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Abstract: Influential theories of brain-viscera interactions propose a central role for interoception in
basic motivational and affective feeling states. Recent neuroimaging studies have underlined the
insula, anterior cingulate, and ventral prefrontal cortices as the neural correlates of interoception. How-
ever, the relationships between these distributed brain regions remain unclear. In this study, we used
spatial independent component analysis (ICA) and functional network connectivity (FNC) approaches
to investigate time course correlations across the brain regions during visceral interoception. Functional
magnetic resonance imaging (fMRI) was performed in thirteen healthy females who underwent viscer-
osensory stimulation of bladder as a representative internal organ at different prefill levels, i.e., no pre-
fill, low prefill (100 ml saline), and high prefill (individually adapted to the sensations of persistent
strong desire to void), and with different infusion temperatures, i.e., body warm (~37°C) or ice cold
(4-8°C) saline solution. During Increased distention pressure on the viscera, the insula, striatum, ante-
rior cingulate, ventromedial prefrontal cortex, amygdalo-hippocampus, thalamus, brainstem, and cere-
bellar components showed increased activation. A second group of components encompassing the
insula and anterior cingulate, dorsolateral prefrontal and posterior parietal cortices and temporal-
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parietal junction showed increased activity with innocuous temperature stimulation of bladder mucosa.
Significant differences in the FNC were found between the insula and amygdalo-hippocampus, the
insula and ventromedial prefrontal cortex, and the ventromedial prefrontal cortex and temporal-
parietal junction as the distention pressure on the viscera increased. These results provide new insight
into the supraspinal processing of visceral interoception originating from an internal organ. Hum Brain

Mapp 36:4438-4468, 2015.
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Key words: fMRI; insula; prefrontal; salience; self-referential; limbic; homeostasis; bladder; visceral sen-

sation; alliesthesia

*

*

INTRODUCTION

Interoception collectively refers to the sensing, represen-
tation and perception of the physiological condition of the
body arising from the afferent information anywhere and
everywhere within the body (Cameron, 2001; Craig,
2003a). Interoception is closely associated with the endoge-
nous homeostatic mechanisms necessary for survival and
prosperity, and underlies affective states and fundamental
cognitive processes in human (Craig, 2008; Critchley, 2005;
Damasio, 2000; Denton et al., 2009). It can be contrasted
with the exteroceptive systems that keep the individual
organism aware of the external environment as opposed to
the bodily or self-referential (introspectively-oriented)
processes (Craig, 2003a). However, in contrast to the rich
history of studying the exteroceptive senses and their
well-recognized sensory cortical systems, less is known
about the neural substrates that provide the brain with a
dynamic representation of the body.

Neuroanatomical evidence suggests that information
concerning the internal state of the body—including
mechanical, thermal, chemical, osmotic, and hormonal
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aspects—is not only relayed to the spinal cord for auto-
nomic reflexes, but the information is also projected to
supraspinal regions (Craig, 2003a; Critchley, 2005; Saper,
2002). In particular, the A3- and C-fiber projection to a
specific lamina I spinothalamocortical pathway as well as
the vagal and glossopharyngeal afferents to the parabra-
chial nucleus in brainstem via the nucleus of the solitary
tract in medulla, have been proposed to carry sympathetic
and parasympathetic afferents related to homeostatic and
autonomic activities to the brain (Craig, 2003a; Critchley,
2005). For example, in the case of a visceral organ such as
the urinary bladder (UB), the A8-fibers are mechanosen-
sors (more specifically tension receptors) responsible for
the physiologic sensation of fullness (Habler et al., 1993;
Janig and Morrison, 1986). The C-fibers are generally
insensitive to intravesical pressure but given their proxim-
ity to the intravascular milieu (Kanai and Andersson,
2010), they respond to cooling (Fall et al., 1990) or chemi-
cal irritation of the mucosa (Habler et al., 1990). Modality-
specific lamina I neurons primarily project to autonomic
cell columns in the spinal cord, where sympathetic pre-
ganglionic motoneurons are located, and to the integration
homeostatic sites in the brainstem (Craig, 2003b). In pri-
mates, lamina I neurons also project topographically to
two relay nuclei in thalamus: the posterior part of the ven-
tral medial nucleus (Blomqvist et al., 2000; Craig et al.,
1994), and the ventral caudal part of the medial dorsal
nucleus (Craig, 2003b). The posterior part of the ventral
medial nucleus is contiguous rostrally with the basal part
of the ventral medial thalamic nucleus, which receives a
direct input from the nucleus of the solitary tract (i.e. par-
asympathetic afferent input) in addition to the lamina I
inputs (i.e. sympathetic afferent input). The posterior part
of the ventral medial nucleus eventually projects to the
interoceptive cortex in the posterior insula (Craig, 2014).
The ventral caudal part of the medial dorsal nucleus,
which receives projection from the parabrachial nucleus in
the brainstem in addition to the lamina I inputs, projects
to the anterior cingulate cortex (ACC) (Craig, 2003b).
According to the “homeostatic emotion” proposition of
interoception (Craig, 2003a,b; Craig, 2002), in humans the
integration of afferent physiological signals with higher
order contextual information, motivational state, and pre-
viously learned associations, is postulated to occur upon
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further propagation of interoceptive (homeostatic sensory)
inputs from the interoceptive cortex in the posterior insula
to the anterior insula (Evrard and Logothetis, 2014), the
ACC, and the ventral prefrontal cortices (PFC) (Craig,
2002; Kurth et al.,, 2010; Wager and Barrett, 2004). In line
with this proposition, neuroimaging studies of interocep-
tion including those involving somesthesis (e.g. nocicep-
tion; Brooks et al., 2005), autonomic arousal (Cameron and
Minoshima, 2002; Critchley et al., 2000, 2003), viscerosen-
sory stimulation (Fowler and Griffiths, 2010; Kavia et al.,
2005; Mayer, 2011), somatic control (including the regula-
tion of cardioregulatory, vasomotor and visceromotor
activity; e.g., Lerner et al., 2009), temperature (Craig et al.,
2000), dyspnea (Liotti et al., 2001), thirst (Denton et al.,
1999; Egan et al., 2003), hypoglycemia (Teves et al., 2004),
satiety and craving (Naqvi and Bechara, 2009) have sub-
stantiated activation in the insula, the ACC, and the PFC
among other paradigm-specific cortical and subcortical
regions when bodily states significantly deviated from the
steady state.

Few studies have used multivariate approaches such as
the independent component analysis (ICA) (Beckmann
and Smith, 2004; Calhoun et al.,, 2002a; McKeown et al.,
1998) and multi-voxel pattern analysis (Norman et al.,
2006) to investigate brain activation during interoception.
For example, using a pattern recognition analytical tech-
nique, Bjornsdotter et al. (2009) reported an antero-
posterior somatotopic organization in dorsal posterior
insula caused by gentle touch (i.e., slow brush stimulation
of C-fiber tactile afferents). Liu et al. (2013) applied sup-
port vector machine technique, a multivariate pattern anal-
ysis method, to investigate the differences of resting-state
function mapped by regional homogeneity in patients
with functional dyspepsia. The results showed highly dis-
criminative brain regions mainly included the PFC involv-
ing the orbitofrontal cortex, supplementary motor area,
insula, anterior/middle cingulate, thalamus, hippocam-
pus/parahippocampus, and cerebellum. Hojo et al. (2012)
used ICA approach to analyze brain activity during intra-
esophageal infusion of acid and saline in six healthy males
and observed the common cerebral regions activated with
saline and HCl infusion were the thalamus, insula, cingu-
late, and portions of the frontal, temporal, and parietal cor-
tices. Similarly, Hall et al. (2010) applied ICA as a
multivariate analysis technique to assess brain networks
during a single slow ramp-tonic rectal distension in seven
females with irritable bowel syndrome and six healthy
females and demonstrated that patients with irritable
bowel syndrome had increased activation of the insula,
ACC and ventromedial PFC while healthy controls
showed increased activation in the thalamus, striatum and
dorsolateral PFC.

Despite recent advances in understanding the neural
correlates of interoception, still it is not clear how these
distributed neural systems in the brain are functionally
connected during the interoceptive processing. The study

of functional connectivity is concerned with the temporal
coherence among spatially remote brain regions (Friston,
2002). In the traditional functional connectivity analysis,
time courses of individually selected seed voxels from pre-
defined brain regions of interest are cross correlated with
other voxels’ time courses to identify voxels showing sig-
nificant connectivity with the seed voxels (Cordes et al.,
2002; Fox et al., 2005). An alternative approach is the ICA-
based functional network connectivity (FNC), which is a
data-driven method that measures the statistical depend-
encies among maximally spatially independent configura-
tions of voxel weightings (referred to as independent
components) (Calhoun et al., 2001b; Jafri et al., 2008). Net-
works (Erhardt et al., 2011a) obtained in this way are char-
acterized by a single time course (called the mixing
coefficients) (Calhoun et al., 2001b), and have been shown
to track closely with previously identified functional
domains (Calhoun et al., 2008; Smith et al., 2009).

Studying task-induced modulations and dynamics of
brain networks during interoception can provide more
details on how brain process afferent visceral signals origi-
nating within the body. Furthermore, understanding the
neural regulation of visceral function and sensation pro-
vides essential insights into the biological basis of emotion
and feeling (Craig, 2002; Damasio, 2004, 2008, 2000; Dam-
asio et al.,, 2000; LeDoux, 2002). The main aim of this
study, therefore, was to extend previous research by

1. Exploring the modulation of brain networks identi-
fied with ICA during the viscerosensory stimulation.

2. Examining the time course correlations across these
networks (FNC) during different visceral interocep-
tive conditions.

To study network modulation and dynamics during
interoception, spatiotemporal control of the viscerosensory
stimulation is necessary. The UB was selected as a desig-
nated visceral organ to deliver direct viscerosensory stimu-
lations since it differs from other visceral organs in its
pattern of activity and in the organization of its neural
control mechanisms (Fowler et al., 2008). Specifically, the
neural circuits that control the UB function (i.e., urine stor-
age and elimination) have phasic (switch-like) patterns of
activity, which contrasts the tonic patterns of the auto-
nomic pathways that regulate the cardiovascular organs.
Furthermore, micturition is a learned behavior hence
under voluntary control whereas many other visceral func-
tions such as digestion are regulated involuntarily (Fowler
et al.,, 2008). Previous functional brain imaging studies of
continence have identified several cortical and subcortical
regions involved in the normal sensation of the UB full-
ness. These areas include the insula, predominately on the
right (Blok et al., 1998; Griffiths et al., 2005, 2007; Kuhtz-
Buschbeck et al., 2005, 20092009; Matsuura et al., 2002;
Mehnert et al., 2008; Michels et al., in press; Nour et al.,
2000; Tadic et al.,, 2008, 2012), the ACC (Athwal et al.,,
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2001; Blok et al., 1997, 1998 Griffiths et al., 2005, 2007;
Komesu et al., 2011; Matsuura et al., 2002; Mehnert et al.,
2008; Michels et al., in press; Seseke et al.,, 2006, Tadic
et al., 2008, 20122012), right inferior frontal gyrus (IFG)
(Athwal et al., 2001; Blok et al., 1998; Griffiths et al., 2007;
Mehnert et al.,, 2008), PFC including orbitofrontal cortex
(Mehnert et al., 2008), thalamus (Griffiths et al., 2005;
Kuhtz-Buschbeck et al., 2005, 2009; Matsuura et al., 2002;
Michels et al., in press; Seseke et al., 2006), right middle
temporal gyrus (Mehnert et al., 2008; Tadic et al., 2008),
inferior parietal cortex (Mehnert et al., 2008), basal ganglia
(Matsuura et al., 2002; Nour et al., 2000; Seseke et al., 2006;
Zhang et al., 2005), midbrain periaqueductal gray (PAG)
(Athwal et al., 2001; Blok et al. 1997, 1998 Griffiths et al.,
2005; Kuhtz-Buschbeck et al., 2005, 2009; Matsuura et al.,
2002; Michels et al., in press; Seseke et al., 2006), brainstem
pons (Athwal et al.,, 2001; Blok et al., 1997, 1998Griffiths
et al., 2005; Michels et al., in press; Seseke et al., 2006) and
the cerebellum (Griffiths et al., 2005, 2007, Herms et al.,
2006; Kuhtz-Buschbeck et al., 2005; Mehnert et al., 2008;
Seseke et al., 2006; Zhang et al., 2005). Additionally, neuro-
imaging of innocuous temperature stimulation of the UB
mucosa by the intravesical ice water instillation showed
enhanced activations in the frontal and parietal lobes
including the bilateral inferior parietal lobe, right insula,
right middle temporal gyrus and the right cerebellum
(Mehnert et al., 2011).

The pattern of regional brain activations during the dis-
tention pressure on the viscera due to the UB fullness
shows similarity to the matrix of brain regions implicated
in control of the gastrointestinal (GI) tract (Mayer, 2011;
Mayer et al., 2006), which indicates some overlap in neural
regulations of visceral function. A systematic review of
neuroimaging data of GI visceral stimulation identified
key regions of activation to include the insula (both ante-
rior and posterior sections) and the ACC, followed (in
order of reported frequency) by primary sensory cortex,
PFC especially the orbitofrontal cortex, posterior parietal
cortex, and thalamus (Derbyshire, 2003; Mayer et al., 2009)
. Furthermore, psychological factors including the cogni-
tive influences such as learning, anticipation, attention/
distraction, and emotional features like positive or nega-
tive affect, unpleasantness, and emotional context or state
have shown to modulate the brain processing of visceral
sensation in the ACC, insula, and sensory cortices (Greg-
ory et al., 2003; Van Oudenhove et al.,, 2011; Yégtiez et al.,
2005). However, compared to the GI viscerosensory stimu-
lations studies, only few neuroimaging studies of the UB
have attempted to identify the connectivity of brain
regions with some indications of their functions and inter-
actions among the viscerosensory, affective and cognitive
components of the continence/micturition circuits. Tadic
et al. (2008) examined the connectivity of continence-
related brain regions in women with urge incontinence
using physiophysiological interaction method. The results
showed that in normal subjects frontotemporal and senso-

rimotor cortex, forebrain, midbrain and pontine region
were effectively connected with the right insula and ACC
(two seeds regions chosen a priori) but in the urge-
incontinent subjects, the effective connectivity was shifted
to a parietotemporal complex. Kuhtz-Buschbeck et al.
(2009) used similar approach to explore the effective con-
nectivity of cortical regions during attempted micturition
and found that mid-cingulate cortex had stronger connec-
tivity with the PAG and medial motor regions during
attempted micturition compared to the baseline while both
the left and right insula showed decreased connectivity. In
a more recent study, Michels et al. (in press) performed
seed-based correlation analysis of activated brain areas
during the switch from storage to micturition and demon-
strated that initiation of micturition induced major activity
in the PAG, pons, insula, thalamus, PFC, parietal opercu-
lum and cingulate cortex with significant functional con-
nectivity between the forebrain and parietal operculum.
Still further research is required to understand the supra-
spinal networks related to the sensory-perception of the
visceral functions to delineate how brain perceives visceral
sensations originating from within the body, detects devia-
tion of physiological parameters, brings them into con-
sciousness when a deviation exceeds a limit, and
motivates behavior as well as appropriate motor output
(e.g., micturition) to maintain homeostasis (e.g., conti-
nence). Based on previous multivariate analysis of visceral
interoception (Hall et al., 2010; Hojo et al., 2012) as well as
previous conventional (univariate) fMRI analyses of the
UB viscerosensory stimulations that we had performed
(i.e., Mehnert et al.,, 2008, 2011; Michels et al., in press;
Zempleni et al.,, 2010; Zhang et al., 2005), our hypothesis
was that visceral interoception of the UB (i.e., the mechani-
cal distention and temperature stimulation of the mucosa)
would modulate the brain networks specifically related to
the stimulus-driven detection of salient stimuli including
the insula and ACC. We further expected that during the
gradual increase of distention pressure on the viscera
(from the first sensation of filling to strong desire to void),
FNC between the interoceptive cortex and subcortical
structures involved in affective and motivational dimen-
sions, such as amygdala and ventral striatum (Cardinal
et al., 2002), as well as higher order areas related to execu-
tive control of the micturition inhibition such the medial
PFC (Griffiths, 2004) would be altered.

MATERIALS AND METHODS
Participants

Fifteen healthy, right-handed female participants (age
range 21 — 48) with no history of neurological, major medi-
cal, or psychiatric disorder participated in the study. Since
there are some evidences in the literature indicating gen-
der differences in brain response to viscerosensory stimu-
lation (Kuhtz-Buschbeck et al., 2009; Labus et al., 2008;
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Naliboff et al., 2003; Seseke et al., 2008), only female partic-
ipants were recruited. All participants underwent compre-
hensive clinical evaluation including (i) detailed medical
history, (ii) completion of a three-day voiding diary pro-
viding information on voiding frequency and volumes,
amount of fluid intake, and degree of desire to void, (iii)
completion of validated German version of the question-
naires on lower urinary tract function and symptoms
(used with the permission of the International Consulta-
tion on Incontinence Modular Questionnaire, Bristol Uro-
logical Institute, Southmead Hospital Bristol, UK) (Jackson
et al., 1996), and (iv) urodynamic measurements (Abrams
et al., 2006) to ensure the health of the participants. The
urodynamic test included the filling cystometry and pres-
sure flow studies of voiding involving the precise meas-
urements of the Intravesical and abdominal pressures. UB
sensations were evaluated in relation to the UB filling vol-
ume during filling cystometry and comprised assessments
of the first sensation (when a participant first becomes
aware of the UB filling), first desire to void (UB volume
that leads a participant to pass urine at the next conven-
ient moment, but voiding can be delayed if necessary),
and strong desire to void (a persistent desire to void with-
out the fear of leakage) (Abrams et al., 2002). [TQ1]Writ-
ten, informed, IRB approved consent were collected from
every participant, and monetary compensation was pro-
vided. Two of the participants did not complete one of the
functional tasks, and their data were subsequently dis-
carded. The data from the remaining thirteen participants
(31.7 = 8.4 years, mean * SD) were analyzed further.

Task Design

The study design is derived from previous investiga-
tions of viscerosensory stimulation task that consists of
controlled filling and emptying of the UB alternating with
rest and subjective ratings (Griffiths et al., 2005; Komesu
et al, 2011, Mehnert et al., 2008, 2011). To deferentially
stimulate this visceral organ, intravesical infusion was per-
formed at different prefill levels, i.e., no prefill, low prefill
(100 ml saline), and high prefill (individually adapted to
the sensations of persistent strong desire to void (Abrams
et al.,, 2002) measured from maximum cytometric capacity
during the pre-scan urodynamic test), and with different
infusion temperatures, i.e., body warm (~37°C) or ice cold
(4-8°C) saline solution (0.9% NaCl, B Braun Melsungen
AG, Germany) (Fig. 1A-C). The intravesical instillation of
cold saline (ice water test) has been routinely used as a
supplement to routine cystometry especially in conditions
such as spinal cord injury or multiple sclerosis for evalua-
tion of the cold-sensitive receptor via the afferent C-fiber
(Chancellor et al., 1998; Geirsson et al., 1993). Although
opinion varies with respect to thermal sensitivity of the
UB mucosa (Bors and Parker, 1956, Nathan, 1952, Tam-
mela et al., 1992), intravesical instillation of 4-8°C saline is
considered innocuous and any pain during ice water test

distinguishes clinical UB hypersensitivity (Mukerji et al.,
2006) induced by pathological conditions including inflam-
mation and hypertrophy (Burnstock, 2007). To avoid
potential influences of the menstrual cycle on viscerosen-
sory sensitivity (Powell-Boone et al., 2005), or possible
interference of menstrual pain with the experiment, partic-
ipants were scanned during days 14-28, i.e., the luteal
phase, of their menstrual cycle.

Upon entering the scanner, participants were catheter-
ized transurethrally and a high-resolution T1 image was
acquired. During a break, each participant underwent
training to become familiar with a rating apparatus and
the procedure of the fMRI scan. They were instructed to
focus on their pain and desire to void sensations during
stimulus administration, wait for the appearance of the
visual analogue scale on the screen, and rate their sensa-
tions by taking the self-perspective from 0 (no desire to
void/no pain) to 10 (strongest desire to void/most intense
pain imaginable) using a custom-built fMRI-compatible
handheld response system (Jarrahi and Wanek, 2014; Jar-
rahi et al., 2013). They were asked to use their dominant
right hand to rate and do it as quickly and as accurately
as possible. The timing and sequencing of all stimulus
events were controlled with the operational control soft-
ware of an automated fMRI-compatible visceral infusion
and drainage system that we developed for fMRI studies
of visceral interoception to ensure precise temporal execu-
tion of visceral and visual stimuli during fMRI.

The NO-PREFILL WARM and NO-PREFILL COLD con-
ditions each started with an empty UB. The task paradigm
consisted of eight blocks of viscerosensory stimulation (15
min) with additional rest periods at the beginning (1 min)
and end (1 min) of the experiment (17 min total measuring
time) (Fig. 1B). Each viscerosensory block consisted of intra-
vesical infusion (24 s), ratings (15 s), immediately followed
by an intravesical drainage lasting 60 s, and rest (jittered
between 7 and 9 s). The operation of the automated infusion
and drainage system was time-locked to each functional
volume that was acquired via a trigger signal generated by
the MRI scanner at the beginning of each volume acquisi-
tion. This allowed the precise matching of functional
images with a corresponding visceral infusion and drainage
epoch. Each infusion epoch consisted of al5-s intravesical
infusion of 100 ml warm (for NO-PREFILL WARM condi-
tion) or cold (for NO-PREFILL COLD condition) saline,
which was performed by our fMRI-compatible device at the
rate of 400 ml/min followed by a 9-s pause to ensure
adequate time for the slow visceral sensation to be regis-
tered before participants rated their sensations. During the
intravesical drainage epoch, the UB was drained passively
by opening the valve of a 3-way stop-cock that connected
participants’ catheter to a separate plastic container instead
of an active drainage by the automated device to avoid pos-
sible suction of the UB mucosa at this zero prefill level.

The LOW-PREFILL WARM and HIGH-PREFILL WARM
conditions started with 100 ml, and strong-desire-to-void
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Figure 1.

fMRI paradigm. (A) One anatomical (TI) and four functional
conditions were performed on each participant. (B) During the
NO-PREFILL conditions, eight blocks of repetitive warm or cold
intravesical saline infusion, rating of sensations, and passive
drainage were performed. (C) Prior to the LOW- and HIGH-
PREFILL conditions, pre-scan intravesical instillation of either
100 ml (for the LOW-PREFILL) or individually adapted strong

prefilled level, respectively. Each condition consisted of
eight blocks of viscerosensory stimulation (13 min) with 1-
min rest periods at the beginning and end (15 min total
measuring time) (Fig. 1C). The viscerosensory block com-
prised an intravesical infusion (24 s), followed by ratings
(15 s), and rest (jittered between 7 and 9 s), then an intra-
vesical drainage (24 s), ratings after drainage (15 s), and
rest (again jittered between 7 and 9 s). Visceral infusion
and drainage were again carried out automatically by the
computerized system with a 15-s intravesical infusion or
withdrawal of 100 ml warm saline at the rate of 400 ml/
min and subsequent 9-s pause for a total of 24-s infusion
or drainage epoch. Since the UB cooling is an not a natural
physiological event and it is considered a more intense

desire to void (filling until strong desire to void (SDV) is
achieved for HIGH-PREFILL) were completed. During the LOW-
and HIGH-PREFILL conditions eight blocks of repetitive warm
saline infusion and active drainage interleaved with rating of sen-
sations were performed. *SDV: Strong desire to void. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

stimuli than warm filling, and similarly the HIGH-
PREFILL WARM condition is a more intense stimuli than
the LOW- and NO-PREFILL WARM conditions, we
defined the following sequence of conditions to avoid
interferences from the previous condition: all participants
started with the NO-PREFILL WARM condition, followed
by the LOW-PREFILL WARM condition, then the HIGH-
PREFILL WARM condition, and finished with the NO-
PREFILL COLD condition. Scanning of the participants
was performed in a darkened room, with either a fixation
crosshair (while subjects were not rating) or the visual
analogue scale (during rating) projected via an LCD pro-
jector onto a translucent screen that stood at the foot of
the gantry of the MRI scanner. The participants viewed
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the screen from inside the scanner through a mounted
mirror attached to the head coil positioned above their
eyes at a 45° angle. Participants lay in supine position on
the scanner table with their legs slightly abducted and
comfortably resting on custom cushions.

Image Acquisition

All images were acquired at the MRI Center of the Uni-
versity Hospital of Zurich on a Philips Ingenia 3T system
(Best, Netherlands) using a 15-channel receive head coil.
The blood oxygenation level-dependent (BOLD)-sensitive
functional images were acquired by the gradient-echo
echo-planar-imaging (EPI) sequence (TR/TE =2000/30 ms,
field of view=24 cm, image matrix=96 X 96, flip
angle = 80°, slice thickness =3 mm, inter-slice gap =1 mm,
34 slices in ascending order). Four dummy scans were
acquired at the beginning of each functional condition to
ensure the signal had achieved a steady state, and were
subsequently discarded. A total of 500 volumes of the
entire brain were collected for each NO-PREFILL WARM
and NO-PREFILL COLD condition, and 445 volumes were
obtained for each LOW-PREFILL WARM and HIGH-
PREFILL WARM condition. A high-resolution T1-weighted
anatomical scan (3D T1-FFE, TE/TR =3.1/6.9 ms, field of
view =22 cm, matrix=256 X 256, slices=180, slice
thickness = 0.75 mm, no gap) was also acquired for each
participant for registration with the functional data and
visualization purposes. An independent neuroradiologist
evaluated all Tl-weighted images and no gross morpho-
logical or focal abnormalities were reported for any of the
participants.

Statistical Analysis of Online Sensation Ratings

The Statistical Package for the Social Sciences (SPSS, ver-
sion 21.0, SPSS, Chicago, IL) was used for rating analysis.
The visual analogue scale ratings and rating times for
desire to void and pain induced by viscerosensory stimu-
lation were analyzed separately by means of one-way
repeated measure analysis of variance (ANOVA) with the
prefill volumes (no-, low- and high-load) as the within-
subjects factor. Two-tailed post-hoc pairwise comparison
tests were performed to examine which pairs differed
among different viscerosensory testing conditions. A
Greenhouse-Geisser correction was used for sphericity
when Mauchly’s test indicated sphericity assumption was
violated. Paired Student’s t-test was used for pairwise
comparison of different interoceptive task conditions and
differences were considered significant with P < 0.05.

Data Preprocessing

Following the completion of each scan, acquired imag-
ing data were exported to an offline workstation and pre-
processed using Statistical Parametric Mapping (SPM)

software (Wellcome Department of Cognitive Neurology,
London, UK, version 8) running under the MATLAB envi-
ronment (Mathworks, Natick, MA, release 13a). Data from
each participant were first realigned (motion-corrected)
using rigid body transformations (Friston et al., 1995), fol-
lowed by slice-timing correction by temporally aligning all
slices to the same reference time point (first slice). We
chose to perform realignment first to minimize the effect
of inter-slice movement (Sladky et al., 2011). This step was
followed by co-registration of the functional images to the
T1-weighted images, and spatial normalization to a stand-
ard stereotactic space (Montreal Neurological Institute,
MNI, Quebec, Canada) (Friston et al., 1995). The normal-
ized functional images were smoothed with an isotropic
Gaussian kernel of 8 mm at full width at half maximum.
Finally, the data were intensity-normalized by dividing
the time series of each voxel by its average intensity, and
converting data to percent signal change units to improve
the accuracy and test-retest reliability of ICA (Allen et al.,
2011).

Group Independent Component Analysis

Data were decomposed into independent components
(ICs) using spatial ICA. Spatial ICA applied to fMRI data
aims to separate spatially independent patterns (referred
to as spatial maps) from their linearly mixed BOLD signals
(referred to as time courses) via maximization of mutual
independence among components (Calhoun et al., 2001a).
We used ICA to identify the networks because this multi-
variate, data-driven method requires no a priori hypothe-
sis or model of brain activity. It simultaneously takes into
account the relationships between all voxels, instead of,
e.g., considering only the single region-dominant networks
produced by seed-based correlations (Zuo et al., 2010).
Additionally, ICA is capable of extracting scanner or phys-
iological noise and motion artifacts from the dataset
(Thomas et al., 2002), and is not influenced by temporal
sampling rates (De Luca et al., 2006). Finally, compared to
seed-based approaches, ICA may offer better sensitivity to
detect subtle differences among subjects (Koch et al.,
2010), which is important for our study since interoceptive
sensation varies among individuals (Herbert et al., 2012;
Pollatos et al., 2005; Schandry, 1981; Wiens et al., 2000).

Preprocessed time series were analyzed using the Group
ICA of fMRI toolbox (GIFT) software package (Medical
Image Analysis Lab, University of New Mexico, Albuquer-
que, New Mexico; versionl.3 h). Data from all functional
conditions were analyzed in one group ICA instead of
four separate ICAs so that a tighter comparison between
different task conditions could be performed without the
added variability from separate ICA analyses (Arbabshir-
ani et al., 2013). The number of independent sources (i.e.,
optimal dimensionality of the ICs) was estimated using
the GIFT dimensionality estimation tool based on the
aggregated data using the minimum description length
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(MDL) criterion, modified to account for spatial correlation
(Li et al., 2007). Note that there’s no standard for selecting
the number of ICA components; too few means that essen-
tially we are removing too much single subject variance
while too many might segregate networks. MDL algorithm
offers an estimate of the optimal number of ICs by making
a decision based upon the complexity or information con-
tent of the data. Briefly, this algorithm employs a subsam-
pling scheme to obtain a set of effectively independent
and identically distributed samples from the data and then
applies the information-theoretic criteria to the sample set
to estimate the number of informative components (Li
et al.,, 2006, 2007). MDL algorithm estimated the optimal
dimensionality of the ICs in our dataset to be about 40
averaged across all participants (39.4 * 6.15, mean * SD).
A two-step data reduction process was subsequently con-
ducted (Calhoun et al., 2001a). First, fMRI data from indi-
vidual participants were reduced to a lower
dimensionality through subject-specific data reduction by
principal component analysis with a standard economy-
size decomposition. Next, reduced data from all partici-
pants were concatenated and reduced to one group and
the independent group components were retained using
the expectation-maximization algorithm. Statistical reliabil-
ity of the IC decomposition (i.e., whether an IC has the
tendency to split or merge with another IC) was deter-
mined by running the information maximization (infomax)
algorithm (Bell and Sejnowski, 1995) 100 times in the
ICASSO software, a tool that is specialized for studying
the reliability of ICA estimates by clustering and visualiza-
tion (Himberg et al., 2004). Using this software, which is
incorporated as part of the GIFT software package, the
unmixing matrix was randomly initialized 100 times, then
the infomax algorithm ran with each initialized unmixing
matrix to extract specified number of ICs. The similarity
between ICs from each condition was calculated by the
absolute correlation. The agglomerative hierarchical clus-
tering with average-linkage criterion was used for the clus-
tering of the estimated ICs (Himberg et al., 2004). Finally,
to identify subject-specific spatial maps and time courses,
back-reconstruction was performed on the group compo-
nents using a dual regression analysis [group ICA back-
reconstruction approach number 3 (GICA-3) algorithm in
the GIFT software package (Erhardt et al., 2011b)].
Following previous studies, we used a methodical
approach to identify ICs that were brain signals as opposed
to noise or physiological artifacts (Allen et al., 2011; Arbab-
shirani et al., 2013; Calhoun et al., 2002b,c; Ma et al., 2011;
Meda et al., 2009; Zhang and Li, 2012). First, the cluster
quality index (Iq) from the ICASSO software was examined
as the criterion to validate the reliability and stability of IC
decomposition. The Iq ranges from 0 to 1 with values close
to unity signifying that the corresponding component is
reliably extracted, i.e., similar components are estimated at
each condition of the ICA algorithm (Ma et al., 2011). On
the other hand, Iq values approaching zero implies that the

likelihood that the component is randomly produced is
higher (Li et al., 2007). ICs with the Iq value below 0.8 from
100 ICASSO repetitions were excluded from further analy-
sis. Next, the spatial correlation of each IC’s spatial map
with a priori probabilistic maps of cerebrospinal fluid,
white matter, and gray matter in MNI space as provided
with SPM8 was assessed using GIFT spatial sorting. Com-
ponents that showed high correlations with cerebrospinal
fluid or white matter, or low correlations with gray matter
indicating they might be artifacts or noise rather than
hemodynamic change were identified and excluded from
further analysis. Visual inspection of spatial patterns and
frequency analysis of each IC spectra (i.e., time courses
dominated by low-frequency fluctuations, see (Cordes
et al., 2000)) allowed additional components related to arti-
facts to be discarded. Identification of remaining ICs was
performed through cross-correlation with reference stand-
ard network templates as well as knowledge from estab-
lished brain networks described in previous studies (Allen
et al., 2011; Beckmann et al., 2009; D’ Argembeau et al., 2005;
Damoiseaux et al., 2006; Kiviniemi et al., 2009; Laird et al.,
2011; Mantini et al., 2007, 2013Seeley et al., 2007; Smith
et al., 2009). Specifically, we performed a multiple spatial
regression with a previously established and publicly avail-
able baseline set of reference components (Allen et al., 2011)
as regressors of interest to identify equivalent ICs in our
dataset. We chose reference networks from (Allen et al.,
2011) to identify equivalent ICs in our dataset because for
both datasets ICA was conducted using the same software
package (i.e., GIFT) following similar preprocessing proce-
dure in SPM, while reference ICs from others studies such
as (Laird et al., 2011; Smith et al., 2009) used multivariate
exploratory linear optimized decomposition into independ-
ent components (MELODIC) toolbox (Beckmann et al.,
2005) in the FMRIB Software Library (FSL) (Smith et al.,
2004; Woolrich et al., 2009). Although unlike our task-
derived ICs, reference networks from (Allen et al., 2011) are
derived from the resting-state data, ICA networks have
been consistently and reliably identified in both the resting
state (Damoiseaux et al., 2006; Zuo et al., 2010) as well as
task activation fMRI studies (Fukunaga et al., 2006; Laird
et al., 2011; Smith et al., 2009; Vincent et al., 2007) affirming
that similar networks, with strong spatial correspondence
to the resting state, could also be elicited using task para-
digms (Calhoun et al., 2008).To display voxels relevant to a
particular IC, we normalized back-reconstructed spatial
maps of each IC into z-scores (Beckmann et al., 2005; Cal-
houn et al., 2001a). The normalized spatial maps of z-scores
of individual subject were averaged together across the
four functional conditions, and the averaged maps of z-
scores were plotted as f-statistics, thresholded at t > u+ 40
(following the justification described in appendix B in
(Allen et al., 2011)). Component anatomical locations and
Brodmann’s areas (BA) were determined using the
cytoarchitectonic probability maps as implemented in the
SPM Anatomy Toolbox (Eickhoff et al., 2005).
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Task-Related Modulations of Networks

In order to assess the degree of task relevance of each
ICA component, regression analysis of component time
courses was conducted. First a design matrix of task
regressors for each viscerosensory condition was con-
structed using SPMS8. The design matrices represented the
onset of each task condition, convolved with a box-car
hemodynamic response function (HRF; Friston et al,
1994). For the NO-PREFILL WARM and NO-PREFILL
COLD conditions, a design matrix of four regressors (i.e.,
infusion, filled state, rating after filled, and drainage), and
for the LOW-PREFILL WARM and HIGH-PREFILL
WARM conditions, a design matrix of six regressors (i.e.,
infusion, filled state, rating after filled, drainage, emptied
state, and rating after emptied) were created. For each vis-
cerosensory task, the component time courses were tempo-
rally sorted according to the strength of correlation
between the component time courses and the time course
of each of these events as embodied in the design matri-
ces. This procedure led to a set of regression coefficients
(termed B-weights) for each regressor associated with each
participant. These B-weights, which represented the
degree of synchrony between IC time courses and refer-
ence time courses, were used to assess engagement of each
IC during different task conditions (Meda et al., 2009;
Zhang and Li, 2012). Positive and negative B-weights at
one task condition relative to another indicate positive and
negative correlation with task-related activity in the IC.
Furthermore, a greater absolute value of the B-weight usu-
ally indicates a greater engagement (task-related up-
modulation if the sign is positive) or disengagement (task-
related down-modulation for negative Bs) of an IC (Zhang
and Li, 2012). Two-tailed one-sample Student’s t-test
against zero was performed on B-weights separately for
each condition (P <0.05). These P-values were not cor-
rected for the total number of comparisons because these
B-weights were not all independent between trials (e.g.,
infusion vs. drainage) in the same component or between
components for the same condition (Zhang and Li, 2012).
In addition to the B-weights statistics, we computed the
event-related averages for each task-related ICs over a
default window of 30 s as implemented in the GIFT soft-
ware package. These event-related averages represent their
associated IC activation level over the course of a typical
HRF during a task.

Functional Network Connectivity

Temporal correlations among the time series of the task-
related ICs were assessed using the FNC toolbox (Medical
Image Analysis Lab, University of New Mexico, Albuquer-
que, New Mexico; version 2.3). The ICA algorithm
assumes synchronicity between the time courses of the
responses in cortical areas within one IC (Calhoun et al.,
2004b). Though the ICs are maximally spatially independ-
ent, significant temporal correlations can exist between

them (Calhoun et al., 2001a). To examine this, a con-
strained maximal time-lagged correlation method was
used. Pearson’s correlation between the time course of
each task-related IC pairs was computed as in (Jafri et al.,
2008) with maximal lag set to 4 s (2*TR, TR =2 s). Allow-
ing lag between time courses is important to account for
HRF shape variations among brain regions as well as
among different subjects, although the source of this lag is
still debatable (Handwerker et al., 2004). Prior to comput-
ing correlations, networks’ time courses were filtered using
a band pass Butterworth filter with cut-off frequencies at
0.017 and 0.24 Hz to suppress the very low and very high
frequencies, respectively (Arbabshirani et al., 2013). The
maximum correlation and the corresponding lag values
were subsequently calculated for every subject and sepa-
rately for each task condition. Correlations were normal-
ized using Fisher’s transformation [z = arctanh (r)] and the
robustness of maximum lagged correlation between time
course pairs was tested. To determine the significant dif-
ferences between task conditions, paired Student’s t-test
was performed. For all FNC analyses, the cut-off P-value
was set at 0.05, false discovery rate (FDR)-corrected for
multiple comparisons (Genovese et al., 2002).

RESULTS
Rating Sensations During the Scan

Statistical analysis of the rating sensations during the
scan (Table I) by means of ANOVA revealed a significant
effect of adding 100 ml warm saline to the prefill volume on
desire to void sensation [F(2, 24)=128.11, P <0.001,
m,” = 0.914]. Post-hoc pairwise comparisons indicated that
the mean desire to void rating after infusion was lower for
NO-PREFILL WARM condition than for LOW-PREFILL
WARM [t(12) =2.67, P =0.02], and HIGH-PREFILL WARM
[t(12) = 18.50, P < 0.001]. There was a significant difference
in the mean desire to void rating between LOW-PREFILL
WARM and HIGH-PREFILL WARM [{(12) =11.594,
P <0.001] (Fig. 2). Despite having base level of zero (i.e.,
empty UB) for NO-PREFILL WARM and NO-PREFILL
COLD conditions, a paired Student’s t-test indicated that
subjective desire to void sensation after infusion of 100 ml
cold saline was significantly greater than desire to void sen-
sation after infusion of 100 ml warm saline [£(12) = 5.60,
P < 0.001]. There was no significant effect of prefill volume
on pain after infusion of 100 ml warm saline in any prefill
conditions [Greenhouse-Geisser corrected, F(1, 15)=4.49,
P =0.056, n,> = 0.272]. Similarly, no significant effect of pre-
fill volume was found on either desire to void or pain rating
times [F(2, 24)=0.801, P=0.460, n,°=0.063, and F(2,
24) = 0.832, P =0.447, npz = 0.065, respectively].

Paired Student’s t-test showed that the mean desire to
void rating after drainage was significantly higher for
HIGH-PREFILL WARM compared to LOW-PREFILL
WARM condition [#(12) =10.191, P <0.001]. The desire to
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TABLE I. Rating values for desire to void and pain sensations during the fMRI scan

Visceraosensory condition

Rating value Rating time

NO-PREFILL WARM
Pain after infusion
LOW-PREFILL WARM
Pain after infusion

Desire to void after Drainage

Pain after Drainage
HIGH-PREFILL WARM
Pain after infusion

Desire to void after Drainage

Pain after Drainage
NO-PREFILL COLD
Pain after infusion

Desire to void after infusion

Desire to void after infusion

Desire to void after infusion

Desire to void after infusion

1.47 £1.07 5.68 +0.64 s
0.55£0.31 483+0.78s
279 +1.87 592+0.67 s
0.53+0.27 527*0.87 s
1.72+1.39 5.62+0.60 s
0.55+0.34 533+0.71s
8.17+1.01 590 0.68 s
0.99 £0.75 512+1.02s
5.41+1.06 6.07+0.62 s
0.59 +0.31 557*0.75s
5.46 £2.44 5.69*095s
1.56 = 1.63 545*0.81s

void ratings after drainage were also significantly different
from desire to void rating after infusion for the LOW-
PREFILL WARM [f(12)=2.66, P=0.021], and HIGH-
PREFILL WARM [#(12) = 6.695, P <0.001]. There was no
significant difference in the mean rating time for desire to
void after infusion versus after drainage for the LOW-
PREFILL WARM [#(12) =1.592, P =0.137], or the HIGH-
PREFILL WARM [t(12) = 0.725, P = 0.482]. Similarly, there
was no statistically significant difference in pain rating
value or rating time between any pairs across the four task
conditions.

In post-scan interviews, all participants reported follow-
ing the suggested strategy of focusing on the sensations
during stimulus administration and waiting for the
appearance of the visual analogue scale on the screen to per-
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form the rating. There was no report of discomfort or pain-
ful sensations associated with the supine-lying position,
length of the scanning period, or the use of the stabilization
foam pads around their head and neck areas. A potential
reason that pain was not a true zero here might be due to
the fact that we used an analogue visual scale with two-digit
decimal accuracy. We also used a custom-made response
box (Jarrahi et al., 2013) with a manipulandum instead of a
commercial button box. Thus getting a true zero was diffi-
cult using this analogue scale and the said custom-made rat-
ing device.

Furthermore, prior to fMRI scans participants were eval-
uated clinically (voiding diary) and urodynamically (maxi-
mum cystometric capacity, maximum detrusor pressure,
desire to void, etc.). The maximum cystometric capacity, which
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Figure 2.

Summary of online ratings for pain and desire to void sensations
averaged across all participants. (A) Group analysis of desire to
void sensation ratings demonstrated significant difference
between NO-PREFILL, LOW-PREFILL and HIGH-PREFILL condi-
tions after infusion. There was also a significant difference in

desire to void ratings between infusion and drainage for the
LOW-PREFILL and HIGH-PREFILL WARM. (B) Group analysis of
pain ratings showed no statistically significant difference between
any pairs across the four task conditions. *P < 0.05, **P < 0.001.
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reflect the maximum functional UB volume, and the prefilled
UB volume for strong desire to void, which was used for profil-
ing prior to the HIGH-PREFILL WARM condition, were on
average 658.7 +138.3 ml, and 446.7 +110.6 ml (mean = SD),
respectively (Supporting Information Table I).

Network Modulations During Visceral
Interoception

Out of 40 ICs (Supporting Information Fig. 1), we identi-
fied 25 components to be brain networks and discarded the
rest as physiological artifacts, head movements, scanner
noise, or mixture of brain signals and artifacts. Specifically,
to identify equivalent ICs in our dataset to the standard
references, we performed a multiple spatial regression with
a previously established baseline set of ICA components as
regressors of interest (Allen et al., 2011). Subsequently, we
tested the significance level of B-weights for the 25 net-
works (i.e., non-artifactual ICA components). For ICs sur-
viving the uncorrected P < 0.05, we selected those that were
among the top five rank ordered components for
“infusion,” “filled,” “drainage” or “emptied” trials sepa-
rately for each viscerosensory stimulation condition and
attained task-relevant networks for the corresponding con-
dition. In Figures 3-6, (a) the task-related components’ spa-
tial maps, (b) associated B-weights, and (c) related event
averages of task trials as computed from the component
time courses are presented for the NO-PREFILL WARM,
NO-PREFILL COLD, LOW-PREFILL WARM, and HIGH-
PREFILL WARM conditions, respectively. Detailed infor-
mation of component spatial map including the main
regions of positive activation, BA, number of voxels, peak
activation t-value, and MNI coordinates are listed in the
Table II. The group mean and standard deviation of B-
weights, and corresponding uncorrected P-values from
one-sample t-tests for task-related ICs are presented in
Tables IIT and VI, separately for each condition.

ICs 30 and 31 involve the dorsolateral PFC and posterior
parietal cortices (similar to the reference components 34
and 60 in (Allen et al., 2011), with multiple regression val-
ues of 0.34 and 0.61, respectively). These reference compo-
nents were identified in (Allen et al., 2011) as central
executive networks (Bressler and Menon, 2010; Seeley
et al., 2007). IC 35 matched the so-called the default mode
brain network reference components from (Allen et al.,
2011) (reference component 53, multiple regression value:
0.46, reference component 25, multiple regression value:
0.29, and reference component 68, multiple regression
value: 0.17) with clusters in the medial PFC, ACC, the pre-
cuneus/posterior cingulate cortex, bilateral parietal lobules
and the inferior temporal gyri (Greicius and Menon, 2004;
Raichle et al., 2001). IC 33 showed the strongest overlap
with reference component 50 from (Allen et al., 2011) (mul-
tiple regression value: 0.16), which comprises more poste-
rior parts of the default mode network involving the
posterior midline structures of the precuneus/posterior

cingulate cortex and inferior parietal lobules (Raichle et al.,
2001; Shulman et al., 1997). IC 16 involves the anterior
insula/frontal opercula extending to the bilateral IFG
(Table II). Reference component 55 from (Allen et al., 2011),
which is classified as an ACC/insular network in that pub-
lication, showed the strongest overlap with this network
(multiple regression value: 0.28). This reference component
for the ACC/insular network also partially matched a sec-
ond component (IC 26) in our dataset covering bilateral
posterior insula infringing toward putamen, and IFG in
addition to the ACC (multiple regression value: 0.08). IC 11
encompassing the bilateral striatum, insula, and thalamus,
showed strong overlap with the reference component 21
from (Allen et al., 2011) (multiple regression value: 0.71).
Reference component 21 from (Allen et al., 2011) is termed
basal ganglia network in that publication with activation
focused in the putamen and pallidum (Laird et al.,, 2011;
Robinson et al, 2009). IC 27 involving the bilateral
temporal-parietal junction (TPJ) including the supramargi-
nal and superior temporal cortex and precuneus, showed
strong similarity to the reference component 71 focused at
the TPJ (Allen et al., 2011; multiple regression value: 0.55),
as well as the reference component 72 centered in the cen-
tral and anterior precuneus (Allen et al.,, 2011; multiple
regression value: 0.14). IC 2 includes the ACC (small dor-
sal, more ventral, i.e., pregenual and subgenual ACC) and
the adjacent ventromedial PFC, IFG, as well as the ventral
sections of the bilateral caudate (Table II). This IC showed
strong overlap with the anterior default mode network ref-
erence component from (Allen et al., 2011) (i.e., component
25; multiple regression value: 0.38). It resembles a network
termed self-referential network in (D’Argembeau et al.,
2005, Mantini et al., 2007). IC 3 is composed of the bilateral
amygdala, parahippocampal gyri and midbrain. IC 22 also
involves the bilateral hippocampi and parahippocampal
gyri as well as the thalamus, midbrain and brainstem. IC
24 contains the bilateral thalamus, and brainstem. ICs 9
and 12 cover the bilateral cerebellum. The latter ICs did not
strongly match any of the reference component from (Allen
et al, 2011) since no cerebellar/brainstem components
were included in the list of 28 reference components.

Network modulations during the NO-PREFILL WARM
condition

Accounting for the largest positive B-weight during both
“infusion” and “filled” phases of the NO-PREFILL WARM
condition was IC 30 (Fig. 3, Table III). IC 26 was the sec-
ond most up-regulated network during both “infusion”
and “filled” after IC 30. During the “drainage,” IC 30 still
showed large positive up-regulation, but its correlation
with the drainage task was weaker than IC 26. Addition-
ally, ICs 35 and 22 showed significant positive correlation
during the “drainage.” The other highly-rank networks
include ICs 31 and 27. These networks both displayed pos-
itive up-regulation during “infusion” but neither correlates
with the “drainage.”
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Figure 3.

Network modulations during the NO-PREFILL WARM condi-
tion. Six ICA components showed statistically significant
(P <0.05, uncorrected) activity increases with the NO-PREFILL
WARM condition: ICs 30, 26, 31, 27, 35, and 22. All were iden-
tified from ICA with regions with positive (warm color) and
negative (cool color) signal change shown on the MNI T| tem-

Network modulations during the NO-PREFILL COLD
condition

Similar to the NO-PREFILL WARM condition, the high-
est positively task-modulated network during both
“infusion” and “filled” trials was IC 30 (Fig. 4, Table 1V).
It was closely followed by IC 31, as well as IC 27. IC 26
was the next highly-correlated network during the
“infusion” but it was not significantly modulated during
the “filled” phase. In its place, IC 16 showed significant

plate (right = right). The color bar indicates t values. For each
ICA component, the B-weights and event averages of | (infu-
sion), F (filled), RF (rating after filled), and D (drainage) trials are
demonstrated. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

task-correlation during “infusion” as well as “filled”
phases. The other network that was highly active during
the “filled” phase is IC 24. During the “drainage,” ICs 26
and 24 showed significant task-related modulation.
Network modulations LOW-PREFILL
WARM condition

during the

Four networks show significant task-related modulation
during different phases of the LOW-PREFILL WARM
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Figure 4.

Network modulations during the NO-PREFILL COLD condition.
Six ICA components showed statistically significant (P < 0.05,
uncorrected) activity increases with NO-PREFILL COLD condition:
ICs 30, 26, 31,16, 27, and 24. All were identified from ICA with
regions with positive (warm color) and negative (cool color) signal

condition (Fig. 5, Table V): ICs 11, 2, 3, and 33. Specifically,
IC 11 showed significant up-regulation during the
“infusion,” “drainage” and “emptied” trials. ICs 2 and 3
were both highly correlated with the “filled” and “emptied”
trials. IC 33 was active only during the “drainage.”
Network modulations during the HIGH-PREFILL
WARM condition

In addition to the four networks that showed signifi-
cant task-related modulation during different trials of the

change shown on the MNI T template (right = right). The color
bar indicates t values. For each ICA component, the [3-weights and
event averages of | (infusion), F (filled), RF (rating after filled), and D
(drainage) trials are demonstrated. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

LOW-PREFILL WARM condition, i.e., ICs 11, 2, 3, and
33, three additional networks were significantly up-
regulated during the HIGH-PREFILL WARM condition
(Fig. 6, Table VI). These extra components included ICs
9, 12, and 24. During the “infusion,” ICs 11, 3, and 12
were highly modulated. During the “filled” phase, IC 24
becomes significantly active in addition to ICs 11 and 3.
During the “drainage,” ICs 11 and 33 were up-regulated
as well as another cerebellar component, IC 9. ICs 2 and
3 were only up-regulated network during the “emptied”
trials.
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Figure 5.

Network modulations during the LOW-PREFILL WARM condi-
tion. Four ICA components were identified as statistically signifi-
cant (P<0.05, uncorrected) upregulated during the LOW-
PREFILL WARM condition: ICs |1, 2, 3, and 33. All were identi-
fied from ICA with regions with positive (warm color) and nega-
tive (cool color) signal change shown on the MNI TI template

Functional Network Connectivity During Visceral
Interoception

For each viscerosensory stimulation condition, the top
three networks that were highly modulated by its task con-
dition were selected for FNC analysis. Seven task-relevant
networks were thus retained for this purpose: ICs 2, 3, 11,
26, 27, 30, and 33. The maximum lagged correlation between
these task-related networks was computed for each subject
and task condition following the procedures described in
(Jafri et al., 2008). The correlation was then examined
between all pair-wise combinations where the number of
combinations of seven components, taken two at a time
resulted in 21 possible combinations. For the correlation
pairs, Student’s t-test was conducted at P =0.05, FDR-
corrected for multiple comparison. In Figure 7, the matrices
of mean FNC correlation, and the corresponding t-test
results for each condition are shown in the lower and upper
half of matrices, respectively. The black asterisk in each cor-
relation matrix identifies the correlation pairs that survived
the t-test. The time lag pairs are also shown in Figure 8 with
arrows representing significant FNC correlation between
components (P <0.05, FDR-corrected). For demonstration

(right = right). The color bar indicates t values. For each ICA
component, the 3-weights and event averages of | (infusion), F
(filled), RF (rating after filled), and D (drainage), E (emptied),
and RE (rating after emptied) trials are demonstrated. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

purpose, the lag time between the connected networks is
shown by the direction of the arrow. The averaged time lag
values for the four viscerosensory stimulation conditions
are provided in the Supporting Information Figure 2.

To determine which FNC between network pairs are sig-
nificantly different among four interoceptive conditions,
paired t-tests were conducted at FDR-corrected threshold
level of P = 0.05. The results are shown in Figure 9A,B, corre-
sponding to significant differences that were found between
the NO-PREFILL WARM and LOW-PREFILL WARM condi-
tion pair, and the NO-PREFILL WARM and HIGH-PREFILL
WARM condition pair, respectively. Matrices of mean corre-
lation difference and t-value resulting from paired t-tests for
network pairs are shown in Figure 10. The asterisk indicates
those surviving the paired t-test. The corresponding values
of the time lag differences for the network pairs are supplied
in the Supporting Information Figure 3.

DISCUSSION

In this study, we used a multivariate approach, namely
ICA, to study brain networks (Erhardt et al., 2011a) (ie.,
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Figure 6.

Network modulations during the HIGH-PREFILL WARM condi-
tion. Seven ICA components were highly upregulated during the
HIGH-PREFILL WARM condition (P < 0.05, uncorrected): ICs
I, 2, 3, 33,9, 12, and 24. All were identified from ICA with
regions with positive (warm color) and negative (cool color) sig-
nal change shown on the MNI Tl template (right = right). The

color bar indicates t values. For each ICA component, the 3-
weights and event averages of | (infusion), F (filled), RF (rating
after filled), and D (drainage), E (emptied), and RE (rating after
emptied) trials are demonstrated. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE Il. Peak activations of the ICA component spatial maps®

Cluster

MNI coordinates

Cytoarchitectonic Brodmann area

1IC Brain region size (voxels) Fmax X y z (Probability, if available)
IC 2 (0.98) Right anterior cingulate cortex 1944 44.32 6 32 0
Right inferior frontal gyrus same cluster 33.45 27 29 =15
Left caudate nucleus same cluster 22.47 -6 17 0
Left middle orbital gyrus same cluster 16.94 -21 32 -21
Right Parahippocampal gyrus 57 13.65 21 -1 =27 Hipp (EC) (90%)
IC 3 (0.97) Right parahippocampa gyrus 1068 21.43 9 2 —-18 Hipp (EC) (20%)
Right olfactory cortex same cluster ~ 28.42 3 11 -9
Left caudate nucleus same cluster 27.44 -6 8 6
Right amygdala same cluster 15.66 24 -1 -12 Amyg (SF) (80%)
IC 9 (0.97) Right cerebellum 2140 31.32 12 —46 —36
Left cerebellum same cluster 30.33 -21 —46 —48 Lobule VIIIb (Hem) (52%)
IC 11 (0.98) Right insula lobe 3979 50.75 39 -7 -6 Insula (Id1) (20%)
Right thalamus same cluster 33.50 12 —16 3 Th-Prefrontal (84%)
Left putamen same cluster 31.22 —30 -1 9
IC 12 (0.97) Left cerebellum 2741 32.09 —18 =70 =30 Lobule VI (Hem) (98%)
Right cerebellum same cluster 30.57 12 —49 —24 Lobule V (69%)
IC 16 (0.96) Left insula lobe 1549 26.19 -39 -5 5
Left inferior frontal gyrus same cluster 22.62 —51 23 0 Area 45 (40%)
Left rolandic operculum same cluster 20.98 —54 5 6 OP 4 (40%)
Right insula lobe 1026 31.90 45 -1 0 OP 3 (10%)
Right inferior frontal gyrus same cluster 18.43 48 20 -6 Area 45 (10%)
IC 22 (0.97) Right fusiform gyrus 3575 34.33 33 —-37 21
Right Parahippocampal gyrus same cluster 32.66 24 —4 =33 Hipp (EC) (100%)
Left inferior frontal gyrus same cluster 26.22 —48 26 -9 Area 45 (20%)
Left caudate nucleus 70 13.74 -12 19 5
IC 24 (0.97) Left thalamus 2314 36.22 =15 =31 3
Right thalamus same cluster 24.69 6 —-16 12
Pons 86 13.54 -9 =25 =33
IC 26 (0.95) Right insula lobe 2568 44.03 39 -19 12 Insula (Ig2) (80%)
Right rolandic operculum same cluster 31.82 51 -1 6 OP 4 (30%)
Right putamen same cluster 23.58 30 -7 12 OP 3 (20%)
Left superior temporal gyrus 2052 2491 —60 —28 6
Left rolandic operculum same cluster 24.04 —48 -16 12 OP 1 (10%)
Left insula lobe same cluster 2291 —36 -13 6 Insula (Ig2) (50%)
Right middle cingulate cortex 216 22.90 6 29 30
Right anterior cingulate cortex same cluster 8.83 15 38 21
IC 27 (0.95) Left middle temporal gyrus 1820 28.07 —45 —52 12 IPC (PGa) (30%)
Left inferior parietal lobule same cluster 26.29 =51 -25 36 IPC (PFt) (80%)
Right middle temporal gyrus 1661 44.67 48 —55 12 IPC (PGp) (20%)
Right Supramarginal gyrus same cluster 29.67 63 -37 24 IPC (PF) (100%)
Left precuneus 307 22.47 -9 —52 48 SPL (5M) (20%)
IC 30 (0.92) Left precentral gyrus 4155 38.75 8 -57 18 Area 44 (50%)
Left inferior frontal gyrus same cluster ~ 27.39 —42 35 15 Area 45 (60%)
Left middle orbital gyrus same cluster 25.87 —42 50 -3
Right precentral gyrus 454 14.45 —4 45 -9 Area 44 (40%)
Right inferior frontal gyrus same cluster 18.22 57 20 9 Area 45 (90%)
Right rolandic operculum same cluster 11.37 57 —13 18 OP 4 (70%)
Right cerebellum 338 19.51 36 -70 -36 Lobule VIIa (Hem) (60%)
Left inferior temporal gyrus 121 19.83 —54 —40 -15
Left superior medial gyrus 100 13.41 -9 44 42
IC 31 (0.92) Right middle orbital gyrus 1967 29.04 36 50 -6
Right superior medial gyrus same cluster 25.03 12 32 45
Right middle frontal gyrus same cluster 24.63 36 53 3
Left cerebellum 1179 25.37 -39 -76 -30 Lobule VIIa (Hem) (98%)
Right inferior parietal lobule 1149 31.99 48 —55 45 IPC (PGa) (50%)
Right postcentral gyrus same cluster 13.23 39 =31 51 Area 3b (100%)
Left inferior parietal lobule 408 18.99 —42 —58 48 hIP1(50%)
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TABLE Il. (continued).

Cluster

MNI coordinates

Cytoarchitectonic Brodmann area

1C Brain region size (voxels) Frmax X v z (Probability, if available)
IC 33 (0.93) Left inferior parietal lobule 2157 21.37 =51 —52 45 IPC (PFm) (60%)
Right superior temporal gyrus 420 19.15 60 —31 3
Right precuneus 361 23.68 3 —55 33 SPL (7A) (10%)
Left posterior cingulate cortex same cluster 20.81 -6 —52 30
Right angular gyrus 174 17.49 45 —55 36 IPC (PGa)(60%)
Right middle frontal gyrus same cluster 9.75 36 35 36 IPC (PFm) (70%)
IC 35 (0.90) Left mid orbital gyrus 1889 42.95 -6 65 -6
Left superior medial gyrus same cluster 30.18 -3 71 3
Left anterior cingulate cortex same cluster 17.89 -3 47 6
Right superior frontal gyrus same cluster 15.49 24 38 51 Area 6 (10%)
Left precuneus 962 29.50 0 —58 30 SPL (7A) (10%)
Right cuneus same cluster 26.77 12 —61 21
Left cerebellum 679 19.90 -12 —64 —42 Lobule VIIIb (Hem) (30%)
Right superior parietal lobule 482 16.18 18 —49 63 SPL (5L) (80%)
Right Parahippocampal gyrus 417 26.54 30 -25 —21 Hipp (SUB) (80%)
Right angular gyrus 357 31.10 54 —64 30 IPC (PGp) (90%)
Left Superior parietal lobule 355 16.47 —27 =76 45 IPC (PGp) (20%)

“The MNI (Montreal Neurological Institute) coordinates show the coordinates of the peak voxels with negative x coordinates refer to

left hemisphere activations.

Brodmann’s area as indicated by the cytoarchitectonic maximum probability map using the SPM-Anatomy toolbox developed by Eickh-
off et al. (2005). The quality index (Iq) associated with each component is listed in parentheses next to the component number.

ICA components) modulated by visceral interoception
from the UB as a representative internal organ. Results
show that the innocuous (non-painful) temperature stimu-
lation of the UB mucosa activated ICA components
encompassing the bilateral insula, ACC, dorsolateral PFC
and posterior parietal cortex, thalamus, and TPJ. The dis-
tention pressure on the viscera (i.e., UB fullness), on the
other hand, engaged the bilateral striatum, insula, ACC,
ventromedial PFC, the amygdalo-hippocampi and parahip-
pocampal gyri, thalamus, the posterior midline structures
of the precuneus/posterior cingulate cortex and the bilat-
eral inferior parietal lobules, and cerebellar components.
Significant differences in FNC (P <0.05, FDR-corrected)
were found between the insula, ACC, and amygdalo-
hippocampus, between the insula, ACC, and ventromedial

PFC, and between the ventromedial PFC and TPJ as the
distention pressure on the viscera increased confirming
that functional interactions between components changed
as a function of viscerosensory condition. In the following
we discuss the significance of these new findings.

Network Modulation During Innocuous
Temperature Stimulation of Mucosa

In the NO-PREFILL WARM condition, ICs 26, 30 and 31
and 27 demonstrated increased activity during infusion. In
the NO-PREFILL COLD condition, almost identical com-
ponents showed increased activity during infusion. COLD
filling also significantly activated ICs 16 and 24. The

TABLE Ill. Temporal sorting for | (infusion), F (filled), RF (rating after filled) and D (drainage) trials of the
NO-PREFILL WARM condition

B-weights: Mean = SD

One-sample t-test: P-value®

IC I F RF D I F RF D
IC 30 0.46 + 0.31 0.43 +0.33 0.69 = 0.54 0.27 +=0.34 0.000° 0.000° 0.001° 0.014°
IC 26 0.36 =0.27 0.34+0.27 0.38 +0.43 0.46 +0.33 0.000° 0.001° 0.008° 0.000°
IC 31 0.25 +0.35 0.21 +0.37 0.67 +0.41 0.03 +0.32 0.026° 0.060 0.000° 0.784
IC 27 0.19 = 0.30 0.27 +0.41 1.19 +0.57 0.07 =0.35 0.042° 0.037° 0.000° 0.454
IC 35 0.05 + 0.41 0.19 + 0.33 —~1.08 = 0.51 0.30 + 0.30 0.693 0.061 0.000° 0.004°
IC 22 0.13 +0.25 0.20 + 0.36 0.05 + 0.36 0.20 +0.17 0.083 0.066 0.655 0.001°

’One-sample t-test was performed to determine whether the B-weights are statistically different from zero. All P-values were uncor-
rected because these B-weights were not independent between trials for the same IC or between ICs for the same trial.

PP <0.05.
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TABLE IV. Temporal sorting for | (infusion), F (filled), RF (rating after filled) and D (drainage) trials of the NO-
PREFILL COLD condition

B-weights: Mean * SD

One-sample t-test: P-value®

IC I F RF D I F RF D
IC 30 0.57 =0.22 0.48 + 0.51 0.49 + 0.46 0.12 +0.29 0.000° 0.006° 0.002° 0.143
IC 31 0.34 +0.27 0.43 +0.38 0.42 + 0.45 0.10 = 0.25 0.001° 0.002° 0.006° 0.191
IC 26 0.27 +0.35 0.15+0.57 0.38 + 0.56 0.24 +0.33 0.016° 0.357 0.032° 0.021°
IC 27 0.23+0.28 0.37 =0.35 1.04 +0.45 0.01+0.33 0.013° 0.002° 0.000° 0.921
IC 16 0.16 +0.21 0.18 +0.22 0.14 + 0.30 0.06 +0.11 0.015° 0.012° 0.125 0.101
IC 24 —0.07 £0.25 0.24 +0.26 0.65 +0.32 —0.10 = 0.16 0.345 0.006° 0.000° 0.048°

?One-sample t-test was performed to determine whether the B-weights are statistically different from zero. All P-values were uncor-
rected because these B-weights were not independent between trials for the same IC or between ICs for the same trial.

PP <0.05.

majority of the activated components during the NO-
PREFILL conditions including ICs 26, 16, 30 and 31 involv-
ing the insula, ACC, and dorsolateral PFC are proposed to
be responsible for detection of salient targets and task-
appropriate attentional focus (Menon, 2011). ICs 16 and 26
anchored by the bilateral insula and ACC, have been
shown by several neuroimaging studies to play a crucial
role in (a) attending to homeostatically relevant stimuli
(Brooks and Tracey, 2005; Craig, 2003b; Critchley et al.,
2000), (b) facilitating interactions of other large-scale intrin-
sic networks involved in externally oriented attention and
internally oriented cognition (Menon and Uddin, 2010;
Mutschler et al., 2009), (c) integrating interoceptive and
exteroceptive signals (Damasio et al.,, 2000; Seth et al.,
2011), and (d) engendering subjective feeling states (Craig,
2009; Critchley et al., 2004; Harrison et al., 2010; Paulus
and Stein, 2006). A recent meta-analytic clustering of data
obtained from the BrainMap database revealed that insula
can be parcellated to the anterior, and the posterior clus-
ters (Cauda et al., 2012). The anterior cluster, which is
characterized by an attentional pattern of connectivity
with frontal, cingulate, parietal, cerebellar areas, is more
homogeneous in comparison to the posterior cluster that is
characterized by a more local connectivity pattern with
connections to sensorimotor, temporal and posterior cingu-

late regions (Cauda et al., 2012). This finding supports the
view that the network to which the anterior insula belongs
is related to saliency detection. Similar meta-analytic clus-
tering of cingulate cortex showed extensive co-activations
within the cingulate cortex and the insula further support-
ing the view that the cingulate cortex and the insula form
a saliency network devoted to the integration of internal
(e.g., homeostatic) and the external (e.g., sensory) informa-
tion (Torta et al., 2013). According to the interoceptive
model (Craig, 2002, 2003a, 20091994), different sections of
the insula are involved in distinctive and sequential neural
processing of interoception from sensing the homeostatic
condition of the body to the integration of motivational,
hedonic, and social conditions (Herbert and Pollatos,
2012). It is proposed that the raw interoceptive signals
such as those coming from viscerosensory stimulations
and pain, are first mapped into a first-order mapping
structure in posterior insula (i.e., primary interoceptive
cortex) with additional regions—the so-called second-order
regions such as the anterior insula, the ACC and the PFC
become progressively involved (Craig, 2002, 2003a,
20091994) as subjective awareness of feeling (e.g., desire to
void), hedonic information, contextual motivational, and
volitional control of related actions (e.g., voiding) emerges
(Bechara and Naqvi, 2004; Damasio, 2000). The present

TABLE V. Temporal sorting for | (infusion), F (filled), RF (rating after filled), D (drainage), E (emptied), RE (rating
after emptied) trials of the LOW-PREFILL WARM condition

B-weights: Mean * SD

One-sample t-test: P-value®

IC I F RF D E RE I F RF D E RE
IC11 0.12=*0.15 0.08*=0.30 0.06 = 0.29 0.12*+0.11 0.13*0.14 0.09+0.25 0.014° 0361 0446 0.002° 0.007° 0.238
IC2 008+014 020*026 —038+020 —0.02+020 017+026 —025+030 0.068 0.015° 0.000° 0.683 0.034° 0.013"
IC3 0.05x0.09 0.17*0.20 0.06 £0.22 0.05*0.16 0.15*0.18 0.01+0.14 0057 0.009° 0345 0297 0.013° 0.722
IC33 0.15*+0.38 0.10*+0.53 -1.28*045 025+020 018+056 -124+027 0170 0489 0.000° 0.001°® 0279  0.000°

“One-sample f-test was performed to determine whether the B-weights are statistically different from zero.
All P-values were uncorrected because these B-weights were not independent between trials for the same IC or between ICs for the

same trial.
PP <0.05.
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TABLE VI. Temporal sorting for | (infusion), F (filled), RF (rating after filled), D (drainage), E (emptied), RE (rating
after emptied) trials of the HIGH-PREFILL WARM condition

B-weights: Mean = SD

One-sample t-test: P-value®

IC I F RF D RE I F RF D E RE
IC11 0.19+025 021+024 0.13+033 0.14+0.15 0.11*0.18 0.10+0.31 0.019° 0.008° 0.182 0.005° 0.057 0.285
IC2 009+0.16 017+031 —024+029 —001=+021 022+026 -0.13+028 0.056 0.063 0.013® 0.873 0.010° 0.117
IC3 012+0.09 019+0.15 003=0.16 006=012 0.15+0.13 0.06+0.16 0.000° 0.001> 0514 0.086 0.002> 0.216
IC33 020*041 015+054 -1.06+039 029+030 021*046 -1.28+041 0104 0326 0.000° 0.005° 0.131 0.000°
IC9 008+0.14 005*0.16 0.09*021 013+0.17 004+0.17 0.08+0.17 0.052 0304 0.124 0.018° 0403 0.110
IC12 0.12+0.19 008+041 010*x025 005+024 —-0.04=+032 0.00+021 0.045° 0482 0.165 0497 0.682 0.936
IC24 0.00+0.18 0.18+025 0.89+030 0.03+020 0.03*028 0.66+032 0966 0.024° 0.000° 0.629 0.683 0.000"

“One-sample t-test was performed to determine whether the B-weights are statistically different from zero. All P-values were uncor-
rected because these B-weights were not independent between trials for the same IC or between ICs for the same trial.

PP <0.05

ICA results dovetail with this model. In the NO-PREFILL
WARM condition, the visceral afferents mapped the UB
filling state to the posterior insula (the primary interocep-
tive cortex in IC 26) but did not ascend further to the ante-
rior section of insula (i.e.,, no activation of IC 16) as the
accumulated volume in the UB did not surpass the thresh-
old of the so-called “first desire to void” (Abrams et al.,
2002). This corresponded well with the fact that subjects
could not discern the UB fullness after the NO-PREFILL
WARM filling. Accordingly, the interoceptive awareness
measured by online desire to void rating was insignificant.
In contrast, in the NO-PREFILL COLD condition, the vis-
ceral afferent signals ascended to the posterior insula in IC
26 then further to the anterior insula in IC 16 (the second-
order region) resulting in subjective awareness of visceral
sensation implied by enhanced desire to void ratings. The
information about the interoceptive state also projects to
the ACC (Craig, 2002, 2003a, 2009, 1994). Although it is
plausible to consider co-activation of the ACC in ICs 26
and 16 for conflict monitoring and focusing attention (Bot-
vinick et al., 2004; Carter et al., 1999), in the context of our
paradigm ACC activity is more consistent with the
involvement of the ACC in arousal and initiating auto-
nomic responses related to motivation and goal-directed
behaviors (Craig, 2003a; Critchley et al., 2003). The ACC
forms part of the limbic system and has also been shown
to play a role in generating an affective response to a stim-
ulus. In addition, the ACC has connections with the motor
cortex thus can be involved in selecting appropriate
behavioral responses to a stimulus (Devinsky et al., 1995).
In previous UB studies, the ACC was implicated in the
micturition control including pelvic floor contractions
(Blok et al., 1997; Griffiths et al., 2007, Herms et al., 2006;
Mehnert et al., 2008; Seseke et al., 2006), and the PFC was
considered to be responsible for planning complex social
behaviors, such as whether or not micturition should take
place (Kavia et al., 2005). Taken together, the posterior
insular activation in IC 26 indicates unconscious monitor-
ing of afferent signals from the viscera, while upregulation

of the anterior insula in IC 16 signifies interoceptive
awareness of the visceral sensation with autonomic
arousal. Such awareness affords detection of changes in
viscera when significant deviations from the homeostatic
norm occur and accompanies an incentive motivation
(urge/desire) to initiate an action (e.g., voiding) to pre-
serve the body.

Furthermore, changes in the viscera tend to draw atten-
tion involuntarily (i.e., bottom-up) as the majority of inter-
oceptive, visceral signals are subliminal. This explains
activation of IC 27 covering the bilateral TPJ] in the NO-
PREFILL conditions as TPJ often shows up-regulation dur-
ing stimulus-triggered bottom-up attentional orientation
(Asplund et al., 2010; Corbetta and Shulman, 2002; Fox
et al.,, 2006). Previous neuroimaging studies showed that
TPJ is activated in respond to salient stimuli regardless of
sensory modality (Downar et al., 2000; Downar et al.,
2002). Furthermore, stimulus-triggered activations in the
TPJ wusually occur in tandem with the insula (Corbetta
et al., 2008), which was also observed in our study.
Although the conventional temporal-parietal component is
right-lateralized, our ICA revealed a bilateral temporal-
parietal activation with slightly more pronounced activa-
tion on the left. Recent studies indicate that the left
temporal-parietal activation may well accompany the right
temporal-parietal ~ during  stimulus-driven  attention
(Asplund et al, 2010). It is also suggested that left-
lateralization of the temporal-parietal network may be due
to contextual relevance of sensory stimuli (DiQuattro and
Geng, 2011). Similarly, the fronto-parietal cortical networks
(ICs 30 and 31) are implicated in processing the salient
stimuli to facilitate efficient performance of tasks on hand
(Seeley et al., 2007). More specifically, the dorsolateral PFC
in ICs 30 and 31 is considered to be responsible for cogni-
tive functions such as evaluation and attention (Dias et al.,
1996; Frith and Dolan, 1996) involved in working memory
and complex attention tasks (Frith and Dolan, 1996) as
well as anticipation of and attention to visceral sensations
and pain (Aziz et al.,, 2000; Peyron et al., 2000). The fact
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Figure 7.

Functional Network Connectivity (FNC) between the task-
related networks. (A) The NO-PREFILL WARM condition; (B)
The NO-PREFILL COLD condition; (C) The LOW-PREFILL
WARM condition; (D) The HIGH-PREFILL WARM condition.
The lower half of matrix is the mean of FNC correlation pairs,

that the left fronto-parietal component (IC 30) was more
active than the right fronto-parietal component (IC 31) in
our experiment is intriguing but consistent with left-
lateralized activation of the dorsolateral PFC observed
during the visceral esophageal sensation indicating possi-
ble functional differences between the left and right dorso-
lateral PFC (Aziz et al., 2000; Duncan and Owen, 2000).

the upper half is the t-value of each correlation pair resulted
from Student’s t-test. The black asterisk indicates the pairs sur-
viving the t-test with an FDR-corrected P-value of 0.05. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The transient relay of visceral afferents in thalamus on
their way to the insula was also captured by significant
activation of the IC 24 during the COLD filling. Activation
of the posterior insula during “drainage” phase in both
NO-PREFILL WARM and COLD conditions implies the
afferent fiber response to the UB emptying and consequent
(re-)mapping of current visceral state. In the NO-PREFILL
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Figure 8.

Functional Network Connectivity (FNC) between the task-
related networks. (A) The NO-PREFILL WARM condition; (B)
The NO-PREFILL COLD condition; (C) The LOW-PREFILL
WARM condition; (D) The HIGH-PREFILL WARM condition.
Arrow represents a significant correlation between a network

WARM, ICs 35 and 22 also showed up-regulation during
“drainage.” The activity of IC 35, which involves the
default-mode network, can be related to previous findings
that show stimulus-induced activity during tasks with low
cognitive load (Fox et al., 2005; Gilbert et al., 2006). Alter-
natively, IC 35 may be recruited for introspective interrog-
ation such as autobiographical memory, and self-
monitoring (Spreng et al., 2009; Uddin et al., 2009). Up-
regulation of IC 22 during NO-PREFILL WARM drainage
can be interpreted as activation of the IFG and limbic asso-
ciation areas including the bilateral hippocampi and para-
hippocampal gyri as well as the thalamus, midbrain and
brainstem. Previous studies showed such network of brain
regions in particular involving the limbic association areas

pair (P <0.05, FDR-corrected). The direction of the arrows indi-
cates the time lag between the pairs. Color bar shows lag in
seconds. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

is strongly associated with interoceptive processing elicited
during air-hunger, olfactory and gustatory responses
(Laird et al., 2011). The midbrain/brainstem activation
observed as part of this component can be related to the
midbrain PAG (the mesencephalic homeostatic motor cen-
ter), which relays information to the pons in brainstem
and back to the sacral parasympathetic nerves during the
UB emptying (Athwal et al, 2001; Blok and Holstege,
1994; Michels et al., in press). This is also consistent with
previous neuroimaging studies of the UB stimulation
where activation of the right IFG (Athwal et al., 2001; Blok
et al., 1998; Griffiths et al., 2007, Mehnert et al., 2008), thal-
amus (Griffiths et al., 2005; Kuhtz-Buschbeck et al., 2005,
20092009; Matsuura et al., 2002; Seseke et al., 2006), PAG
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Figure 9.

FNC difference between task-related network pairs between
task conditions. (A) The NO-PREFILL WARM and the LOW-
PREFILL WARM condition pairs; (B) The NO-PREFILL WARM
and the HIGH-PREFILL WARM condition pairs. Arrow repre-
sents a significant correlation between a network pair (P < 0.05,

(Athwal et al., 2001; Blok et al., 1997, 1998; Griffiths et al.,
2005; Kuhtz-Buschbeck et al., 2005, 2009; Matsuura et al.,
2002; Michels et al., in press; Seseke et al., 2006), and pons

A

FDR-corrected). The direction of the arrows indicates the time
lag between the pairs. Color bar shows lag in seconds. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(Athwal et al., 2001; Blok et al., 1997, 1998 Griffiths et al.,
2005; Michels et al., in press; Seseke et al.,, 2006) were
observed.

B
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Figure 10.

FNC difference between task-related network pairs between
task conditions. (A) The NO-PREFILL WARM and the LOW-
PREFILL WARM condition pairs; (B) The NO-PREFILL WARM
and the HIGH-PREFILL WARM condition pairs. The lower half
of matrix is the mean correlation difference between network

pairs between two tasks. The upper half is the t-value resulting
from paired t-test with FDR corrected P-value of 0.05. The black
asterisk indicates the pairs surviving the t-test with an FDR-
corrected P-value. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Network Modulation During Distention Pressure
on the Viscera

During the LOW- and HIGH-PREFILL WARM condi-
tions, ICs 2, 3, 11, and 33 showed activity increases. In
addition to the said components, during the HIGH-
PREFILL WARM condition, modulation of ICs 9, 12, and
24 were also observed. At the LOW- to HIGH-PREFILL
relative to NO-PREFILL WARM condition, participants
were already aware of their UB fullness, thus eradicating a
need for bottom-up deployment of attentional resources
(i.e., no activation of IC 27 involving TPJ). Instead, the task
condition imposed modulations of component involved in
top-down control of the visceral sensation (e.g., withhold-
ing of the urine) as well as the viscerosensory alliesthesia.
Alliesthesia (from allios, changed, and esthesia, sensation)
refers to the modulation of hedonic aspects of a stimulus by
the homeostatic (internal) state of the body (Cabanac, 1971).
In the case of the UB, the viscerosensory alliesthesia is the
feeling of unpleasantness a subject experiences as distention
pressure on the viscera increases. This affective appraisal of
viscerosensory alliesthesia recruits IC 2 involving the ven-
tral ACC and the adjacent ventromedial PFC and IFG, IC 3
comprising bilateral amygdala, parahippocampa gyri and
midbrain, and IC 11 with bilateral striatum, insula, and
thalamus. Elevated activation in limbic regions, including
the striatum, amygdala, ACC and medial PFC can be also
associated with increased unpleasantness with increased
desire to void in response to increased distention pressure
on the viscera. Cognitive inhibition, however, can postpone
voiding despite increased urge.

The PFC is defined as that part of the frontal lobe that
lies anteriorly to the premotor areas (BA 9, 10, 46) that are
involved in the planning of complex motor actions, and
the primary motor regions, which mediate conscious
movement. Anatomically, the ventral PFC can be divided
into orbital and medial sections. The more lateral parts of
the PFC are involved in aspects of cognition, especially
working memory (Bechara et al., 2000), while the ventro-
medial regions seem to be involved in decision-making
especially in an emotional and social context (Damasio
et al.,, 1996b). The role of the frontal lobes in control of
micturition has been previously investigated (for a review
of the micturition switch and its forebrain influences see
(Griffiths and Fowler, 2013)). In our earlier study in
healthy subjects performing pelvic floor contractions with
empty and full UB, we showed that medial PFC activity is
involved in the control of micturition, while limbic system
was likely involved in inhibition of the voiding control
mechanism (Zhang et al., 2005). In animal lesion as well as
neuroimaging studies, forebrain structures including the
PFC and the ACC were found to play a modulatory role
in the firing of the voiding reflex (Andrew and Nathan,
1964; Athwal et al., 2001, Blok et al., 1998; Kuhtz-
Buschbeck et al.,, 2005, Maurice-Williams, 1974; Michels
et al., in press). Similar observations have been reported in
patients with spinal cord lesions (Zempleni et al., 2010),

PFC underperfusion (Griffiths et al., 1994), and stroke
(Sakakibara et al., 1996). In fact, the significance of the PFC
in the continence and healthy UB function was initially
established in clinical studies by Ueki (1960), and Andrew
and Nathan (1964). The latter researchers showed that
lesions in the white matter tracts located in the medial
PFC caused lasting urinary tract dysfunction while lesions
in the gray-matters in medial PFC led to transient dysfunc-
tion (relatively short-term incontinence) (de Groat et al.,
2015; Fowler and Griffiths, 2010). These data indicate that
the medial PFC has a pivotal role in the top-down control
of the visceral sensation although the foci of PFC activa-
tion are not consistent among studies.

Furthermore, meta-analysis of neuroimaging studies
implies involvement of brain regions encompassed in IC 2
(in particular the ventromedial PFC) in the top-down mod-
ulation between sensory, self-referential, and higher-order
processing (Northoff et al., 2006). Neuroanatomical studies
have revealed reciprocal connections not only between the
ventromedial PFC and PAG, which mediate the visceral
autonomic activity, but also between the ventromedial
PFC and limbic regions, including the ventral striatum
and amygdala (Saper, 2002). During the storage and mic-
turition phases, IFG, part of the PFC, has been seen to be
active (Athwal et al., 2001; Blok et al., 1998; Griffiths et al.,
2007; Mehnert et al., 2008), as well as the orbitofrontal cor-
tex (Mehnert et al., 2008). Previous studies showed activa-
tion in the orbitofrontal cortex is related to affective
decision-making, and reward valuation in hedonic experi-
ences (Kringelbach and Rolls, 2004). Dopamine is crucially
involved in reward valuation as well as the reinforcement
learning and habit development (Baldo and Kelley, 2007;
Wise, 2004). The brain’s reward system synthesizes both
the bottom-up and top-down inputs from the ventral stria-
tum (IC 11), the ventromedial PFC and the ACC (IC 2) to
create an integrated view of the subjective value of a stim-
ulus. As such, IC 2 activation observed in our study may
reflect not only the cortical control of the visceral auto-
nomic system (via hypothalamus and the PAG), but more
importantly the affective appraisal of increased visceral
pressure (via striatum, IC 11, and amygdala, IC 3). An
intermediate step in this operation is the production of
“somatic markers,” which signals the intensity (salience)
of the valence (negative value) of the stimulus (visceral
pressure) experienced by subjects (Damasio, 2000).
Together with ICs 2 and 11, this “fronto-insula-limbic-
striatal” system helps to identify the emotional salience of
interoceptive stimuli, regulate the viscera-affective state,
and motivate action to retain psychophysical homeostasis.
Activation of this system in our study is in line with the
James-Lange theory of emotion (James, 1994; Lange, 1922)
which underlies the role of physiologic and cognitive
responses in the formation of emotion (Bechara, 2004;
Damasio et al., 1996a). Critical to our survival as a species
is the acquisition of the social cognition, a complex phe-
nomenon that entails awareness of one’s self as well as the
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perception of others [i.e., linking “I do and I feel” with
“she does and she feels” (Gallese et al., 2004)]. For exam-
ple, loss of the UB control and thus voiding or leakage is
socially undesirable and highly embarrassing for both the
sufferer and those who witness it; thus planning and
assessment of the appropriateness of when to void are
deeply linked not only to our ability to sense and perceive
the physiological condition of our body, but also to the
social appropriateness of action (Griffiths and Fowler,
2013). Such unique human faculty (i.e., social cognition) is
instantiated in the medial PFC (Amodio and Frith, 2006).

The absence of direct activation in the posterior insula
in IC 26, and the anterior insula in IC 16, key areas in sali-
ence detection was perhaps surprising. However, absence
of insular activation during the UB stimulation has also
been noted in other studies with high-level artificial UB
filling (Komesu et al., 2011; Krhut et al., 2014). The insula
is most activated during changing salience (such as rapid
change in distention pressure) and its activity is reported
in the “early” evaluation of the significance of sensory and
affective stimuli presented (Dutta et al., 2014). However, in
the LOW- and HIGH-PREFILL WARM conditions com-
pared to the NO-PREFILL condition, the prefilled UB lev-
els might have prevented detection of significant changes
in salience. We also find Komesu et al. (2011) argument
for the lack of insular activation due to habituation caused
by repetitive stimulation of the UB plausible. IC 11
showed activity increases during almost all phases of
LOW- and HIGH-PREFILL WARM tasks. A closer look at
ICs 11, 16, and 26 reveals considerable overlap of these
components at insula (Supporting Information Figure 4).
Note that the spatial ICA algorithm attempts to identify
maximally independent sets of spatial maps (which can
overlap) each of which are represented by a strongly
coherent or correlated time course (Cetin et al.,, 2014).
Component overlap has been observed in previous ICA
studies and has been interpreted as evidence of multiple
concurrent central processes associated with common
brain regions (Beldzik et al., 2013; Xu et al., 2013).

In our previous fMRI investigation of the supraspinal
central representation of the UB stimulation (Mehnert
et al., 2008; Mehnert et al., 2011), similar to the current
study, one of the most prominent activated brain areas
during the UB cooling was the insula but with prominent
right-lateralized activation in the right-handed subjects. In
this study, we also observed slightly prominent right-
sided activity in insula (both ICs 16 and 26) as well as in
IC 3. Previous neuroanatomical studies demonstrated that
small-diameter sympathetic afferent fibers provide input
to lamina I while small-diameter parasympathetic afferents
project to the nucleus of the solitary tract in medulla
(Craig, 2002). However, the parasympathetic activity is
postulated to be re-represented in the left (dominant)
hemisphere, whereas the sympathetic activity is assumed
to be re-represented in the right (non-dominant) hemi-
sphere (Craig, 2002). The right-lateralization of the insular

components that we observed in relation to the visceral
stimulation of the UB might be related to the greater acti-
vation of the sympathetic afferent fibers compared to their
parasympathetic counterparts. Considering the autonomic
regulation of the UB, the sympathetic activity causes the
internal urethral sphincter to close allowing the UB to fill.
At the same time, moderate UB distension inhibits para-
sympathetic activity, which would otherwise contract the
UB to start the voiding process (de Groat and Steers,
1990). Therefore, during visceral (thermal and mechanical)
stimulation of the UB, the sympathetic activity seems to
outweigh the parasympathetic activity in order to allow
urine accumulation (UB muscle relaxation), and prevent
voiding (and UB contraction). These re-representations of
both sympathetic and parasympathetic afferents are postu-
lated to provide the foundation for a subjective evaluation
of interoceptive state, which is forwarded to the PFC espe-
cially the ventromedial and orbitofrontal cortices where
hedonic valence is represented (Craig, 2002). The laterali-
zation of the component activations can also be related to
the hemispheric dominance in the supraspinal processing
of the UB sensations. Such hemispheric asymmetry has
been previously reported not only for UB sensations (Blok
et al.,, 1997, Mehnert et al., 2008, 2011) but also other vis-
ceral functions such as the ano-rectal motor function
(Hamdy et al., 1999). The significance of the lateralized
cortical representations of visceral sensations is still
unknown.

The HIGH-PREFILL WARM paradigm in our study also
revealed significant cerebellar activation, namely in ICs 9
and 12. Previous studies showed cerebellar activation fol-
lowing increasing UB filling (Athwal et al., 2001; Matsuura
et al., 2002; Nour et al., 2000). Furthermore, cerebellar
lesions can disrupt both storage and expulsion (Nishizawa
et al., 1989). Thus, the cerebellum seems to be involved in
processing sensory information of UB filling and motor
control of micturition.

Functional Network Connectivity During Visceral
Interoception

We performed FNC using maximal correlation on back-
reconstructed subject-specific time courses of seven task-
modulated networks. FNC, a measure of inter-network
connectivity, is weaker than intranetwork connectivity
(Arbabshirani et al., 2013). The average * standard devia-
tion of FNC values were 0.154+0.111, 0.141 *0.103,
0.161 =0.120, and 0.161*+0.112 for the NO-PREFILL
WARM, NO-PREFILL COLD, LOW-PREFILL WARM, and
HIGH-PREFILL WARM conditions, respectively. As
shown in Figure 7, most of the correlations are positive.
Across different conditions, the FNC correlation between
networks was the weakest between IC 33 involving poste-
rior parts of the default mode network, namely the poste-
rior midline structures of the precuneus/posterior
cingulate cortex and the bilateral inferior parietal lobules
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(Raichle et al., 2001; Shulman et al., 1997) and IC 27 cen-
tered on the bilateral TP]. The correlations value for this
network pair was negative at all times, i.e.,, —0.05, —0.04,
—0.12 and —0.16 for the NO-PREFILL WARM, NO-
PREFILL COLD, LOW-PREFILL WARM, and HIGH-
PREFILL WARM conditions, respectively. The anticorrela-
tion between the TPJ in IC 27 and the regions comprising
the posterior midline structures in IC 33 is consistent with
previous finding (Kucyi et al., 2012). Across all conditions,
the strongest FNC correlation was always between IC 2
encompassing the ventromedial PFC, and IC 3 involving
the bilateral amygdala, and parahippocampa gyri, i.e.,
0.33, 0.28, 0.32, and 0.33 for the NO-PREFILL WARM, NO-
PREFILL COLD, LOW-PREFILL WARM, and HIGH-
PREFILL WARM conditions, respectively.

The present FNC demonstrated that the connectivity of
IC 33 covering the more posterior default mode compo-
nent with other ICA components significantly (P <0.05,
FDR-corrected) differed during the visceral stimulation. In
the NO-PREFILL conditions, there was no FNC between
IC 33 and IC 26 involving the posterior insula, or between
IC 33 and IC 27 focused at the TP]. In the HIGH-PREFILL
WARM, the FNC between ICs 33 and IC 30, the left
fronto-parietal network, was also not significant. Much of
the regions in ICs 26, 30, and 27 that showed non-
significant FNC with IC 33, overlap with the so-called
task-positive network including the dorsolateral and ven-
tral PFC, insula, and attention networks (Fox et al., 2005).
Uddin et al. (2009) also showed that posterior midline
structures of the precuneus/posterior cingulate cortex has
an antagonistic relationship with prefrontal-based motor
planning and control circuits. In addition to the above net-
work pairs, the FNC between ICs 2 and 27 was not signifi-
cant for all conditions (P < 0.05, FDR-corrected). The main
node in IC 2 is the ventromedial PFC, which resembles the
anterior node of the default mode network. The main
node of IC 27 is the TP] (more left-lateralized here) which
is suggested to be involved in integrating contextual
knowledge with incoming sensory information through
interactions with the insula and the frontopariental net-
works (DiQuattro and Geng, 2011). Kucyi et al. (2012)
showed previously that both the right and left TP] exhibit
negative functional connectivity with the default mode
network (e.g., medial PFC, precuneus/posterior cingulate
cortex). Consequently, the lack of FNC between ICs 2 and
27 can also be interpreted as the lack of correlation
between the task-positive and task-negative networks.

An intriguing finding of our study is that compared to
the NO-PREFILL WARM condition, both LOW- and
HIGH-PREFILL WARM conditions showed significantly
increased FNC between ICs 11 and 3 (P <0.05, FDR-cor-
rected); i.e., 0.14 = 0.07 for the NO-PREFILL WARM condi-
tion compared to 0.22 = 0.09, 0.25 * 0.08 for the LOW- and
HIGH-PREFILL WARM conditions, respectively. The
enhanced FNC between these two ICA components in the
LOW- and HIGH-PREFILL WARM conditions may repre-

sent an increased crosstalk between these two networks
once the awareness of the visceral stimulation is achieved.
Moreover, FNC comparison between the NO-PREFILL
WARM and LOW-PREFILL WARM conditions revealed
there are significant difference in FNC between (i) ICs 2
and 27, (ii) ICs 2 and 11, and (iii) ICs 33 and 26 (P <0.05,
FDR-corrected). A major behavioral distinction between
the NO-PREIFLL WARM and LOW-PREFILLE WARM is
a shift from non-conscious visceral sensation to conscious
feeling (interoceptive awareness). As discussed earlier, this
shift in awareness activates the fronto-insula-limbic-striatal
system, which starts a cascade of events including regula-
tion of the autonomic and arousal states as well as moti-
vating action in response to increased viscerosensory
alliesthesia with the aim of retaining homeostasis. This
reallocation of activity from the salience detection circuitry
to affective-arousal-motivation networks with the onset of
subjective conscious experience echoes well with a large-
scale reorganization of FNC in which the FNC between
ICs 2 and 27 significantly decreased (i.e., from 0.12 = 0.17
to —0.03+0.15, P<0.05, FDR-corrected), while the FNC
between ICs 2 and 11 were significantly increased (i.e.,
from 0.14*=0.09 to 0.27=0.12, P <0.05, FDR-corrected).
The significant increase between ICs 33 and 26 (i.e., from
0.03+0.14 to 0.17 = 0.11, P <0.05, FDR-corrected) can also
be related to increased crosstalk between the primary
interoceptive cortex involved in representing bodily state
and the autobiographical activity of the default mode
network.

Caveats and Future Direction

There are some important caveats that must be consid-
ered in the interpretation of our results. First, we included
only female subjects to control for the confounding factor
of sex-related differences in visceral interoception, and bet-
ter ability to perform non-painful catheterization. Second,
the long acquisition time of the datasets (15-17 min per
task condition) has benefited the precision of estimation of
FNC correlations. Conversely, longer fMRI time series are
more prone to subjects’ distraction, thus less likely to rep-
resent a stable brain functional state. Third, although our
analysis was based on adequate sampling of imaging data
from each subject, there was a modest number of subjects
in the final sample. Thus, the findings certainly deserve
replication with a larger sample size of both genders using
more time-optimized viscerosensory paradigm. Another
potential limitation is the possible contamination of the
BOLD signals related to the visceral stimulation with the
brain activates related to the rating. Although we explicitly
instructed the subjects not to mentally perform the subjec-
tive estimation of the rating during the event periods prior
to the motor task of moving the manipulandum on the
response box (and none of the subjects reported doing so
in the post-scan questionnaires), it is difficult to be sure
when subjects start to think about what. On the other
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hand, this thinking process cannot be completely excluded;
after all this is probably an integral part of interoceptive
feeling. There is also a possibility of false negatives due to
thresholding and smearing of activity from individual par-
ticipants. Lastly, our experiment was performed with the
UB as a representative internal organ, in which the transla-
tion of the UB volume and fluid temperature into sensory
afferent activity lies at the heart of the interoceptive pro-
cess. Despite this constraint, we believe our observations
can potentially be compared to interoception from other
visceral organs such as GI tract as neuroimaging studies of
especially lower GI tract showed activations in similar
brain areas to the UB (Derbyshire, 2003; Fowler and Grif-
fiths, 2010; Mayer, 2011; Mayer et al., 2009). However, as a
strong point of this study, we emphasize that we used
ICA as a model free model with no bias in selecting the
activation regions. To add to fidelity of our results, we
particularly followed the ICA procedure that is suggested
to yield more robust and reliable components in the litera-
ture [e.g., the GICA-3 back-reconstruction algorithm
(Erhardt et al., 2011b), intensity normalization in prepro-
cessing (Allen et al., 2011), 100 runs with random initiation
in ICASSO (Himberg et al., 2004)].

In conclusion, ICA and FNC analysis revealed that vis-
ceral interoception is a dynamic process that involves
closely interacting, yet dissociable components. Within this
system, the posterior and anterior insula, ACC, dorsolat-
eral PFC and posterior parietal cortex, thalamus, and TPJ
provide monitoring of visceral state and salience detection,
whereas the ventromedial PFC, IFG, ventral striatum,
insula, ACC, amygdala, parahippocampal gyri, midbrain
are more likely to be involved in the regulation of the
arousal, motivational and affective states and action initia-
tion. Future studies are expected to further detail the role
of these intrinsic networks in interoception and its effect
on human conscious experience, and emotional states.
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