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Abstract

Background: Abnormal processing of esophageal sensation at the level of the central nervous system has been
proven to be involved in gastroesophageal reflux disease (GERD). However, most studies were focused on the
possible functions of perceptual processing related network during task status, little attention has been paid to
default mode network, which has been manifested to be important in the pathogenesis of many diseases. In our
study, we compared the brain activity characteristic in GERD patients with the healthy subjects (HS) at baseline,
looking for whether activities of default mode network were abnormal in GERD patients and attempting to identify
their possible roles in GERD. In present study, fractional amplitude of low-frequency fluctuation was adopted to
detect the brain activities at baseline. Group-level analyses were conducted by one-sample t test within groups
(voxel thresholds were p < 0.001 and cluster level >42, corrected P < 0.05) and independent-samples t test between
groups (p < 0.01 and cluster level >90, corrected P < 0.05) using SPM5.

Results: The predominant activity area in both groups mainly located in default mode network such as medial
superior frontal gyrus, precuneus, posterior cingulate gyrus, etc. However, the activities of precuneus and posterior
cingulate gyrus were significantly lower in GERD patients than those in the HS.

Conclusions: The activities of precuneus and posterior cingulate gyrus of default mode network in GERD patients
were significantly lower compared to the HS, suggesting abnormal activities of brain regions in default mode
network may be involved in pathophysiology of GERD symptom generation.
Background
Gastroesophageal reflux disease (GERD) is defined as
“symptoms or complications associated with regurgita-
tion from the stomach and (or) the duodenum to the
esophagus.” Its typical symptoms include heartburn and
sour regurgitation. It has been estimated the prevalence
of GERD symptoms in the general population ranges
from 34% to 40% by using postal questionnaires [1,2].
However, the pathogenesis of GERD has not been fully
elucidated. Several mechanisms have been proposed for
its symptom generation, including acid reflux, motor
dysfunction, and esophageal hypersensitivity etc. [3], in
which visceral hypersensitivity received great attention
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in recent years especially in patients with non-erosive re-
flux disease.
GERD patients have esophageal hypersensitivity which

has been reported in previous studies. For example, Fass
et al. [4] performed a modified acid perfusion test in
GERD patients and confirmed the presence of acid hyper-
sensitivity. Miwa et al. [5] also reported that there was
esophageal hypersensitivity in GERD patients in Japanese
population. Hypersensitivity, defined by reduced pain and
discomfort thresholds, was caused by abnormal mediation
of sensation. In recent years, the nervous system termed
as ‘brain–gut axis’, which mediates gastrointestinal sensa-
tion, has been attracting more attention. The brain–gut
axis has mainly three levels: the enteric nervous system,
the spinal cord and the brain. Up-regulation of sensation
at any of these three levels could explain the hypersensi-
tivity. During the past 10 years, by using brain imaging
techniques, abnormal processing of visceral sensation at
the level of central nervous system (CNS) in GERD has
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Table 1 Demographical parameters of overall GERD
patients and HS

Demographics parameters GERD HS P

Patients, n 29 13

Female patients, n (%) 12(41.4%) 5(38.46) 0.859

Mean Age (±SD), years 46.45(±25.07) 24.33(±2.93) 0.004

Note: Data are presented as mean and SD (SD, standard deviation), P ≤0.05
represents significantly different.
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attached great concern. Currently, several different cere-
bral regions including the sensory/motor cortex, parieto-
occipital region, prefrontal cortex (PFC), anterior cingulate
cortex (ACC), insular cortex (IC) and cerebellum have been
reported to be involved in the cerebral processing of vis-
ceral afferent signals, in which PFC, ACC and IC have been
reported to be involved in esophageal hypersensitivity [6,7].
However, the majority of these neuroimaging studies were
performed on the possible functions of brain networks
involved in the perceptual process (mainly consisted of
positively activated brain regions) in GERD, few studies
have been focused on negatively activated brain regions.
Recently, Van Oudenhove et al. [8] studied deactivated re-
gional brain during gastric balloon distension, and found
that bilateral occipital, lateral parietal and temporal cortex
as well as medial parietal lobe (posterior cingulate cortex
and precuneus) significantly deactivated in Baseline–max-
imal distension (C1–C4) and correlated negatively with
intra-gastric pressure and epigastric sensation score. Inter-
estingly, above regions have previously been proven to be
part of the default mode network (DMN), in which the
precuneus/ posterior cingulate cortex (PCC) plays a pivotal
role in it [9]. DMN is currently defined as one network
which is consisted of regions routinely exhibiting task-
related deactivations. Its functions include central nervous
system monitoring for internal and external environment,
emotional processing, self-introspection, maintaining aware-
ness of consciousness, reviewing episodic memory and so
on [10], abnormal activity of which has been shown to
involve in many diseases such as Alzheimer’s disease,
schizophrenia [11,12]. Nevertheless, the role of DMN in
gastrointestinal diseases has traditionally received little
attention. Furthermore, most of these studies focused on
the CNS responses to visceral stimulations, while few
attentions were paid to brain activity at baseline. In fact,
the resting energy consumption outdistances task or
stimulus-related increases in neural metabolism. Spontan-
eous neural activity at baseline can provide more compre-
hensive information on how the brain behaves.
In our study, we analyzed the resting data from our pre-

viously published functional magnetic resonance imaging
(fMRI) study in GERD patients and the HS [13], by adop-
ting fractional amplitude of low-frequency fluctuation
(fALFF). fALFF is one of the measures of spontaneous low-
frequency oscillations (LFO), which can be detected with
resting-state fMRI. Through this approach, we observed
the activity change pattern of DMN in GERD, and attempt
to identify the potential function of DMN inGERD.

Results
Baseline characteristics of the subjects in each group
Total forty-two subjects met the inclusion criteria and
entered the study, including twenty-nine GERD patients
(12 women, mean age 46.45) and thirteen HS (5 women,
mean age 38.46). Detailed demographical features of all
patients and HS were shown in Table 1. The age of
GERD patients was significantly higher compared with
HS. No differences among these groups were found with
regard to sex composition.

Significant brain activities at baseline in the HS
The significant activity regions of both groups at baseline
were shown in Figure 1. Within experimental groups a
single voxel threshold was set at p < 0.001 and cluster level
>42. In HS, fALFF was higher and dominant in precuneus,
PCC, left middle frontal gyrus, and bilateral medial supe-
rior frontal gyrus (the detailMontreal Neurological Institute
(MNI) peak coordinates, volume, peak activity intensity of
each brain region were showed in Table 2).

Significant brain activities at baseline in GERD patients
In GERD patients, fALFF was higher and dominant in
precuneus, PCC, left middle frontal gyrus, bilateral me-
dial superior frontal gyrus, and left supplementary motor
area(SMA) (the detail material of each brain region
could be found in Table 3).

Comparison of brain activities at baseline between HS
and GERD patients
The voxel threshold at P < 0.01 and a minimum cluster
size of 90 voxels between both groups were considered
significantly different. Regions that showed significant
differences in fALFF between GERD patients and the HS
were shown in Table 4. Compared with HS, the fALFF
of precuneus and PCC was significantly lower in GERD
patients (Figure 2).

Discussion
This study reveals the significant difference of cerebral
activities at baseline between GERD patients and HS for
the first time. The different activities mainly located at
brain areas relevant to the DMN.
In our study, the significant activity regions of the HS at

baseline mainly located in DMN. The term “default mode
of brain function” was coined by Raichle et al. [14] to de-
scribe the baseline state in the human brain. Subsequently,
Fox et al. [10] redefined DMN as task-negative network,
the activity of which was greater at rest than that under
various goal-directed tasks.



Figure 1 Brain activities in HS (A) and GERD (B) by fALFF. (a) anteroposterior image, (b) coronal image, (c) transverse image. The cold color
represents the fALFF of brain regions which are lower than the mean of the whole brain, and the warm color represents the fALFF of brain
regions which are higher than the mean of the whole brain.
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In consideration of the following reasons: (1) by func-
tional imaging investigations, brain regions (especially
precuneus/PCC) in DMN showed an elevated level of
metabolic activity at baseline [14]; (2) activity of DMN in
many stimulus tasks decreased compared with resting state,
DMN has received much investigative attention by func-
tional imaging studies as an interesting brain network in
several diseases [15,16]. In previous studies, DMN has been
manifested to be involved in the central nervous system
monitoring for internal and external environment, emo-
tional processing, self-introspection, maintaining awareness
of consciousness, reviewing episodic memory and so on.
In GERD patients, the significant activity areas were also

mainly located at DMN. GERD is a common gastrointes-
tinal disorder. As we all know, many factors can contribute
to the occurrence of GERD, but the pathogenesis of which
remains to be elucidated. Previous studies have shown that
visceral hypersensitivity was associated with GERD, in
which abnormal processing of visceral sensation at the level
of the CNS received great attention. For example, Kern
Table 2 Significant brain activities in HS at baseline
Brain region MNI peak

coordinates (X,Y,Z)
Volume Peak

activity intensity

Right medial superior
frontal gyrus

9 6- 3 29 7.253

Precuneus 3 −69 42 256 16.8031

Posterior cingulate
gyrus

3 69 42 195 16.8031

Left middle frontal
gyrus

−27 33 51 35 11.0488

Left medial superior
frontal gyrus

−3 27 60 28 7.2166

Note: Statistical thresholdwas set as t = 4.437, p < 0.001 and cluster level >42 voxels.
MNI Montreal Neurological Institute, GERD Gastroesophageal Reflux Disease.
et al. [17] performed a esophageal acid exposure test in
GERD patients and found the cortical activity associated
with liminal/perceived esophageal acid exposure in GERD
patients occurred more rapidly and with greater intensity
than the activity measured in the HS. Wang et al. [3] also
confirmed that GERD patients and HS showed distinctly
different activation patterns (mainly in IC, ACC, PFC),
and speculated GERD patients have different patterns of
visceral perception in esophageal acid stimuli test. In our
previous study, we likewise found that the activated inten-
sity of the ACC, the right side of the dorsolateral prefrontal
cortex and the left side of the IC in GERD patients were sig-
nificantly different from the HS [13]. Therefore, visceral
hypersensitivity caused by central sensitivity was supposed
to be one important mechanism in symptom generation of
GERD, in which IC, ACC have consistently been shown to
be abnormally activated in GERD during all kinds of stimu-
lus tasks [6]. However, the fALFF of ACC and IC were not
significantly increased at baseline in GERD. This pheno-
menon may suggest that above regions are not abnormal at
rest, just more sensitive to stimulus during task state.
In comparison between two groups, we found the

activity of GERD at baseline was remarkably lower in
precuneus and PCC of DMN. In recent years, the
precuneus and PCC are as key components of DMN, re-
ceiving much investigative attention by functional imaging
studies [18]. However, the majority of studies have focused
on their roles in fundamental cognitive function, and rela-
tively little attention was paid to their roles in sensory
regulation. By using fMRI, Lawal et al. [19] compared the
activation topography of the cingulate cortex in response
to modified anal sphincter contraction in males and
females, and discussed the involvement of the PCC in vis-
ceral sensation. Their findings were in concordance with



Table 3 Significant brain activities in GERD at baseline
Brain region intensity MNI peak

coordinates (X, Y, Z)
Volume Peak activity

Precuneus 3 −69 57 120 9.2972

Posterior cingulate gyrus 0 −66 12 63 6.3883

Right medial superior
frontal gyrus

3 63 9 67 6.6306

Left middle frontal gyrus −12 33 51 30 6.0696

Left medial superior
frontal gyrus

−3 30 57 74 6.6797

Left supplementary
motor area

−3 15 69 52 5.598

Note: Statistical thresholdwas set as t = 3.6739, p < 0.001 and cluster level >42 voxels.
MNI Montreal Neurological Institute, GERD Gastroesophageal Reflux Disease.
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previous reports [20], suggesting the PCC was involved in
the modulation of visceral sensation. Precuneus has also
been considered to be possibly involved in visceral sensa-
tion in several visceral stimulus studies [21,22]. Recently,
in the study relevant to deactivated brain regions during
gastric balloon distension, Van Oudenhove et al. [8] found
that bilateral occipital, lateral parietal and temporal cortex,
PCC and precuneus which were relevant to the DMN sig-
nificantly deactivated in baseline–maximal distension,and
negatively correlated with Intra-gastric pressure and epi-
gastric sensation score. Their finding suggests that the
decreased activity of DMN may involve in pathological
generation of visceral hypersensitivity. In our study, the
baseline activities of precuneus and PCC in DMN were
also found to be significantly lower in GERD patients
compared with HS, which means that the abnormal ac-
tivity of DMN at baseline may involve in the patho-
physiology of GERD, by modulating visceral sensation.
Interestingly, except precuneus and PCC, the activities of
other brain regions of DNM in GERD patients were not
significantly lower compared to HS. The possible reasons
might lie in: 1) precuneus and PCC are amongst the brain
structures displaying the highest resting metabolic rates
(hot spots) [18], so their reactions to diseases are more
sensitive than other brain regions of DMN; 2) maybe only
precuneus and PCC, but no other regions in DMN were
involved in GERD.
Besides DMN, the mean fALFF of SMA was also

found to be significantly higher than the mean of whole
brain in GERD patients. SMA has been confirmed to be
Table 4 Comparison of brain activities between HS and
GERD at baseline
Brain region MNI peak

coordinates (X,Y,Z)
Volume Peak activity

intensity

Precuneus −9- 54 9 256 −7.321

Posterior cingulate gyrus −9- 54 9 251 −7.321

Note: Statistical thresholdwas set as t = 2.7116, p < 0.01 and cluster level >90 voxels.
MNI Montreal Neurological Institute, GERD Gastroesophageal Reflux Disease.
involved in central processing of movement intention,
motor preparation and visceral pain [23,24]. Furthermore,
SMA was found to be significantly activated in patients
with hypersensitivity in many visceral task stimulus stud-
ies [25,26], suggesting that abnormal activity of SMA may
play an important role in the pathophysiology of GERD.
In our study, the age of GERD patients was signifi-

cantly higher than HS. As known, age has non-negligible
effect on brain activity. Previous studies have shown that
with age increasing, the activity of DMN changes, but it
only happens when there is a big age span [27]. In order
to eliminate the effect of age on the comparison of brain
activities between the two groups, age was regressed as a
covariate in our independent-samples t test. The results
showed that the significantly different areas between two
groups were similar before and after regression of age
factor, which mainly located at precuneus and PCC. In
our experiment, the objects enrolled were mostly be-
tween 20 and 50 years old. In this age period, the DMN
is relatively steady and the effect of age can be ignored
[28]. Therefore, the differences of DMN activity between
GERD patients and HS were mainly caused by disease,
not the age factor.

Conclusions
The activities of precuneus and PCC in DMN were
significantly lower in GERD compared to HS. We infer
that the decreased activity of DMN at baseline may be
involved in the pathological generation and aggravation
of GERD symptoms, through modulating visceral sensa-
tion. Whether precuneus and PCC are only abnormal
areas or just more sensitive than other regions of DMN
in GERD remains to be elucidated. In addition, the
reason why the activity of DMN is abnormal in GERD
patients at baseline also needs further investigations.

Methods
Subjects
Thirty-nine patients with typical reflux symptoms who
visited Shanghai Tongji Hospital between April 2007 and
January 2008 were enrolled in the study. The patients
were diagnosed and identified based on a reflux question-
naire, endoscopy, proton pump inhibitor (PPI) test, and
24 h esophageal pH monitoring. The average age of the
GERD group (twenty two males and seventeen females)
was 48.23 ± 11.26 years old. The inclusion criteria was as
follows: (1) between 18 and 65 years of age, regardless of
gender; (2) with typical reflux symptoms lasting for at
least 3 months or extra-esophageal manifestation that
emerged simultaneously; (3) diagnosed as reflux esopha-
gitis by endoscopy; or a negative endoscopic examination,
but Reflux Disease Questionnaire (RDQ) score higher
than 12; or a negative endoscopic examination, but a posi-
tive 24 h esophageal Ph monitoring test;or a negative 24 h



Figure 2 Comparison of brain activities between the HS and GERD patients. (a) anteroposterior image, (b) coronal image, (c) transverse
image. The cold color represents the fALFF of brain regions which are lower in GERD than HS. The fALFF of GERD is significantly lower in the
bilateral precuneus and PCC compared with HS (p < 0.01 and cluster level >90 voxels).
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pH monitoring test, but the positive PPI test. The ex-
clusion criteria were as follows: (1) a peptic ulcer (regard-
less of the period) or erosive duodenitis by endoscopy;
(2) a tumor in the digestive tract observed by endoscopy;
(3) a history of operation on the digestive tract; and (4) a
suspected or confirmed malignant tumor. Fifteen healthy
volunteers (seven males and eight females) were enrolled
in this study. All of the healthy volunteers were under-
graduates or graduates and the average age of the healthy
volunteers (seven males and eight females) was 23.67 ±
1.80 years. No accumulated systemic disease in the
esophagus and no abnormalities were observed in any of
the volunteers by endoscopy. All the subjects were right-
handed. The subjects had not taken any medication that
would influence visceral sensation within 1 week prior to
participation in the study, nor had the subjects recently
taken any medication affecting the nervous system. No
metal was present in the bodies of the subjects and no
encephaloncus tumor or other diseases in encephalo. The
subjects had no medical records of neural or mental disease
and no medical record of a head injury. The Tongji Hos-
pital Ethics Committee approved all studies. All subjects
signed an informed consent form before the study started.

Study protocol
In this study, we analyzed the data that has been used in
previous studies [13]. The protocol has been previously
described in detail [13]. Briefly, in this study, we used an
improved block-design model in which there was a long
time task chunk and a resting chunk. The experiment was
composed of a resting chunk (A, 8 min), normal saline
perfusion (B, 8 min), acid perfusion (C, 8 min) and then
normal saline perfusion again (D, 8 min) for a cumulative
time of 32 min. Each chunk was divided into 160 scans
and every scan contained 3 s for a total of 640 scans. In
present study, we only analyzed the resting data.
Data acquisition
All the fMRI scans were performed in the fMRI depart-
ment of Tongji hospital. All fMRI data were obtained on a
1.5-T superconductive scanner (Marconi EDGE ECLIPSE,
USA). During the scanning session, the subjects were told
to stay relaxed, close their eyes and not to move their
head. Rubber earplugs were used to lower the noise and
foam pads were placed to head to reduce the head move-
ments. The experiment began after each subject adapted
to the environment of the scanning room.
BOLD-fMRI was collected axially using an echo-planar

imaging (EPI) sequence with the following parameters:
thickness/gap (THK/GAP) = 6/1 mm, voxel = 3.75 mm×
3.75 mm. Repetition time (TR)/echo time (TE)/flip angle
(FA) = 1930 ms/40 ms/90°, field of view (FOV) = 24 cm×
24 cm, matrix =64 × 64, NEX = 1.
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Data preprocessing
SPM5(statistical parametric mapping 5) software (http://
www.fil.ion.ucl.ac.uk/spm), REST(resting state fMRI data
analysis toolkit) software (http://www.restfmri.net/forum/
REST_V1.8), and Dparsf (data processing assistant for
resting-state fMRI) software (http://www.restfmri.net/
forum/DPARSF) were used for preprocessing and statis-
tical analysis. The first 10 images were discarded in con-
sideration of magnetization equilibrium. The remaining
150 images were corrected for the acquisition time delay
among different slices, and then the images were realigned
to the first volume for head-motion correction. The fMRI
images were further spatially normalized to the MNI EPI
template. Spatially smooth was performed using a Gauss
kernel of 6 mm to reduce space noise.
The time course of head motion was obtained by esti-

mating the translations in each direction and the rotations
in angular motion about each axis for each of the 150 con-
secutive volumes. Ten GERD patients and two healthy
volunteers were excluded for a maximum displacement of
more than 3 mm (larger than the size of a voxel in plane)
at each axis and an angular motion of more than 3° for
each axis.

Data processing
After preprocessed in SPM5, the linear trend was re-
moved by Dparsf. The analysis procedure for fALFF was
carried out according to the method of Zou et al. [29].
For the time series of each voxel, the sum of amplitudes
within a low frequency range (0.01–0.08Hz) was calcu-
lated. The fALFF was then computed as the fractional
sum of amplitudes within the low frequency range that
was divided by the sum of amplitude across the entire
frequency range (0–0.25Hz). The subject-level voxel-
wise fALFF maps were standardized into subject-level by
dividing the mean voxel-wise fALFF obtained for the
entire brain. Mean fALFF maps was obtained and used
for statistical analysis.

Statistical analysis
Group-level analyses of the fALFF maps were conducted
by one-sample t test (detect the activity in GERD and nor-
mal controls, respectively) and independent- samples t test
(detect the difference between two groups) using REST. In
order to eliminate the effect of age on the comparison of
brain activities between the two groups, age was regressed
as a covariate in independent-samples t test. The results
were corrected using the AlphaSim program in REST soft-
ware which is based on the Monte Carlo simulation in
AFNI [30]. The full width at half maximum (FWHM) was
estimated by using the gray matter mask. The estimated
FWHM were about 11 mm in one-sample t tests and
9 mm in independent-samples t tests. 1000 iterations were
performed. Cluster connection radius was set as 5 mm.
For a corrected significant level of p < 0.05, the voxelwise
intensity threshold was set at p < 0.001 and the cluster size
threshold at 42 voxels in one-sample t test and the voxelwise
intensity threshold was set at p < 0.01 and the cluster size
threshold at 90 voxels in independent-samples t test.
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