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Abnormal responses of the brain to delivered and expected aversive gut stimuli have been implicated in the pathophysiology of irritable
bowel syndrome (IBS), a visceral pain syndrome occurring more commonly in women. Task-free resting-state functional magnetic
resonance imaging (fMRI) can provide information about the dynamics of brain activity that may be involved in altered processing
and/or modulation of visceral afferent signals. Fractional amplitude of low-frequency fluctuation is a measure of the power spectrum
intensity of spontaneous brain oscillations. This approach was used here to identify differences in the resting-state activity of the human
brain in IBS subjects compared with healthy controls (HCs) and to identify the role of sex-related differences. We found that both the
female HCs and female IBS subjects had a frequency power distribution skewed toward high frequency to a greater extent in the amygdala
and hippocampus compared with male subjects. In addition, female IBS subjects had a frequency power distribution skewed toward high
frequency in the insula and toward low frequency in the sensorimotor cortex to a greater extent than male IBS subjects. Correlations were
observed between resting-state blood oxygen level-dependent signal dynamics and some clinical symptom measures (e.g., abdominal
discomfort). These findings provide the first insight into sex-related differences in IBS subjects compared with HCs using resting-state
fMRI.

Introduction
Irritable bowel syndrome (IBS) is the most common chronic
visceral pain disorder and occurs with a greater prevalence in
women (Mykletun et al., 2010; Chang, 2011; Fukudo and Ka-
nazawa, 2011). Functional brain imaging studies have demon-
strated greater blood oxygen level-dependent (BOLD) responses
in IBS subjects in regions of a homeostatic afferent, emotional
arousal, and cognitive modulatory networks (Wilder-Smith et
al., 2004; Mayer and Bushnell, 2009; Tillisch et al., 2011). Sex-
related differences in visceral perception, in the autonomic ner-
vous system, and in brain responses to visceral stimuli or their
expectation have been demonstrated (Mayer et al., 2001; Chang
and Heitkemper, 2002; Mayer et al., 2004; Mayer et al., 2005;

Mayer et al., 2006; Lieberman et al., 2007; Wang et al., 2007;
Labus et al., 2008; van Marle et al., 2009). Similar to brain imaging
studies in rodents, these studies have shown greater engagement
of cortical regions in males (prefrontal cortical subregions) and
greater engagement of emotional brain regions and circuits in
females (amygdala [AMYG], subgenual cingulate cortex) during
rectal distension and expectation of abdominal pain (Lawal et al.,
2006; Naliboff et al., 2006).

Characterization of spontaneous intrinsic BOLD oscillations
in the brain (resting-state functional magnetic resonance imag-
ing [fMRI]) using different analytic approaches, including frac-
tional amplitude of low-frequency fluctuation (fALFF), a
measure of the power spectrum intensity of spontaneous brain
frequency oscillations, have been used to identify brain abnor-
malities in psychiatric patients and in somatic pain conditions
(Zang et al., 2007; Hoptman et al., 2010; Malinen et al., 2010;
Davis and Moayedi, 2012; Farmer et al., 2012; Kwak et al., 2012;
Wang et al., 2012). For example, patients with chronic spinal and
limb pain have been shown to exhibit greater high-frequency
(HF; 0.12– 0.25 Hz) spectral power in the insula (INS) and ante-
rior cingulate cortex (ACC) compared with healthy controls
(HCs) (Malinen et al., 2010). Regional abnormalities in sponta-
neous BOLD oscillations in the INS, medial prefrontal cortex,
and posterior cingulate cortex have also been observed in chronic
back pain patients (Baliki et al., 2011). These alterations in re-
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gional frequency spectral power have been suggested to reflect
abnormal intrinsic neuronal activities, functional connectivity,
and spontaneous pain (Zou et al., 2008; Baliki et al., 2011).

In the present study, using fALFF, we aimed to identify
disease-related regional differences in intrinsic oscillatory dy-
namics of BOLD signal as previously reported for other persistent
pain conditions by comparing patients with IBS and HCs. In
addition, we aimed to identify possible sex-related differences
and to determine whether the identified regions with altered os-
cillatory dynamics are associated with IBS symptoms and behav-
ioral characteristics. Based on previous published studies in
chronic pain patients (Malinen et al., 2010; Baliki et al., 2011;
Farmer et al., 2012), we aimed to test the following hypotheses
using a region of interest (ROI) approach: (1) regarding disease-
related differences, there is a shift of regional frequency spectral
power toward HF in the interoceptive related regions in the pa-
tient group; (2) sex-related differences in oscillatory dynamics
exist in emotional, somatosensory, and interoceptive regions;
and (3) abnormal regional oscillatory dynamics are correlated
with clinical symptoms.

Materials and Methods
Subjects. A total of 178 right-handed subjects were recruited through
the University of California-Los Angeles (UCLA) Digestive Diseases
Clinic and advertisements. The sample included 76 female HCs
(mean age, 29.39 � 9.93 years), 42 male HCs (mean age, 35.95 �
12.97 years), 29 male IBS subjects (mean age, 37.28 � 10.75 years),
and 31 female IBS subjects (mean age, 30.65 � 10.71 years). Diagnosis
of IBS was made by a gastroenterologist or nurse practitioner with
expertise in functional gastrointestinal disorders based on the ROME
II or ROME III symptom criteria during a clinical assessment (Dross-
man, 2000; Drossman, 2006). The diagnostic criteria include recur-
rent abdominal pain or discomfort associated with two or more of the
following: (1) pain/discomfort is relieved/improved by defecation,
(2) the onset of pain/discomfort is related to a change in frequency of
stool, and (3) the onset of pain/discomfort is related to a change in the
form (appearance) of stool. All procedures were approved by the
UCLA Medical Institutional Review Board and all subjects provided
informed consent. Exclusion criteria comprised pregnancy, substance
abuse, abdominal surgery, tobacco dependence, and psychiatric ill-
ness. In addition, IBS subjects with current regular use of analgesic
drugs (including narcotics, opioids, and �2-� ligands) were excluded.
Use of medications such as antidepressants (low-dose tricyclic anti-
depressants, selective serotonin uptake inhibitors, nonselective sero-
tonin reuptake inhibitors) was only allowed if patients had been on a
stable dose for a minimum of 3 months. In our sample, only three IBS
subjects were on low-dose tricyclic antidepressants (one female on
�75 mg/day) or selective serotonin uptake inhibitors (one female and
one male). Questionnaires were completed before scanning to deter-
mine IBS symptom type, severity, duration of symptoms, and abdom-
inal sensation using the UCLA Bowel Symptom Questionnaire (BSQ;
Chang et al., 2001), comorbid affective and mood disorders using the
Hospital Anxiety Depression (HAD) scale (Mykletun et al., 2001),
IBS-related fears and anxiety using the Visceral Sensitivity Index
(VSI; Labus et al., 2004; Labus et al., 2007), and the big five personality
traits using the NEO Personality Inventory-Revised (NEO PI-R;
Costa and McCrae, 1995).

Resting-state MRI data acquisition. All resting-state scans were col-
lected with subjects having their eyes closed while in the scanner. Noise-
cancelling headphones were used to help reduce the noise from the
scanner. Images were acquired with echo planar sequence on Siemens 3
Tesla Trio and Allegra scanners as follows: (1) Siemens 3 Tesla Trio using
the following parameters: TE � 28 ms, TR � 2000 ms, scan duration �
10 m 6 s, flip angle � 77 degrees, FOV � 220, slice thickness � 4.0 mm,
40 slices were obtained with whole-brain coverage (27 female HCs, 28
male HCs, 19 male IBS subjects, 25 female IBS subjects); (2) Siemens 3
Tesla Trio using the following parameters: TE � 26 ms, TR � 2500 ms,

scan duration � 5 m 8 s, flip angle � 90 degrees, FOV � 200, slice
thickness � 3.0 mm, 38 slices were obtained with whole-brain coverage
(41 female HCs); (3) Siemens 3 Tesla Trio using the following parame-
ters: TE � 28 ms, TR � 2000 ms, scan duration � 8 m 6 s, flip angle � 77
degrees, FOV � 220, slice thickness � 4.0 mm, 40 slices were obtained
with whole-brain coverage (8 female HCs, 6 female IBS subjects); and (4)
Siemens 3 Tesla Allegra using the following parameters: TE � 28 ms,
TR � 3000 ms, scan duration � 6 m 6 s, flip angle � 90 degrees, FOV �
200, slice thickness � 3.0 mm, 38 slices were obtained with whole-brain
coverage. (14 male HCs, 10 male IBS subjects).

Structural MRI. A standard T1-weighted magnetization-prepared
rapid acquisition gradient echo (MP-RAGE) scan was obtained before
resting scan session using the following parameters: TR � 2200 ms, TE �
3.26 ms, slice thickness � 1 mm, 176 slices, 256 � 256 voxel matrices, and
1.0 � 1.0 � 1.0 mm voxel size.

Resting-state MRI image preprocessing. All image processing and
data analysis were performed using Statistical Parametric Mapping 8
(SPM8) software (Wellcome Department of Cognitive Neurology,
London). Images were first imported from DICOM into NIFTI-1
format followed by slice timing correction, spatial realignment, and
motion correction. A native-to-MNI transformation matrix was ob-
tained by running the MP-RAGE scan through a segmentation pro-
cedure. This matrix was then used to bring fMRI images, which were
aligned to the MP-RAGE scan into MNI space. All scans were resa-
mpled to a voxel size of 2 � 2 � 2 mm.

Between group analyses of normalized fALFF. We used fALFF, a power-
density frequency spectrum approach applied to resting-state time
course data, to identify region-specific abnormalities in resting-state
brain function (Zou et al., 2008). The examination of low-frequency (LF)
fluctuations of BOLD signal using this type of approach has exhibited a
close relationship to spontaneous neuronal activity, adequate gray mat-
ter–white matter differentiation, and the improved fALFF algorithm spe-
cifically has been shown to reduce the confounding effects of
physiological noise in the data compared with earlier frequency-based
methods (Goldman et al., 2002; Mantini et al., 2007; Zou et al., 2008;
Biswal et al., 2010). fALFF analysis was performed using in-house codes
written in C��. Linear trends were removed before the time course data
from each voxel was subjected to fast Fourier transformations into the
frequency domain (Zou et al., 2008). Similar to many previous studies
(Wise et al., 2004; Duff et al., 2008; Zou et al., 2008; Baliki et al., 2011;
Baria et al., 2011), we subdivided the BOLD frequency into three differ-
ent bands. We pooled resting-state fMRI data with different TRs (2–3 s)
from multiple studies for the purposes of comparing patterns of BOLD
oscillation in a large sample size. To make comparisons possible across
multiple studies, we modified the fALFF by setting a cutoff frequency
(0.16 Hz). The modified fALFF was calculated as the ratio of the square
root of the oscillatory amplitude sum across the LF band (0.01– 0.05 Hz),
the middle frequency (MF) band (0.05– 0.10 Hz), and the HF band
(0.10 – 0.16 Hz) to the square root of the power across the entire fre-
quency band (0 – 0.16 Hz). We normalized the fALFF for each voxel,
transformed it to a Z-score by subtracting the global mean fALFF value,
and then dividing by the SD within a whole brain mask (provided in
MRIcro, http://www.mccauslandcenter.sc.edu/mricro/mricron/). An 8
mm isotropic Gaussian kernel was then used to smooth normalized
fALFF maps (Zou et al., 2008).

Between-group analyses of normalized fALFF. Group differences in
fALFF in the different frequency bands were tested using linear con-
trast analyses on estimates from a general linear model implemented
in SPM8. Using the flexible factorial specification, normalized fALFF
maps were entered as dependent variables and group (male HC, fe-
male HC, male IBS, and female IBS) and frequency band (LF, MF, and
HF) were entered as factors. The main effect and interactions between
group and frequency band were entered as effects in the model. Sub-
ject was also included as an effect in the model (Gläscher and Gitel-
man, 2008). Because chronic pain has been associated with shifts in
BOLD frequency power distribution (Malinen et al., 2010; Farmer et
al., 2012), we specified interaction contrasts (i.e., differences of dif-
ferences) to localize regions that exhibited changes/shifts in fre-
quency power distribution due to group; for example: female HCs
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(HF vs LF) � female IBS (HF vs LF). As a
sensitivity analysis, we entered subject age
(in years), depression score, and factors for
scanning protocols as nuisance covariates,
but this did not change the results; for exam-
ple, contrast maps for female IBS (HF vs
LF) � male IBS (HF vs LF) showed 95.99%
overlap. Therefore, we do not report results
for the model controlling for these potential
nuisance covariates.

Based on the findings from previous studies
(Labus et al., 2008; Malinen et al., 2010; Apkar-
ian et al., 2011; Baliki et al., 2011; Tillisch et al.,
2011; Van Oudenhove, 2011), we investigated
the resting-state signal in specific ROIs, includ-
ing the sensorimotor cortex, subregions of INS
(including anterior INS [aINS]; mid INS
[mINS]; posterior INS [pINS]), and affective
regions (AMYG and HIPP). ROIs were con-
structed in the WFU PickAtlas tool using the
aal human brain atlas with a two-dimensional
dilation factor of one (Maldjian et al., 2003;
Maldjian et al., 2004). ROI analysis was applied
by thresholding whole-brain fALFF activation
maps at an uncorrected significance threshold
of p � 0.001, using the small volume correction
procedure in SPM8, and considering results as
significant at a cluster threshold of p � 0.05
corrected for FWE correction. To better quan-
tify the differences between groups, we ex-
tracted normalized fALFF values (Z-scores)
averaged over the significant voxels within
each ROI by MarsBaR (http://marsbar.
sourceforge.net) and plotted them using SPSS
version 19 software.

Independent sample t tests were conducted to examine bowel symp-
tom severity (BSQ) between male and female IBS subjects. ANOVA was
performed to examine differences in non-BSQ clinical and behavioral
characteristics, including visceral sensitivity (VSI), anxiety and depres-
sion (HAD), and personality traits (NEO). Significant group effects
were further examined using linear contrasts using false-discovery rate
(FDR) for the four comparisons at 5% (Benjamini and Hochberg, 2000;
Benjamini et al., 2006). Associations between clinical characteristics
(BSQ, symptom duration, VSI, and HAD) and frequency oscillation
shifts were conducted in SPSS by correlating clinical scores for each of the
variables of interest with the frequency shifts between averaged Z-score
of different fALFF maps for each voxel within the significant ROIs and
correcting for multiple comparisons by FDR.

Results
Clinical characteristics
Subjects’ clinical data are summarized in Table 1. Female IBS
subjects tended to have greater IBS-related symptom scores com-
pared with male IBS subjects (p � 0.05). Although within normal
clinical ranges, IBS subjects had higher anxiety and depression
symptom scores on the HAD than HCs, with male IBS patients
having significantly higher scores than male HCs for anxiety (ad-
justed p (q) � 0.006), and female IBS having significantly higher
anxiety (adjusted p (q) � 0.006) and depression (adjusted p (q) �
0.002) scores compared with female HCs. In addition, male and
female IBS subjects had significantly higher VSI scores than male and

Figure 1. Altered BOLD frequency power distribution of INS subregions in male subjects. Significant differences of HF versus MF
power distribution in male HCs compared with male IBS subjects are shown in red ( p � 0.05, FWE corrected). For display purposes
only, all statistical results ( p � 0.001 uncorrected) were overlapped on a MRIcron ch2better template.

Table 1. Subject clinical and behavioral characteristics

HC males IBS males HC females IBS females

F pn Mean SD n Mean SD n Mean SD n Mean SD

Neuroticisma 37 47.03 10.40 29 52.72 14.78 72 43.60 10.14 31 49.06 9.52 5.259 0.002
Anxietyb 42 3.26 2.60 29 5.69 4.45 76 3.04 2.436 31 5.03 3.67 7.123 0.000
Depressionc 42 1.64 1.56 29 2.79 3.40 76 1.09 1.73 31 2.42 2.50 5.475 0.001
Overall Symptomsc 24 9.71 4.24 31 9.97 4.38 0.058 0.826
Abd Paind 25 8.92 4.70 31 9.23 4.90 0.410 0.814
Abd Discomforte 25 8.80 5.66 31 11.58 5.15 0.668 0.060
Durationf 24 12.83 9.77 30 11.30 8.75 0.039 0.546
Symptom related worriesg 41 3.41 5.85 29 32.14 17.39 72 3.29 5.77 31 34.94 14.83 107.76 0.000

F is the main effect of group from ANOVA and t test for four and two group comparisons, respectively. Statistical significance was set at p � 0.05.
aNEO personality inventory (Costa and McCrae, 1995).
bHAD (Mykletun et al., 2001); BSQ (Chang et al., 2001).
cBSQ overall symptoms in the past week (0 –20).
dBSQ abdominal pain in the past week (0 –20).
eBSQ discomfort in the past week (0 –20).
fBSQ duration in years, derived from onset of symptoms.
gVSI (Labus et al., 2004; Labus et al., 2007).
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female HCs, respectively (males: adjusted p (q) � 0.001; females:
adjusted p (q) � 0.001).

IBS-related differences in frequency power distribution
Male HCs showed greater HF versus MF and LF power distribu-
tion in the left aINS, bilateral mINS, and left pINS compared with
male IBS subjects (Fig. 1 and Table 2). These results indicate that
male HCs had a frequency power distribution skewed toward HF
to a greater extent than male IBS subjects in the left aINS, bilateral
mINS, and left pINS (Fig. 4a).

Female IBS patients showed greater HF and MF versus LF
power distribution in the left AMYG, right HIPP, and aINS
compared with female HCs (Fig. 2a and Table 3). ROI analysis
also revealed that female IBS subjects had greater frequency
distribution of LF versus MF and HF power in the sensorimo-
tor regions (precentral, postcentral, and paracentral cortex
and supplementary motor area) compared with female HCs
(Fig. 2b and Table 3). These results indicate that female IBS
had a frequency power distribution skewed toward HF in the
left AMYG, right HIPP, and aINS and toward LF in the senso-
rimotor regions to a greater extent compared with female HCs
(Fig. 4b).

There were no significant differences between IBS subjects
and HCs when males and females were combined in each group.

Sex-related differences in frequency power distribution
HCs
Male subjects showed greater LF versus HF power distribution in
sensorimotor cortical regions (bilateral precentral and right post-

central cortex) compared with female subjects (Table 4). Female
subjects had larger HF and MF versus LF power distribution in
AMYG and HIPP, compared with males (Table 4). These results
indicate that male HCs had a frequency power distribution
skewed toward LF in the sensorimotor cortex to a greater extent
than female HCs, whereas female HCs had a distribution skewed
toward HF in affective regions to a greater extent than in male
HCs (Fig. 4c).

IBS group
Female compared with male IBS subjects had greater HF versus
LF power distribution in all INS subregions (aINS, mINS, and
pINS) and several affective regions (AMYG and HIPP) (Fig. 3a
and Table 5). In addition, female subjects showed significantly
greater LF versus HF power distribution in the left precentral,
postcentral cortex, and supplementary motor area (Fig. 3b and
Table 5). These results indicate that female IBS subjects had a
frequency power distribution skewed toward LF in sensorimotor
regions, as well as toward HF in the interoceptive and emo-
tional arousal regions to a greater extent than in male IBS
subjects (Fig. 4d).

Correlations of BOLD signal dynamics with clinical and
behavioral characteristics
Correlation analyses were performed separately in male and fe-
male subjects between clinical symptom scores and the frequency
power distributions from regions displaying sex-specific IBS-
related alterations. In female IBS subjects, IBS symptom-related

Table 2. Regions showing altered frequency power distribution in male IBS patients compared with male HCs

ROI Hemisphere Cluster size (voxels) p-value T Z-score x y z

Male HCs versus male IBS (amplitude of HF vs MF)
aINS L 23 0.024 3.48 3.45 �34 14 �14
mINS L 18 0.022 3.55 3.52 �40 �4 0
pINS L 92 0.008 4.02 3.97 �40 �8 0
mINS R 26 0.017 3.9 3.85 40 �8 0

Male HCs versus male IBS (amplitude of HF vs LF)
pINS L 22 0.032 4.02 3.97 �38 �10 6

ROI analysis was applied by thresholding whole-brain fALFF activation maps at an uncorrected significance threshold of p � 0.001 and using the small volume correction procedure in SPM8. Results were considered significant at cluster
threshold of p � 0.05 corrected for voxel wise error rate. MNI coordinates (x,y,z) for peak voxels show significance.

Figure 2. Altered BOLD frequency power distribution in female IBS compared with female HCs. a, Significant differences of MF versus LF power distribution in female IBS compared with female
HCs are shown in red ( p � 0.05, FWE corrected). b, ROIs with significant differences between LF versus HF power distribution in female IBS compared with female HCs are shown in red ( p � 0.05,
FWE corrected).
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discomfort level during the past week was positively correlated
with the degree to which the frequency power distribution was
skewed toward HF (HF vs LF) in the left aINS (r � 0.506, p �
0.003, q � 0.04, FDR corrected). In male IBS subjects, IBS
symptom-related discomfort level was associated with the degree
of frequency power distribution (HF vs LF) in the left HIPP.
However, this correlation did not survive FDR correction (r �
0.52, p � 0.008, q � 0.086). No statistically significant correla-
tions between regional frequency power abnormalities in a priori
brain regions (e.g., pINS in males or aINS in females) and any
other clinical variables (including IBS symptom duration, NEO-
Neuroticism, HAD anxiety, or symptom-related anxiety) were
identified.

Discussion
In the present study, we examined group differences between
patients with persistent abdominal pain (IBS) and HCs in the
distribution of intrinsic BOLD oscillations across three frequency
bands using a ROI approach, with a special emphasis on detecting
sex-related differences in these patterns, resulting in the follow-
ing main findings. First, significant disease-related differences
were observed when female IBS subjects were compared with
female HCs, with patients showing a greater skew in the fre-
quency power distribution toward HF in AMYG and aINS and a

greater skew toward LF in the sensorimotor regions. Second, sig-
nificant sex-related differences were observed both within the
HC and the IBS groups: female HCs (compared with males)
showed a greater skew in the frequency power distribution to-
ward HF in AMYG and HIPP. Within the IBS group, female IBS
subjects (compared with males) showed similar patterns as the
observed sex differences within the HCs in regions of an emo-
tional arousal circuit, in addition to a greater skew toward HF in
all INS subregions. Third, altered regional frequency power dis-
tribution was correlated with subjective abdominal discomfort
ratings in female patients, but not symptom duration or anxiety
ratings. To our knowledge, this is the first report on sex- and
disease-related differences in spontaneous brain oscillations in a
large sample of male and female subjects with and without IBS.

The finding that some regions were dominated by LF oscilla-
tions whereas others were skewed toward HF is consistent with
previous reports in other chronic pain conditions (Baria et al.,
2011). For example, Baria et al. (2011) reported that unimodal
brain regions (such as the sensorimotor cortex) tend to be dom-
inated by LF oscillations, whereas more complex multimodal re-
gions (e.g., paralimbic and limbic cortices) displayed a shift of
power to HF bands. In addition, our results indicate that sex and
diagnosis can alter the degree to which frequency power distribu-
tion is skewed.

Table 3. Regions showing altered frequency power distribution in female IBS patients compared with female HCs

ROI Hemisphere Cluster size (voxels) p-value T Z-score x y z

Female IBS versus female HCs (amplitude of MF vs LF)
aINS L 51 0.013 4.64 4.57 �28 20 �18
aINS R 33 0.019 4.1 4.05 28 22 �16
HIPP R 23 0.011 3.69 3.65 34 �24 �14

Female IBS versus female HCs (amplitude of HF vs LF)
aINS L 6 0.042 3.4 3.37 �28 20 �18
AMYG L 6 0.016 3.27 3.24 �26 �4 �24

Female IBS versus female HCs (amplitude of LF vs MF)
paCC L 28 0.041 3.63 3.60 �6 �40 62
paCC R 18 0.041 3.58 3.30 10 �42 68

Female IBS versus female HCs (amplitude of LF vs HF)
paCC L 113 0.008 4.14 4.09 �16 �14 78
paCC R 81 0.011 4.26 4.20 10 �44 70
poCC L 166 0.010 4.15 4.10 �34 �30 70
poCC R 197 0.007 4.26 4.20 10 �44 70
preCC L 444 0.000 4.18 4.12 �18 �14 78
SMA L 35 0.049 3.95 3.91 �14 �12 76

ROI analysis was applied by thresholding whole-brain fALFF activation maps at an uncorrected significance threshold of p � 0.001 and using the small volume correction procedure in SPM8. Results were considered significant at cluster
threshold of p � 0.05 corrected for voxel wise error rate. MNI coordinates (x,y,z) for peak voxels show significance. paCC indicates paracentral cortex; preCC, precentral cortex; poCC, postcentral cortex; SMA, supplementary motor area.

Table 4. Brain regions showing sex differences in frequency power distribution in HCs

ROI Hemisphere Cluster size (voxels) p-value T Z-score x y z

Female HCs versus male HCs (amplitude of MF vs LF)
AMYG L 34 0.007 4.23 4.17 �22 �10 �12
HIPP L 28 0.01 4.50 4.44 �26 �18 �16
AMYG R 50 0.005 4.91 4.83 24 �10 �12
HIPP R 52 0.006 5.3 5.19 28 �16 �14

Female HCs versus male HCs (amplitude of HF vs LF)
AMYG L 13 0.012 3.55 3.51 �20 �10 �12
HIPP L 15 0.015 3.78 3.74 �26 �18 �16
HIPP R 67 0.004 4.64 4.57 28 �16 �20

Male HCs versus female HCs (amplitude of LF vs HF)
poCC R 149 0.013 4.42 4.35 66 �20 40
preCC L 109 0.021 4.39 4.33 �48 4 54
preCC R 131 0.015 5.39 5.28 50 14 38

ROI analysis was applied by thresholding whole-brain fALFF activation maps at an uncorrected significance threshold of p � 0.001 and using the small volume correction procedure in SPM8. Results were considered significant at cluster
threshold of p � 0.05 corrected for voxel wise error rate. MNI coordinates (x,y,z) for peak voxels show significance.
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Sex-specific alterations in oscillatory dynamics between IBS
and HCs
In contrast to previous reports from other chronic pain condi-
tions, no disease-related differences in regional oscillation fre-
quencies were identified when male and female subjects were
combined, despite the significantly larger sample size compared
with previous reports. Even though these earlier studies in pa-
tients with different persistent pain conditions have provided
evidence for abnormal resting-state oscillatory dynamics (Mali-
nen et al., 2010; Baliki et al., 2011), the majority of studies were
limited by small sample size, sometimes heterogeneous pa-
tient populations, and by the combination of male and female
subjects.

When female and male subjects were compared separately,
robust differences between IBS subjects and HCs were observed.
Female IBS subjects showed oscillatory alterations in affect re-
lated brain regions (aINS and AMYG) and sensorimotor regions
compared with female HCs. In contrast, male HCs showed alter-
ations in viscerosensory regions (mainly in mINS and pINS)
compared with male IBS subjects. Similar to previous observa-
tions (Malinen et al., 2010; Napadow et al., 2010; Baliki et al.,
2011; Ichesco et al., 2012), we observed disease-related alterations

in oscillatory dynamics in the INS, even though the affected INS
subregions differed between males and females. Although pINS
and mINS receive primary interoceptive and somatosensory in-
puts, the aINS is considered a multimodal association cortex re-
ceiving interoceptive and affective inputs (Craig, 2009). One may
speculate that an upregulation of emotional arousal/salience cir-
cuits involving the aINS and AMYG contributes more to symp-
toms in female patients, whereas an increased engagement of
networks related to sensorimotor integration and interoceptive
processing may play a greater role in male patients.

Sex-related differences in HCs
The present study found significant sex-related differences asso-
ciated with spontaneous BOLD fluctuation patterns in the HC
group. Female subjects showed different oscillation dynamics
compared with males in affect-related regions and in sensorimo-
tor regions. The pattern of the observed sex-related difference in
intrinsic BOLD oscillations are similar to those reported from
studies on brain responses to emotional stimuli (Kilpatrick et al.,
2006; Dickie and Armony, 2008; Stevens and Hamann, 2012) and
pain stimuli (Derbyshire et al., 2002; Moulton et al., 2006) in
healthy subjects. For example, in response to negative emotional

Figure 3. Altered regional BOLD oscillation distribution in female IBS subjects compared with male IBS subjects. a, Significant differences of HF versus LF power distribution in female IBS subjects
compared with male IBS subjects are shown in red ( p �0.05, FWE corrected). b, ROIs with significant differences between LF versus HF power distribution in female IBS subjects compared with male
IBS subjects are shown in red ( p � 0.05, FWE corrected).

Table 5. Brain regions showing sex differences in frequency power distribution in IBS

ROI Hemisphere Cluster size (voxels) p-value T Z-score x y z

Female IBS versus male IBS (amplitude of HF vs LF)
aINS L 52 0.013 3.89 3.84 �32 20 �16
pINS L 53 0.016 3.47 3.44 �36 �6 �12
aINS R 44 0.015 4.54 4.48 30 22 �16
mINS R 82 0.005 4.00 3.95 36 6 �12
pINS R 115 0.005 4.36 4.30 38 �4 �14
AMYG L 27 0.008 3.44 3.41 �30 �2 �18
HIPP L 46 0.007 4.02 3.98 �26 �26 �10

Female IBS versus male IBS (amplitude of LF vs HF)
poCC L 287 0.002 4.56 4.50 �34 �16 40
preCC L 544 0.000 4.93 4.84 �18 �20 68
SMA L 67 0.026 4.51 4.44 �14 �14 72

ROI analysis was applied by thresholding whole-brain fALFF activation maps at an uncorrected significance threshold of p � 0.001 and using the small volume correction procedure in SPM8. Results were considered significant at cluster
threshold of p � 0.05 corrected for voxel wise error rate. MNI coordinates (x,y,z) for peak voxels show significance.
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stimuli, female subjects had greater activation in HIPP and
AMYG compared with male subjects (Stevens and Hamann,
2012). In response to noxious heat, male HCs had greater activa-
tions in somatosensory and viscerosensory regions, as well as the
prefrontal and parietal regions compared with female HCs (Der-
byshire et al., 2002; Moulton et al., 2006). The similarity between
sex differences in resting brain measures and task-based mea-
sures is consistent with previous studies demonstrating a rela-
tionship between rest and task-evoked responses (Mennes et al.,
2011), even though the precise relationship between task-based
BOLD signals and resting-state frequency fluctuations remains to
be determined (Mennes et al., 2011). In summary, our findings
suggest a fundamental difference in the central processing of af-
fective and nociceptive stimuli in the healthy male and female
brain, which can be detected in the absence of any stimulus.

Sex-related differences in IBS subjects
Similar to the healthy group, female IBS subjects (compared with
males) had greater oscillatory dynamics in affect-related regions
(AMYG and HIPP) and in all INS subregions, which were not
observed in HCs. The current findings suggest some similarities
with previously published sex-related differences observed in
evoked brain responses in IBS subjects (Naliboff et al., 2003; La-
bus et al., 2008). Abnormal power spectral density shifts from LF
toward HF, especially at 0.16 Hz in the INS, had been reported
previously in patients with chronic musculoskeletal pain (Mali-
nen et al., 2010). Our study also showed that IBS subjects had
similar aberrant frequency power distributions in all the INS sub-
regions, with female IBS subjects showing greater fluctuation
shifts from LF to HF. Even though the reason behind the greater
frequency dynamics in female IBS subjects remains unclear, one
can speculate that increased activity in affective regions (e.g.,
AMYG and HIPP) contributed to this sex-related difference in
frequency power distributions of the anterior aspects of the INS.

Correlation of frequency dynamics with
clinical/behavioral parameters
In female patients, a significantly positive correlation between
aberrant frequency power distribution in the left aINS and the
subjective report of abdominal discomfort was observed, consis-
tent with previous reports on correlations of the aINS with sub-
jective ratings of visceral stimuli (Dunckley et al., 2005; Lowen
et al., 2013). In view of the close bidirectional interactions of
aINS with the AMYG, it is conceivable that tonically increased
input to the aINS from emotional arousal circuits plays a role
both in the generation of subjective symptoms and in the ob-
served abnormalities in intrinsic oscillations. The lack of a signif-
icant correlation between symptom duration and altered
oscillatory dynamics makes it less likely that the observed find-
ings are a consequence of longstanding alteration in gut function
and visceral afferent signaling, and one could speculate that it repre-
sents a primary, possibly genetically/epigenetically determined ab-
normality of central sensory processing. Alternatively, the lack of
significant correlations with clinical symptoms, including duration,
anxiety, or NEO-Neuroticism, may be related to sample size or to the
fact that such complex clinical variables are more correlated with
alterations in brain networks than with activity in individual regions.

Possible pathophysiological implications
The findings of this study are consistent with a dysregulation of at
least two resting-state networks involving affective and sensory
brain regions. Evidence has been provided for the existence of
two distinct and anticorrelated intrinsic resting-state networks
associated with different INS subregions that function as hubs.
One network is centered in the ventral aspect of the aINS with
connections to the ACC, AMYG, and temporal lobe regions, is
primarily related to attentional and affective regions, and may
play a role in salience detection and other emotional aspects. The
other network links the mINS and pINS to sensorimotor, premo-

Figure 4. Comparison of frequency power in represented ROIs across groups. Graphs show normalized mean Z-score of frequency power distribution for selected ROIs. a, Male HCs showed greater
frequency power distributions skewed from MF toward HF in left INS subregions. b, Female IBS showed greater frequency power distributions skewed toward HF in left AMYG and aINS, and toward
LF in left precentral cortex compared with female HCs. c, Female HCs had greater frequency power shifts from LF toward higher frequencies in right AMYG and right HIPP compared with Male HCs.
Male HCs had a greater skew from HF toward LF in right precentral cortex compared with female HCs. d, Female IBS subjects showed greater frequency power oscillation skewed toward HF in right
pINS, right HIPP, and left AMYG and toward LF power in left precentral cortex compared with male IBS. *Significant difference, p � 0.05, FWE corrected.
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tor, MCC, and pACC, indicating a role in sensorimotor integra-
tion (Cauda et al., 2011). The fact that previous work has shown
good correspondence of networks derived from resting-state
studies and from task-relevant brain activation studies (De Luca
et al., 2005; Vincent et al., 2006; Fox and Raichle, 2007; Smith et
al., 2009; Baria et al., 2011) is consistent with our observation that
disease- and sex-related findings in the current resting-state
study are similar to previously published activation studies in
IBS.

Conclusions
To our knowledge, this is the first large scale resting-state fMRI
analysis performed in IBS subjects identifying disease-related os-
cillation frequencies that are sex specific. The findings are consis-
tent with sex-specific dysregulations in INS centric networks
engaged in emotional arousal/salience detection and in sensori-
motor processing (Cauda et al., 2011; Cauda et al., 2012), con-
firming previous findings obtained in studies using evoked brain
responses to nociceptive stimuli and their expectation. The lack
of identified correlations between these frequency abnormalities
and symptom duration, together with the observation that sev-
eral of the observed sex-related differences in IBS were also ob-
served in the HCs, suggests that some of these alterations may be
primary and not a consequence of longstanding symptoms.
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