II: Inflation, Flattening, and a Surface-
Based Coordinate System. Neuroimage. 1999; 9: 195-207. https://doi.org/10.1006/nimg.1998.0396
PMID: 9931269

Irimia A, Chambers MC, Torgerson CM, Horn JD Van. Circular representation of human cortical net-
works for subject and population-level connectomic visualization. Neuroimage. 2012; 60: 1340—1351.
https://doi.org/10.1016/j.neuroimage.2012.01.107 PMID: 22305988

Power JD, Mitra A, Laumann TO, Snyder AZ, Schlaggar BL, Petersen SE. Methods to detect, charac-
terize, and remove motion artifact in resting state fMRI. Neuroimage. 2014; 84: 320-341. https://doi.
org/10.1016/j.neuroimage.2013.08.048 PMID: 23994314

Labus J, Anavim A, Kutch J, Gupta A, Alveradyan M, Farmer MA, et al. Altered Functional Brain Con-
nectomes in Chronic Pelvic Pain. Neurolmage Clin. 2017; Under Review.

Mayer EA, Labus JS, Tillisch K, Cole SW, Baldi P. Towards a systems view of IBS. Nat Rev Gastroen-
terol Hepatol. Nature Publishing Group; 2015; 12: 592—-605. https://doi.org/10.1038/nrgastro.2015.
121 PMID: 26303675

Kim JH, Lee JM, Jo HJ, Kim SH, Lee JH, Kim ST, et al. Defining functional SMA and pre-SMA subre-
gions in human MFC using resting state fMRI: Functional connectivity-based parcellation method.
Neuroimage. 2010; 49: 2375-86. https://doi.org/10.1016/j.neuroimage.2009.10.016 PMID: 19837176

Picard N, Strick PL. Motor areas of the medial wall: A review of their location and functional activation.
Cereb Cortex. 1996; 6: 342-53. https://doi.org/10.1093/cercor/6.3.342 PMID: 8670662

Whitfield-Gabrieli S, Nieto-Castanon A. Conn: A Functional Connectivity Toolbox for Correlated and
Anticorrelated Brain Networks. Brain Connect. 2012; 2: 125—141. https://doi.org/10.1089/brain.2012.
0073 PMID: 22642651

Van Den Heuvel MP, De Lange SC, Zalesky A, Seguin C, Yeo BTT, Schmidt R. Proportional thresh-
olding in resting-state fMRI functional connectivity networks and consequences for patient-control con-
nectome studies: Issues and recommendations. Neuroimage. 2017; 152: 437—-449. https://doi.org/10.
1016/j.neuroimage.2017.02.005 PMID: 28167349

Sawilowsky SS. New Effect Size Rules of Thumb. J Mod Appl Stat Methods. 2009; 8: 467—-474.
https://doi.org/10.22237/jmasm/1257035100

Spielberg JM. Graph theoretic general linear model (GTG): a MATLAB toolbox. Brain Connect. 2014;
4: A1-A158. https://doi.org/10.1089/brain.2014.1501.abstracts

Xia M, Wang J, He Y. BrainNet Viewer: A Network Visualization Tool for Human Brain Connectomics.
PLoS One. 2013; 8: €68910. https://doi.org/10.1371/journal.pone.0068910 PMID: 23861951

Kucyi A, Salomons T V, Davis KD. Mind wandering away from pain dynamically engages antinocicep-
tive and default mode brain networks. PNAS. 2013; 110: 18692—-18697. https://doi.org/10.1073/pnas.
1312902110 PMID: 24167282

Davis KD, Flor H, Greely HT, lannetti GD, Mackey S, Ploner M, et al. Brain imaging tests for chronic
pain: medical, legal and ethical issues and recommendations. Nat Rev Neurol. Nature Publishing
Group; 2017; 13: 624-638. https://doi.org/10.1038/nrneurol.2017.122 PMID: 28884750

Baliki MN, Mansour AR, Baria AT, Apkarian AV, Zang Y-F. Functional Reorganization of the Default
Mode Network across Chronic Pain Conditions. PLoS One. 2014; 9: e106133. https://doi.org/10.1371/
journal.pone.0106133 PMID: 25180885

Goffaux P, Girard-Tremblay L, Marchand S, Daigle K, Whittingstall K. Individual differences in pain
sensitivity vary as a function of precuneus reactivity. Brain Topogr. 2014; 27: 366—-374. https://doi.org/
10.1007/s10548-013-0291-0 PMID: 23636269

Kucyi A, Moayedi M, Weissman-Fogel |, Goldberg MB, Freeman B V, Tenenbaum HC, et al.
Enhanced Medial Prefrontal-Default Mode Network Functional Connectivity in Chronic Pain and lts
Association with Pain Rumination. J Neurosci. 2014; 34: 3969—-3975. https://doi.org/10.1523/
JNEUROSCI.5055-13.2014 PMID: 24623774

Loggia ML, Kim J, Gollub RL, Vangel MG, Kirsch |, Kong J, et al. Default Mode Network Connectivity
Encodes Clinical Pain: An Arterial Spin Labeling Study. Pain. 2013; 154: 24-33. https://doi.org/10.
1016/j.pain.2012.07.029 PMID: 23111164

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 24/26


https://doi.org/10.1006/nimg.1998.0395
http://www.ncbi.nlm.nih.gov/pubmed/9931268
http://ac.els-cdn.com/S089662730200569X/1-s2.0-S089662730200569X-main.pdf?_tid=bb18d95e-1e29-11e7-a462-00000aacb361&acdnat=1491855204_865f6ed19281bafb7536e130852098d7
http://ac.els-cdn.com/S089662730200569X/1-s2.0-S089662730200569X-main.pdf?_tid=bb18d95e-1e29-11e7-a462-00000aacb361&acdnat=1491855204_865f6ed19281bafb7536e130852098d7
http://ac.els-cdn.com/S089662730200569X/1-s2.0-S089662730200569X-main.pdf?_tid=bb18d95e-1e29-11e7-a462-00000aacb361&acdnat=1491855204_865f6ed19281bafb7536e130852098d7
http://www.ncbi.nlm.nih.gov/pubmed/11832223
https://doi.org/10.1006/nimg.1998.0396
http://www.ncbi.nlm.nih.gov/pubmed/9931269
https://doi.org/10.1016/j.neuroimage.2012.01.107
http://www.ncbi.nlm.nih.gov/pubmed/22305988
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1016/j.neuroimage.2013.08.048
http://www.ncbi.nlm.nih.gov/pubmed/23994314
https://doi.org/10.1038/nrgastro.2015.121
https://doi.org/10.1038/nrgastro.2015.121
http://www.ncbi.nlm.nih.gov/pubmed/26303675
https://doi.org/10.1016/j.neuroimage.2009.10.016
http://www.ncbi.nlm.nih.gov/pubmed/19837176
https://doi.org/10.1093/cercor/6.3.342
http://www.ncbi.nlm.nih.gov/pubmed/8670662
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1089/brain.2012.0073
http://www.ncbi.nlm.nih.gov/pubmed/22642651
https://doi.org/10.1016/j.neuroimage.2017.02.005
https://doi.org/10.1016/j.neuroimage.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28167349
https://doi.org/10.22237/jmasm/1257035100
https://doi.org/10.1089/brain.2014.1501.abstracts
https://doi.org/10.1371/journal.pone.0068910
http://www.ncbi.nlm.nih.gov/pubmed/23861951
https://doi.org/10.1073/pnas.1312902110
https://doi.org/10.1073/pnas.1312902110
http://www.ncbi.nlm.nih.gov/pubmed/24167282
https://doi.org/10.1038/nrneurol.2017.122
http://www.ncbi.nlm.nih.gov/pubmed/28884750
https://doi.org/10.1371/journal.pone.0106133
https://doi.org/10.1371/journal.pone.0106133
http://www.ncbi.nlm.nih.gov/pubmed/25180885
https://doi.org/10.1007/s10548-013-0291-0
https://doi.org/10.1007/s10548-013-0291-0
http://www.ncbi.nlm.nih.gov/pubmed/23636269
https://doi.org/10.1523/JNEUROSCI.5055-13.2014
https://doi.org/10.1523/JNEUROSCI.5055-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24623774
https://doi.org/10.1016/j.pain.2012.07.029
https://doi.org/10.1016/j.pain.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/23111164
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Corbetta M, Patel G, Shulman GL. The Reorienting System of the Human Brain: From Environment to
Theory of Mind. Neuron. 2008; 58: 306—324. https://doi.org/10.1016/j.neuron.2008.04.017 PMID:
18466742

Downar J, Mikulis DJ, Davis KD. Neural correlates of the prolonged salience of painful stimulation.
Neuroimage. 2003; 20: 1540-1551. https://doi.org/10.1016/S1053-8119(03)00407-5 PMID:
14642466

Craig AD. How do you feel—now? The anterior insula and human awareness. Nat Rev Neurosci.
2009; 10: 59-70. https://doi.org/10.1038/nr2555 PMID: 19096369

Vogt BA. Pain and Emotion Interactions in Subregions of the Cingulate Gyrus. Nat Rev Neurosci.
2005; 6: 533-544. https://doi.org/10.1038/nrn1704 PMID: 15995724

Teicher MH, Anderson CM, Ohashi K, Polcari A. Childhood Maltreatment: Altered Network Centrality
of Cingulate, Precuneus, Temporal Pole and Insula. Biol Psychiatry. 2014; 76: 297-305. https://doi.
org/10.1016/j.biopsych.2013.09.016 PMID: 24209775

Choi J, Jeong B, Rohan ML, Polcari AM, Teicher MH. Preliminary Evidence for White Matter Tract
Abnormalities in Young Adults Exposed to Parental Verbal Abuse. Biol Psychiatry. 2009; 65: 227—234.
https://doi.org/10.1016/j.biopsych.2008.06.022 PMID: 18692174

Tomoda A, Sheu Y-S, Rabi K, Suzuki H, Navalta CP, Polcari A, et al. Exposure to parental verbal
abuse is associated with increased gray matter volume in superior temporal gyrus. Neuroimage. 2011;
54: S280-S286. https://doi.org/10.1016/j.neuroimage.2010.05.027 PMID: 20483374

Ross LA, Olson IR. Social cognition and the anterior temporal lobes. Neuroimage. 2009; 49: 3452—
3462. https://doi.org/10.1016/j.neuroimage.2009.11.012 PMID: 19931397

Cavanna AE, Trimble MR. The precuneus: a review of its functional anatomy and behavioural corre-
lates. Brain. 2006; 129: 564—583. https://doi.org/10.1093/brain/awl004 PMID: 16399806

Adenzato M, Brambilla M, Manenti R, De Lucia L, Trojano L, Garofalo S, et al. Gender differences in
cognitive Theory of Mind revealed by transcranial direct current stimulation on medial prefrontal cortex.
Sci Rep. 2017;7. https://doi.org/10.1038/s41598-017-00035-9

Calero Cl, Salles A, Semelman M, Sigman M, Ibanez A, Huepe D, et al. Age and gender dependent
development of Theory of Mind in 6- to 8-years old children. Front Hum Neurosci. 2013;7. https://doi.
org/10.3389/fnhum.2013.00007

Budell L, Kunz M, Jackson PL, Rainville P. Mirroring Pain in the Brain: Emotional Expression versus
Motor Imitation. PLoS One. 2015; 10: e0107526. https://doi.org/10.1371/journal.pone.0107526 PMID:
25671563

Boggero IA, Carlson CR. Somatosensory and Affective Contributions to Emotional, Social, and Daily
Functioning in Chronic Pain Patients. Pain Med. 2015; 16: 341-347. https://doi.org/10.1111/pme.
12598 PMID: 25351790

Gupta A, Rapkin AJ, Gill Z, Kilpatrick L, Fling C, Stains J, et al. Disease-Related Differences in Resting
State Networks: A Comparison between Localized Provoked Vulvodynia, Irritable Bowel Syndrome,
and Healthy Control Subjects. Pain. 2015; 156: 809-819. https://doi.org/10.1097/01.j.pain.
0000461289.65571.54 PMID: 25735001

Hemington K, Wu Q, Kucyi A, Inman R, Davis K. Abnormal cross-network functional connectivity in
chronic pain and its association with clinical symptoms. Brain Struct Funct. 2016; 221: 4203—4219.
Available: http://download.springer.com/static/pdf/719/art%253A10.1007%252Fs00429-015-1161-1.
pdf?originUrl=http%3A%2F %2Flink.springer.com%2Farticle%2F10.1007%2Fs00429-015-1161-
1&token2=exp=1491851361~acl=%2Fstatic%2Fpdf%2F719%2Fart%25253A10.1007%
25252Fs00429-015-116 https://doi.org/10.1007/s00429-015-1161-1 PMID: 26669874

Zhang D.; YuC.; LiM.; Zang Y.; Liu Y.; Walter M. B. T. Altered baseline brain activity differentiates
regional mechanisms subserving biological and psychological alterations in obese men. Sci Rep.
2015/06/24.2015; 5: 11563. https://doi.org/10.1038/srep11563 PMID: 26099208

Seghier ML. The Angular Gyrus: Multiple Functions and Multiple Subdivisions. Neurosci. 2013; 19:
43-61. https://doi.org/10.1177/1073858412440596 PMID: 22547530

Mak LE, Minuzzi L, Macqueen G, Hall G, Kennedy SH, Milev R. The Default Mode Network in Healthy
Individuals: A Systematic Review and Meta-Analysis. Brain Connect. 2017; 7: 25-33. https://doi.org/
10.1089/brain.2016.0438 PMID: 27917679

Baumgartner U, Buchholz H-G, Bellosevich A, Magerl W, Siessmeier T, Rolke R, et al. High opiate
receptor binding potential in the human lateral pain system. Neuroimage. 2006; 30: 692—699. https://
doi.org/10.1016/j.neuroimage.2005.10.033 PMID: 16337817

Jones AKP, Qil LY, Fujirawa T, Luthral SK, Ashburner J, Bloomfield P, et al. In vivo distribution of opi-
oid receptors in man in relation to the cortical projections of the medial and lateral pain systems mea-
sured with positron emission tomography. Neurosci Lett. 1991; 126: 25-28. Available: https://ac.els-

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 25/26


https://doi.org/10.1016/j.neuron.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18466742
https://doi.org/10.1016/S1053-8119(03)00407-5
http://www.ncbi.nlm.nih.gov/pubmed/14642466
https://doi.org/10.1038/nrn2555
http://www.ncbi.nlm.nih.gov/pubmed/19096369
https://doi.org/10.1038/nrn1704
http://www.ncbi.nlm.nih.gov/pubmed/15995724
https://doi.org/10.1016/j.biopsych.2013.09.016
https://doi.org/10.1016/j.biopsych.2013.09.016
http://www.ncbi.nlm.nih.gov/pubmed/24209775
https://doi.org/10.1016/j.biopsych.2008.06.022
http://www.ncbi.nlm.nih.gov/pubmed/18692174
https://doi.org/10.1016/j.neuroimage.2010.05.027
http://www.ncbi.nlm.nih.gov/pubmed/20483374
https://doi.org/10.1016/j.neuroimage.2009.11.012
http://www.ncbi.nlm.nih.gov/pubmed/19931397
https://doi.org/10.1093/brain/awl004
http://www.ncbi.nlm.nih.gov/pubmed/16399806
https://doi.org/10.1038/s41598-017-00035-9
https://doi.org/10.3389/fnhum.2013.00007
https://doi.org/10.3389/fnhum.2013.00007
https://doi.org/10.1371/journal.pone.0107526
http://www.ncbi.nlm.nih.gov/pubmed/25671563
https://doi.org/10.1111/pme.12598
https://doi.org/10.1111/pme.12598
http://www.ncbi.nlm.nih.gov/pubmed/25351790
https://doi.org/10.1097/01.j.pain.0000461289.65571.54
https://doi.org/10.1097/01.j.pain.0000461289.65571.54
http://www.ncbi.nlm.nih.gov/pubmed/25735001
http://download.springer.com/static/pdf/719/art%253A10.1007%252Fs00429-015-1161-1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs00429-015-1161-1&token2=exp=1491851361~acl=%2Fstatic%2Fpdf%2F719%2Fart%25253A10.1007%25252Fs00429-015-116
http://download.springer.com/static/pdf/719/art%253A10.1007%252Fs00429-015-1161-1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs00429-015-1161-1&token2=exp=1491851361~acl=%2Fstatic%2Fpdf%2F719%2Fart%25253A10.1007%25252Fs00429-015-116
http://download.springer.com/static/pdf/719/art%253A10.1007%252Fs00429-015-1161-1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs00429-015-1161-1&token2=exp=1491851361~acl=%2Fstatic%2Fpdf%2F719%2Fart%25253A10.1007%25252Fs00429-015-116
http://download.springer.com/static/pdf/719/art%253A10.1007%252Fs00429-015-1161-1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs00429-015-1161-1&token2=exp=1491851361~acl=%2Fstatic%2Fpdf%2F719%2Fart%25253A10.1007%25252Fs00429-015-116
https://doi.org/10.1007/s00429-015-1161-1
http://www.ncbi.nlm.nih.gov/pubmed/26669874
https://doi.org/10.1038/srep11563
http://www.ncbi.nlm.nih.gov/pubmed/26099208
https://doi.org/10.1177/1073858412440596
http://www.ncbi.nlm.nih.gov/pubmed/22547530
https://doi.org/10.1089/brain.2016.0438
https://doi.org/10.1089/brain.2016.0438
http://www.ncbi.nlm.nih.gov/pubmed/27917679
https://doi.org/10.1016/j.neuroimage.2005.10.033
https://doi.org/10.1016/j.neuroimage.2005.10.033
http://www.ncbi.nlm.nih.gov/pubmed/16337817
https://ac.els-cdn.com/030439409190362W/1-s2.0-030439409190362W-main.pdf?_tid=2a905265-dd76-40b7-a5a6-37ee34159258&acdnat=1540107676_e4d3cd1fe595d7ca94fcbbc686f29abb
https://doi.org/10.1371/journal.pone.0217610

@ PLOS|ONE

Early adversity and network properties in UCPPS

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

cdn.com/030439409190362W/1-s2.0-030439409190362W-main.pdf?_tid=2a905265-dd76-40b7-
aba6-37ee341592588&acdnat=1540107676_e4d3cd1fe595d7ca94fcbbc686f29abb PMID: 1650933

Chudler EH, Dong WK. The role of the basal ganglia in nociception and pain. Pain. 1995; 60: 3—-38.
https://doi.org/10.1016/0304-3959(94)00172-B PMID: 7715939

Brown CA, Matthews J, Fairclough M, Mcmahon A, Barnett E, Al-Kaysi A, et al. Striatal opioid receptor
availability is related to acute and chronic pain perception in arthritis: does opioid adaptation increase
resilience to chronic pain? Pain. 2015; 156: 2267—2275. https://doi.org/10.1097/j.pain.
0000000000000299 PMID: 26176892

Zubieta J-K, Dannals RF, James J. Gender and Age Influences on Human Brain Mu-Opioid Receptor
Binding Measured by PET. Am J Psychiatry. 1999;156. Available: https://ajp.psychiatryonline.org/doi/
pdf/10.1176/ajp.156.6.842

Rasakham K, Liu-Chen L-Y. Sex differences in kappa opioid pharmacology. Life Sci. 2011; 88: 2—16.
https://doi.org/10.1016/j.1fs.2010.10.007 PMID: 20951148

Gordon EM, Laumann TO, Adeyemo B, Huckins JF, Kelley WM, Petersen SE. Generation and Evalu-
ation of a Cortical Area Parcellation from Resting-State Correlations. Cereb Cortex. 2014; 26: 288—
303. https://doi.org/10.1093/cercor/bhu239 PMID: 25316338

Dosenbach NUF, Nardos B, Cohen AL, Fair DA, Power JD, Church JA, et al. Prediction of individual
brain maturity using fMRI. Science (80-). 2010; 329: 1358—1361. https://doi.org/10.1126/science.
1194144 PMID: 20829489

Park B, Ko JH, Lee JD, Park H-J. Evaluation of Node-Inhomogeneity Effects on the Functional Brain
Network Properties Using an Anatomy-Constrained Hierarchical Brain Parcellation. PLoS One. 2013;
8: €74935. https://doi.org/10.1371/journal.pone.0074935 PMID: 24058640

Arslan S, Ktena Sl, Makropoulos A, Robinson EC, Rueckert D, Parisot S. Human brain mapping: A
systematic comparison of parcellation methods for the human cerebral cortex. Neuroimage. 2018;
170: 5-30. https://doi.org/10.1016/j.neuroimage.2017.04.014 PMID: 28412442

Glasser MF, Coalson TS, Robinson EC, Hacker CD, Harwell J, Yacoub E, et al. A multi-modal parcel-
lation of human cerebral cortex. Nature. 2016; 536: 171-178. https://doi.org/10.1038/nature 18933
PMID: 27437579

Gordon EM, Laumann TO, Adeyemo B, Huckins JF, Kelley WM, Petersen SE. Generation and Evalu-
ation of a Cortical Area Parcellation from Resting-State Correlations. Cereb Cortex. 2016; 26: 288—
303. https://doi.org/10.1093/cercor/bhu239 PMID: 25316338

Simons LE, EIman |, Borsook D. Psychological processing in chronic pain: A neural systems
approach. Neurosci Biobehav Rev. 2014; 39: 61-78. https://doi.org/10.1016/j.neubiorev.2013.12.006
PMID: 24374383

PLOS ONE | https://doi.org/10.1371/journal.pone.0217610  June 20, 2019 26/26


https://ac.els-cdn.com/030439409190362W/1-s2.0-030439409190362W-main.pdf?_tid=2a905265-dd76-40b7-a5a6-37ee34159258&acdnat=1540107676_e4d3cd1fe595d7ca94fcbbc686f29abb
https://ac.els-cdn.com/030439409190362W/1-s2.0-030439409190362W-main.pdf?_tid=2a905265-dd76-40b7-a5a6-37ee34159258&acdnat=1540107676_e4d3cd1fe595d7ca94fcbbc686f29abb
http://www.ncbi.nlm.nih.gov/pubmed/1650933
https://doi.org/10.1016/0304-3959(94)00172-B
http://www.ncbi.nlm.nih.gov/pubmed/7715939
https://doi.org/10.1097/j.pain.0000000000000299
https://doi.org/10.1097/j.pain.0000000000000299
http://www.ncbi.nlm.nih.gov/pubmed/26176892
https://ajp.psychiatryonline.org/doi/pdf/10.1176/ajp.156.6.842
https://ajp.psychiatryonline.org/doi/pdf/10.1176/ajp.156.6.842
https://doi.org/10.1016/j.lfs.2010.10.007
http://www.ncbi.nlm.nih.gov/pubmed/20951148
https://doi.org/10.1093/cercor/bhu239
http://www.ncbi.nlm.nih.gov/pubmed/25316338
https://doi.org/10.1126/science.1194144
https://doi.org/10.1126/science.1194144
http://www.ncbi.nlm.nih.gov/pubmed/20829489
https://doi.org/10.1371/journal.pone.0074935
http://www.ncbi.nlm.nih.gov/pubmed/24058640
https://doi.org/10.1016/j.neuroimage.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28412442
https://doi.org/10.1038/nature18933
http://www.ncbi.nlm.nih.gov/pubmed/27437579
https://doi.org/10.1093/cercor/bhu239
http://www.ncbi.nlm.nih.gov/pubmed/25316338
https://doi.org/10.1016/j.neubiorev.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24374383
https://doi.org/10.1371/journal.pone.0217610

