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Abstract

Purpose—uUrologic chronic pelvic pain syndromes (UCPPS) have refractory bladder or pelvic
pain as their dominant symptom, which has been attributed to changes in the central nervous
system caused by a chronic barrage of noxious stimuli. We developed a novel challenge protocol
that induces bladder distention in study participants to reproduce pain and urinary symptoms, and
tested to see whether it could discriminate between persons with UCPPS-like symptoms and
asymptomatic controls.

Methods—We recruited 10 female twin pairs who were discordant for UCPPS-like symptoms.
Before scanning, each twin urinated to completion, then consumed 500 cc of water. Each twin was
scanned with our resting state functional magnetic resonance imaging (rsfMRI) protocol
immediately, and approximately 50 minutes after consumption. Time series were extracted from
the right and left periaqueductal gray (PAG) and right and left amygdala subregions. We conducted
a repeated-measures, two-sample t-test to assess differences in connectivity between symptomatic
and asymptomatic twins before and after bladder distention.

Results—Group-by-condition interaction effects were found from the PAG to the right
cerebellum Vllla, amygdala, right premotor cortex/supplementary motor area, and insular cortex;
and between the amygdala and the frontal pole/medial orbital frontal cortex, hypothalamus, insular
cortex, thalamus, and anterior cingulate cortex.
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Conclusions—These findings demonstrate that our non-invasive bladder distention protocol can
detect differences in the processing of urinary sensation between twins discordant for lower
urinary tract pain.
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Introduction

Urologic chronic pelvic pain syndromes (UCPPS), also known as interstitial cystitis/bladder
pain syndrome and chronic prostatitis/male chronic pelvic pain syndrome, have bladder or
pelvic pain as their dominant symptom 1. Pain is typically compounded by bladder
distention and is associated with lower urinary tract (LUT) symptoms such as frequency and
urgency. While some patients experience mild symptoms of relatively short duration that
respond to current treatments, a significant proportion have refractory symptomatology?.

A key finding in chronic pain research, including studies of UCPPS, is the identification of
central nervous system (CNS) changes that result in altered pain perception 3-6. Such
alteration is believed to reflect central sensitization that originates in the hyperexcitability of
dorsal horn neurons in the spinal cord 7. CNS alterations can amplify and spread pain
through increased central neural connections, triggering sensory neurons to release
substances that cause peripheral hyperexcitability in adjoining sensory nerves. However, the
mechanisms by which CNS processes relate to symptom chronicity or localization in
UCPPS remain uncertain. Because the defining criterion for UCPPS is chronic pain, the
concept of CNS alteration, including changes in processing sensory information, is critical
to understanding these conditions.

Growing recognition of the importance of the CNS in pain maintenance has led to an
explosion of structural and functional neuroimaging investigations of chronic pain 8.
Preliminary studies indicate that CNS changes are present in persons with UCPPS, as
measured by fMRI®11, Neuroimaging studies in other non-urologic chronic pain syndromes
have also returned evidence for CNS changes!2-14, What is unique to UCPPS is that pain can
be reliably provoked or exacerbated with bladder distention. If the bladder could be
distended in an experimental situation, this would provide an opportunity to examine brain
changes in patients not only at rest, but with provocation of urinary and pelvic pain
symptoms.

During the first phase of the Multidisciplinary Approach to the Study of Chronic Pelvic Pain
(MAPP) Research Network (www.mappnetwork.org), we developed a novel, non-invasive
challenge protocol to reproduce urinary and bladder pain symptoms through provoked
diuresis. Our intention was to develop a testing paradigm to compare CNS changes before
and after the provocation of urinary tract symptoms. This proof of principle study was
conducted to demonstrate the feasibility of this protocol, both to elicit symptoms as well as
to identify brain activity differences between women with and without UCPPS-like
symptoms.

J Urol. Author manuscript; available in PMC 2017 March 01.


http://www.mappnetwork.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kleinhans et al.

Page 3

Materials and Methods

Overview

We measured changes in brain activity by performing resting-state fMRI (rsfMRI) of
participants with an empty bladder, and after they consumed 500 cc of water. In this
exploratory study, we used a region of interest (ROI) approach to investigate potential CNS
mediators of UCPPS by focusing on brain areas associated with bladder and LUT function,
pain modulation, and emational regulation. Control of the bladder and LUT depends on
proper functioning of brain areas that regulate the micturition reflex1>-16, Brain areas
common to both the micturition reflex and pain modulation include the nucleus raphe
magnum, nucleus locus coeruleus alpha, and periaqueductal gray (PAG)’. We selected the
PAG as one ROI, since it is involved in both micturition and pain modulation. We also
sought to identify changes in functional connectivity from the amygdala, a component of the
limbic system that may be involved in suppressing unpleasant sensations provoked by
bladder filling, such as urgency6. By “connectivity” we refer to a covariance measurement
of synchronous brain activity in distinct brain areas, as detected by rsfMRI.

Participant Selection

The Institutional Review Board at our medical center approved this study protocol. From the
University of Washington Twin Registry’8, we recruited 10 female twin pairs (5
monozygotic, 5 dizygotic; N=20) who were discordant for UCPPS-like symptoms on a
screening questionnaire. This community-based recruitment of twins occurred within a
larger study of hereditary and environmental factors in UCPPS. To be identified as being
affected by UCPPS-like symptoms, participants were required to give a positive response to
the following question: “Do you experience unpleasant sensations of pain, pressure, or
discomfort that you believe to be related to the bladder and/or pelvic region, associated with
lower urinary tract symptoms?” The twins with UCPPS-like symptoms did not have a
physician-based diagnosis of UCPPS, and thus we use the term “UCPPS-like symptoms™.
Twin pairs were scanned consecutively on the same day in a randomly assigned order. The
average age of participants was 36.8 years (range 24-66).

rsfMRI Behavioral Task

Participants underwent rsfMRI at the beginning and end of a protocol that was designed to
provoke bladder symptoms. To start, each participant urinated to completion, then consumed
500 cc of water, and immediately entered the scanner. The first rsfMRI scan (identified as
“pre™) began about 15 minutes after consuming the water. Each participant was instructed to
relax and lie still with her eyes closed. After about 30 minutes of structural scans, rsfMRI
imaging was repeated about 50 minutes after consuming the water, while bladder distention
was in progress (identified as “post™). Pain and urgency ratings were verbally reported at five
time points throughout the protocol through a two-way communication system in the
magnet, using Likert scales for urgency (range 1-7) and pain (range 0-10). The first time
point was immediately after drinking water and before entering the scanner, the second time
point was immediately before the first rsfMRI (pre) scan, and the fifth/last time point was
immediately before the second rsfMRI (post) scan.
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rsfMRI Data Acquisition

MRIs and rsfMRIs were collected on a 3T Phillips Achieva MR system (Philips Medical
Systems, Best, Netherlands) using a 32-channel SENSE head coil. A T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) structural image was collected (TR
=7.7ms; TE = 3.7 ms; flip angle = 9; FOV = 220 mm; matrix 200x200; 180 slices;
acquisition voxel size (mm) = 1.00/1.00/1.00; reconstruction voxel size (mm)
0.86/0.86/1.00; TFE shots = 144; TFE durations = 1633.0; inversion delay (T1) 823.8 ms;
slice orientation axial, fold-over direction RL). Two identical rsfMRI series of whole-brain
T2*-weighted images were acquired by using a single-shot gradient-recalled echo planar
imaging sequence (TR = 2000 ms; TE = 28 ms; flip angle = 76°; FOV = 220 mm) with a
matrix size of 64 x 64 (in-plane resolution = 3.4375%3.4375 mm). Thirty-eight axial slices
(slice thickness = 3.5 mm, 0 mm gap) were acquired sequentially during each image volume.
Five dummy scans followed by 300 volumes were collected while the participant rested
(approximately 10 minutes).

rsfMRI Processing and Statistical Analysis

Preprocessing of rsfMRI data was performed by using the Oxford Centre for Functional
MRI of the Brain (FMRIB) Software Library (FSL) version 4.1.7 (http://
www.fmrib.ox.ac.uk/fsl/), and Analysis of Functional Neurolmages (http://
afni.nimh.nih.gov/afni/). Our preprocessing pipeline consisted of artifact de-noising with
Multivariate Exploratory Linear Optimized Decomposition into Independent Components!®
and motion correction20, along with brain extraction?!. We used 3dDespike to remove spike
artifacts, and we performed physiological correction by filtering signal from the
cerebrospinal fluid, filtering motion parameters, and when applicable, using single-point
motion regressors22, We performed temporal smoothing with a high-pass filter of sigma =
100 s and spatial smoothing with full width half maximum =5 mm.

Head motion during the rsfMRI scans was quantified and compared between groups using
FSL's motion correction software. No significant between-group differences were found.

Seed Point Times Series Extraction—Time series were extracted from the PAG and
the amygdala. PAG ROIs were hand-drawn on the Montreal Neurological Institute 152
(MNI1152) standard template brain by one of the investigators (KRM). Amygdala ROIs were
defined by using probabilistic maps of cytoarchitectonic boundaries?3. ROI masks were
transformed from MNI space into native space, then timeseries were extracted from the right
and left laterobasal (LB), centromedial (CM), and superficial (SF) amygdala subregions24.
Individual fMRI data were then registered to the MPRAGE and warped to the MN1152
standard image with an affine transformation.

Data Analysis—Time series statistical analyses were conducted by using FMRIB's
Improved Linear Model with local autocorrelation correction?®. Four, first level analyses
were run on each resting state scan: the right and left PAG and the right and left amygdala.
For the right and left amygdala, all three side-specific subregional time series were included
simultaneously in the first-level model (CM, LB, SF). However, condition effects for the
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amygdala analyses were based on LB subregion (controlling for the CM and SF timeseries),
because of the LB's strong association with emotional perception and sensory processing2®.

A whole-brain analysis of group-wise effects was conducted by using FMRI's Local
Analysis of Mixed Effects (FLAME), a method for modeling and estimating the random-
effects component of the inter-session mixed-effects variance. Bladder distention was the
experimental condition, and level of functional connectivity was the outcome. The latter was
derived through four time series statistical analyses (right PAG, left PAG, right LB
amygdala, and left LB amygdala) using FILM with local autocorrelation correction?®. To
test for differences in connectivity between cases and controls before and after bladder
distention, we conducted a repeated-measures, two-sample t-test. All analyses used an ROI
approach to correct for multiple comparisons. Our a priori ROls included brain regions with
afferent and efferent connections to the PAG2” and brain regions involved in micturition28
and in pain and sensory processing?9-31, Statistical corrections for multiple comparisons
were conducted by using cluster-thresholding based on Markov Chain Monte Carlo
sampling set at z > 2.3 (voxel height) and p < .05 (cluster extent), ROI volume corrected.

Pain and Urgency Measurements

Between-group differences in self-reported pain and urgency levels were tested by using
paired-samples t-tests. The symptomatic cohort reported significantly more pain than the
controls at time points 2-5 (Table 1, Supplementary Figure 1), confirming that the task
resulted in provocation of pain. In contrast, the same cohort reported significantly more
urgency than the controls only at the second time point (immediately before the first
rsfMRI). These differences between pain and urgency reflect the fact that the control cohort
reported almost no pain, yet they experienced levels of urgency similar to those of the case
cohort as the scanning session progressed.

rsfMRI Results

The difference in connectivity between scans performed before and after bladder distention
depended significantly on group in the following regions: between the right PAG and the
right cerebellum VIlla, right amygdala, and right supplementary motor area (SMA)(Figure 1
and Table 2), and between and the left PAG and the left and right LB amygdala and right
insular cortex. In addition, we found significant interaction effects between the right LB
amygdala seed region and the right frontal pole/medial orbital frontal cortex, anterior
cingulate cortex, right insular cortex, left thalamus, and hypothalamus (Figure 2 and Table
2). (See also Supplementary Tables 1 and 2, Supplementary Figure 2.)

Discussion

Our study used an innovative neural systems approach to investigate whether women with
UCPPS-like symptoms showed differences in functional connectivity associated with the
natural provocation of bladder symptoms. Reliable replication of symptoms across
participants with simultaneous neuroimaging is an extremely powerful method to investigate
CNS mechanisms that might perpetuate UCPPS symptoms. No previous studies of UCPPS
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have attempted to provoke symptoms and measure brain activity before and after symptoms
manifest. A major strength of our method of provocation is its simplicity, as it does not
involve bladder catheterization32. Catheterization complicates study logistics and its effects
on a hypersensitive urinary tract can lead to confounding symptoms, such as artificially-
induced bladder sensations and detrusor contractions, which can be reflected in the imaging.

In our study, participants drank 500 cc of water immediately before rsfMRI scanning, with
the first scan occurring about 15 minutes after consumption and the second about 50 minutes
after. As expected, this approach revealed the significant modulation of neural circuitry
associated with naturally provoked bladder symptoms in our control cohort. These results
indicate that our protocol is a robust, non-invasive way to investigate the neural correlates of
micturition. Notably, connectivity in the control cohort increased between the right PAG and
the cerebellar and cortical regions involved in sensorimotor planning, as well as from the LB
amygdala to brain regions including the anterior cingulate, insula, somatosensory cortex,
premotor cortex, thalamus, and medial prefrontal cortex.

Although our sample was small, we found preliminary evidence that female twins with
UCPPS-like symptoms show abnormal patterns of connectivity associated with bladder
distention, compared to their healthy twin. We found significant interaction effects in
connectivity with the premotor cortex, insula, thalamus, anterior cingulate, and medial
prefrontal cortex. Connectivity from both the PAG and the LB amygdala was significantly
higher in symptomatic twins than in controls before bladder distention. As illustrated in
Figures 1 and 2, the symptomatic twin cohort showed no significant change in connectivity
associated with bladder filling. Instead, connectivity in these twins was elevated following
water consumption and remained at approximately the same level during the post-bladder
distention scan. In contrast, connectivity in the control twins showed a marked increased
after bladder distention.

This pattern of results preliminarily indicates that CNS changes are present in symptomatic
twins, but not in their asymptomatic co-twins, and that these changes are characterized by
chronic, enhanced connectivity that is not significantly changed by bladder distention. This
finding comports with other studies of autonomic nervous system changes in UCPPS,
suggesting that UCCPS patients at rest have a relatively high sympathetic nervous system
discharge, so that the usual autonomic changes resulting from provocation are no longer
evident33-34, These alterations in the autonomic nervous system (measured as changes in
heart rate variability) in UCPPS patients have also been shown to be associated with changes
in connectivity3°.

The only exception to this pattern was connectivity between the PAG and the left LB
amygdala, which was elevated at baseline in symptomatic twins but reduced by the time of
the post-distention scan. It is possible that this pattern of changes in PAG/left amygdala
connectivity is associated with anticipatory processing of an aversive event 36,

Strengths and Weaknesses

Limitations of this pilot study include its small sample size, which necessitates validation of
our protocol by future investigations. However, an advantage of twin studies is that by
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controlling for genetic variability and common familial exposures and experiences,
differences between symptomatic and control twin cohorts can been seen even with small
sample sizes. We note that the degree of bladder distention occurring in each person over
time is variable. However, neural pathways should be activated even with disparate degrees
of sensory experience, so this variation is unlikely to markedly affect connectivity. To
address physiological variability in distention and pain would require catheterizing
participants and instilling fluid until they reported a predetermined level of urgency or pain
(e.g., 8 on a 10-point scale). This method poses its own problems, such as instilling differing
amounts of fluid and introducing catheter-induced bladder irritation. Because such an
approach would substantially confound imaging results, we believe that our protocol is
preferable. Future studies might include non-invasive methods to measure bladder volume at
different time points.

Conclusions

This study demonstrates the feasibility of an imaging protocol that uses natural diuresis to
provoke bladder symptoms. The same protocol can be used to demonstrate brain
connectivity linked to urinary urgency, pelvic pain, and altered neurophysiology in UCPPS.
By demonstrating CNS alterations in these chronic pain conditions, findings from such
investigations can potentially inform novel approaches to managing UCPPS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CNS central nervous system

ROI region of interest
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SMA supplementary motor area
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Figure 1.

Significant group-by-condition interaction effects from the right PAG seed region.
Significant clusters are shown in green. The bar graphs in the lower panel show the basis of
the interaction effect in the cerebellar, amygdala, and supplementary motor area (SMA)
clusters. Bar graphs were created by extracting the average z-score and the standard
deviation of the voxels within the significant interaction cluster before and after bladder
distention for each cohort separately.
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Figure 2.

Significant group-by-condition interaction effects from the right LB seed region. Significant
clusters are shown in green. The bar graph in the lower panel shows the basis of the
interaction effect in the frontal pole/medial orbital frontal cortex, anterior cingulate, and
right anterior insular clusters. Bar graphs were created by extracting the average z-score and
the standard deviation of the voxels within the significant interaction cluster before and after
bladder distention for each cohort separately.
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Paired-samples t-tests between cases and controls for pain and urgency ratings

Table 1

Paired Differences

p-values (2-tailed)

Mean* Std. Deviation | Std. Error Mean
Pain 1 0.4 0.97 0.31 0.223
Pain 2 0.5 0.85 0.27 0.096
Pain 3 1.9 1.45 0.46 0.002
Pain 4 2.44 1.94 0.65 0.005
Pain 5 3 2.65 1 0.024
Urgency 1 | 0.1 0.32 0.1 0.343
Urgency 2 | 0.4 0.52 0.16 0.037
Urgency 3 | 0.9 2.03 0.64 0.193
Urgency 4 | 0.56 1.59 0.53 0.325
Urgency 5 | 0.43 1.4 0.53 0.448

*
A positive mean difference score corresponds to a higher rating by cases than by controls.
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