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Abstract: Many patients worldwide suffer from constipation, which reduces their quality of life
(QOL) over the long term. Carbonated water intake is expected to improve constipation by improving
intestinal motility. Conversely, carbonated water intake is believed to alter bowel status via the
intestinal contents (gas and liquid) and intestinal distension, and these changes may be reflected
in bowel sound (BS) peak-frequency histograms. In this study, to identify changes in intestinal
conditions before and after the ingestion of liquid (i.e., water/carbonated water intake), we used a
novel evaluation index, namely peak-frequency histogram similarity (PFHS), which measures the
changes in the peak-frequency histogram before and after liquid intake. We considered 13 subjects
who participated in a liquid intake test, and PFHS values before and after carbonated water intake
were found to be significantly lower than those before and after cold water intake (p < 0.01). However,
when using conventional frequency-domain features, this difference was not identified. The results
obtained in this study suggest that PFHS can identify changes in bowel status (including intestinal
gas and distension) that could not be found using conventional BS frequency domain features. Our
findings provide a novel method of research for investigators to non-invasively monitor and evaluate
intestinal conditions such as the intestinal gas volume and intestinal distention, which are associated
with constipation, using a BS-based approach.

Keywords: bowel sound; frequency-domain analysis; peak-frequency histogram similarity; intesti-
nal conditions

1. Introduction

Constipation is a disease that is frequently observed worldwide that causes difficul-
ties in defecation, abdominal pain, and abdominal bloating and reduces quality of life
(QOL), thus making treatment difficult. A 2011 meta-analysis estimated the prevalence of
constipation to be approximately 14% and reported a higher prevalence in women than
in men [1]. Constipation is common in the elderly, and its prevalence increases with age.
Constipation is said to be caused by abnormal intestinal motility [2]. However, as there is
no simple and noninvasive test to detect intestinal motility disruptions, in many cases in
which a patient has not had a bowel movement for several days, he or she is diagnosed
with colonic constipation based on an interview and is prescribed laxatives. Given that
laxative abuse can lead to watery stools and to anal stenosis [3], it is hoped that constipation
can be improved by adopting lifestyle improvements, including improved eating habits.
Carbonated water has been shown to contribute to the improvement of constipation by
improving intestinal motility [4–6].

Carbonated water is an effervescent beverage that introduces gas into the digestive
system [7,8]. Carbon dioxide contained in carbonated water stimulates the gastric fun-
dus [5] and gastric distention, which are associated with gastric motility [4]. Furthermore,
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it has been shown that carbonated water intake improves movements of the entire gas-
trointestinal apparatus by acting on smooth muscles [5]. Therefore, it is thought that
carbonated water intake affects intestinal conditions such as intestinal gas/liquid volume
and intestinal distention.

Previously, intestinal motility before and after carbonated water intake was evaluated
using bowel sounds (BSs), which are measured noninvasively. In such evaluations, time-
domain acoustic features extracted from BS signals (e.g., number of BS occurrences per
minute, sound-to-sound interval (SSI), amplitude intensity, and BS length) have been
used. Significant changes in these time-domain acoustic features were observed following
carbonated water intake compared with their values before carbonated water intake [9,10].
It has also been reported that intestinal motility evaluations can be conducted by using
various time-domain BS acoustic features, such as the evaluation of the postoperative
intestinal motility recovery state [11,12] and estimation of the intestinal motility phase
during interdigestive migrating motor contraction [13]. However, there are few reports
on the acoustic features of BSs in the frequency domain compared with those in the
time domain. Peak frequency (PF) [10,14,15], first formant (F1) [10,15], spectral flatness
(SF) [16], spectral centroid (SC) [10,17], and spectral bandwidth (SBW) [17] have been used
in such investigations. These BS features in the frequency domain has been used for the
evaluation of intestinal obstruction in patients, as well as the evaluation of food/liquid
ingestion. Despite the significant changes in time-domain features following the ingestion
of carbonated water (compared with the state before ingestion), there are different opinions
concerning the acoustic feature quantity in the frequency domain of BSs, and further
investigation is required.

According to the mathematical model of BS generation [16], the resonance frequency of
the intestinal wall is thought to depend on intestinal conditions such as intestinal distention
and contents. Therefore, it is thought that the peak frequency of power spectrum changes
due to variations in intestinal distention and the amount of intestinal gas/liquid after
carbonated water intake. Previous studies on the frequency domain of BSs used basic
statistical estimates of basic features, but it is likely that the shape of the distribution of the
feature data, which may be associated with the intestinal conditions, was not accurately
represented. Therefore, this study investigates whether changes in the intestinal conditions
before and after carbonated water intake can be identified by the PF distribution of BSs. For
this purpose, we propose a novel index for estimating changes in intestinal conditions based
on PF histograms extracted from multiple BS episodes over a certain time period for the
evaluation of intestinal conditions. We evaluated the effectiveness of the proposed method
based on the PF histogram similarity that was obtained before and after the ingestion
of cold carbonated water and cold water. Furthermore, we verified the effectiveness of
the proposed method by comparing it with the conventional frequency-domain features-
based method.

2. Materials and Methods
2.1. Subject Database

This study was approved by the Tokushima University Graduate School of Technology,
Industrial and Social Sciences Science and Technology Course, and Bioresource Industry
Course Research Ethics Committee. All experiments were conducted after the subjects
were briefed. Informed consent was obtained from all the subjects.

In this study, 13 subjects participated in the liquid intake test (six men and seven
women; age (mean ± standard deviation), 34.23 ± 7.71 years; height, 162.96 ± 7.48 cm;
weight, 55.86 ± 8.03 kg; body mass index (BMI), 20.95 ± 1.85). The Rome III diagnostic
criteria confirmed that none of the subjects had irritable bowel syndrome (IBS). The liquid
intake test consisted of a 5 min rest period before liquid intake and a 10 min rest period after
liquid intake. Subjects fasted for approximately 12 h prior to the test onset. The carbonated
and cold-water intake experiments were conducted in the morning on different days to
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avoid post-ingestion and migrating motor complex (MMC) effects. The temperature of the
water and carbonated water was ~10 ◦C or less.

During the liquid intake test, recordings were conducted using an electronic stetho-
scope (E-scope2, Cardionics Inc., Houston, TX, USA) and a multitrack recorder (R16 Zoom
Co., Ltd., Tokyo, Japan). All recordings were made under quiet conditions and in a supine
position using an electronic stethoscope that was placed 9 cm to the right of the navel
and fixed in a square shape using masking tape. Additionally, although the electronic
stethoscope has heart and breath sound modes, recordings were conducted in the breath
sound mode, as it was capable of recording within a wider frequency range. Recording data
were acquired at a sampling frequency of 44,100 Hz at a digital resolution of 16 bits/sample.
The sampling frequency was downsampled to 4000 Hz after considering the frequency
characteristics of electronic stethoscopes and BSs.

2.2. BS Detection Method Based on an Artificial Neural Network

We adopted the improved version of the PNCC- and artificial neural network (ANN)-
based automatic BS extraction method, published in 2021 [9], to detect BSs in the recorded
data. In this automatic detection method, the recorded data were first segmented with a
segment length of 64 ms and shift size of 16 ms. The improved PNCC (20 dimensions) that
was obtained for each segment can be input to the trained ANN to obtain its binary output.
BS segments were detected by applying a threshold to the obtained binary output. Single
or consecutive segments were each treated as single BS episodes.

2.3. Peak-Frequency Histogram of BSs

Based on the mathematical model of BS generation [16], BSs can be expressed by the
vibration of the intestinal wall. As shown in Equation (1), the resonance frequency of the
vibration of the intestinal wall can be expressed using a spring and damper model [18].

f0 =
1

2π

√
K
M
− C2

4M2 (1)

Here, M is mass of the intestinal wall including the intestinal contents such as liquid
and gas; K is the stiffness that is associated with resistance toward the distention of the
intestinal wall; C is a damping coefficient that is associated with fluid resistance.

According to Equation (1), the resonance frequency of the vibration of the intestinal
wall is thought to be changed by the variation of the intestinal wall distention and intestinal
contents. Therefore, information concerning the intestinal conditions should be reflected in
the PF of a BS. As a BS is generated multiple times in various locations in the intestine, the
distribution that was created based on the PF of the BSs for a given time period may reflect
a representative intestinal condition.

Therefore, in this study, the PF and histogram of BSs obtained over a certain time
length were generated using the following procedure:

1. We considered the main frequency components of the BS episodes that were detected
by using the BS automatic detection method described in Section 2.2, and applied a
third-order Butterworth bandpass filter with cutoff frequencies of 100 and 1000 Hz

2. The BS episodes were segmented using a segment length of 64 ms (256 samples) and
shift size of 16 ms (64 samples)

3. After conducting window processing using a Hamming window (duration: 128 ms,
512 samples) for each BS segment, the amplitude spectral frequency with the maxi-
mum amplitude was considered as the peak frequency

4. The signal to noise (SN) ratio was considered, and the frequency with the maximum
amplitude (among the peak frequencies, which were detected for each segment) was
treated as the maximum peak frequency of the BS episode

5. The maximum peak frequency of the BS episode that occurred over a certain time
period T was used to generate a histogram with the probability of occurrence dis-



Appl. Sci. 2023, 13, 1405 4 of 11

played on the vertical axis and the bin width (BW) presented in Hz. In this study, the
generated histogram is called the “peak-frequency histogram” (PFH)

2.4. Peak-Frequency Histogram Similarity for Intestinal Condition Evaluations

Based on the obtained PFH information, we propose a PFH similarity index based
on Pearson’s correlation coefficient to identify changes in the intestinal conditions of
individual subjects before and after liquid intake. Let A and B be the conditions of the
subject at different times. Setting the PFH of the ith bin obtained in the two conditions A
and B as PAi and PBi, respectively, the PFH similarity PFHS can be defined by Equation (2):

PFHS =
1

NHB− 1

NHB

∑
i=1

(
PAi − µA

σA

)(
PBi − µB

σB

)
(2)

where NHB is the number of PFH bins and µA and µB and σA and σB are the respective
means and standard deviations of the PFH values in conditions A and B, respectively. To
calculate PFHS, the preliquid intake PFH must be generated; however, some subjects may
have fewer BS episodes in a given time period. Therefore, subjects with at least 150 BS
episodes that were confirmed before and after liquid intake were selected in this study to
evaluate the effectiveness of the proposed method.

2.5. Frequency Domain Acoustic Features Extracted from BS Episodes

Features in the frequency domain that were used in previous BS analysis studies (i.e.,
SF [16], SBW [17], SC [10,17], PF [10,14,15]) were extracted. SF is defined as:

SF =

M/2
√

∏M/2
k=1 |Zk|

1
M/2 ∑M/2

k=1 |Zk|
(3)

where the magnitude |Zk| represents the amplitude spectrum and M is number of points of
the fast Fourier transform. SF is an index representing the flatness of the power spectrum.
It approaches a value of one in flat spectra such as that of white noise.

SBW is defined as the frequency range where the signal is higher than half of the
maximum amplitude [17]. The value is low in the case of a single spectrum, such as a pure
tone. Moreover, SC is defined as Equation (4).

SC =
∑M/2

k=1 |Zk|·k
M
2 ∑M/2

k=1 |Zk|
(4)

SC is an index that represents the balancing point of the amplitude spectrum. PF is
defined as the frequency, which has the maximum amplitude in the amplitude spectrum.
PF describes the frequency of the main peak, whereas SC describes the combined power
of all the possible peaks and nonpeaks. As BSs have diverse occurrence patterns, the BS
episodes were generally not directly calculated; instead, we decomposed them into BS
segment units and treated the means of the acoustic features of the BS segments as the
representative values of the BS episodes.

2.6. Statistical Analysis

The significance was evaluated using the Wilcoxon signed-rank test. When p < 0.05, it
was assumed that the difference between the compared groups was significant.

3. Results
3.1. Peak-Frequency Histogram of BS before and after Liquid Intake

Figures 1 and 2, respectively, show PFH examples before and after carbonated water
intake and the PFH before and after water intake in a subject at BW = 23.4. The blue bars
represent data obtained before soda intake and the red bars indicate data obtained after
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soda intake. A comparison of the histogram shapes in Figures 1 and 2 confirms that the
change in the PFH before and after carbonated water intake is greater than that in the PFH
before and after cold water intake. This trend was also observed in many other subjects.
These results suggest that the intestinal condition after liquid intake is affected by the
beverage type, thereby suggesting that differences in intestinal condition may be reflected
in PFH. PFHS was next used to quantitatively evaluate differences in PFH shapes.
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Figure 2. PFH before and after cold water intake.

3.2. Bin Width and Selection of the Number of BS Episodes for PFHS of BS

PFHS depends on the BW and number of BS episodes used when generating the
PFH. Therefore, we first investigated how these parameters affect PFHS when evaluating
intestinal conditions before and after liquid intake.

The recorded data were divided into the following intervals: before carbonated water
intake (BSI), after carbonated water intake (ASI), before water intake (BWI), and after water
intake (AWI). The N BS episodes detected in each recording interval were sampled without
replacement to create the PFH within the BW. We calculated the PFHS between BSI-BWI,
BSI-ASI, and BWI-AWI based on this PFH. The PFHS was obtained through sampling
without replacement in each subject. This approach was repeated 30 times, and the mean
PFHS was then computed. Figure 3 shows the relationship between the mean PFHS values
obtained as functions of N and BW.
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Figure 3. PFHS plots between (a) BSI-BWI, (b) BSI-ASI, and (c) BWI-AWI when the number of BS
episodes and BW were varied during the creation of the PFH.

It is confirmed from Figure 3a that the PFHS between BSI-BWI tended to be relatively
low, regardless of the liquid intake. This suggests that PFHS was affected by the difference
in intestinal conditions on different experimental days. Figure 3b,c show that the PFHS
between BSI-ASI was generally smaller than that between BWI-AWI, but it can be confirmed
that it tended to be low regardless of N, especially in the range where BW was relatively
small. To evaluate the difference between these two systems, a significance test was
conducted for the PFHSs between BSI-ASI and BWI-ASI, and the significance level p was
calculated. The p-value was obtained through sampling without replacement in each
subject. This approach was repeated 30 times, and the mean p-value was then computed.
Figure 4 shows the relationships between the mean p-value and BW as a function of N.
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Figure 4. Relationship of p of PFHS in BWI-AWI and BSI-ASI when the number of BS episodes and
BW were varied during the creation of PFH. The colors represent significance levels; a yellow color
indicates a significance level of ≥0.1.

It is confirmed from Figure 4 that there are regions with significance levels < 0.05 and
regions with significance levels <0.1. These results showed that the PFH changes were
larger when carbonated water was ingested than those obtained when cold water was
ingested. Therefore, the effect of carbon dioxide on intestinal conditions was reflected in
the PFH.

In this study, we identified a trend toward lower PFHS values when comparing PFH
before liquid intake on different experimental days. Therefore, in the next section, we will
investigate whether the calculation of PFHS before and after liquid intake was affected by
the PFH generated before liquid intake on the day of experiment.
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3.3. PFHS of BSs for the Evaluations of the before- and after-Liquid-Intake States

To investigate whether the PFHS calculation was affected by the PFH generated before
liquid intake on the day of experiment, the recorded data were first divided into 2.5 min
analysis intervals (before liquid intake: B1 and B2; after liquid intake: A1 to A4), as shown
in Figure 5. For each subject, a PFH was generated from the BS episode obtained in each
analysis interval. In this study, BW = 85.9 and N = 50 were applied to generate PFHs
because, in a specific subject, only approximately 55 BS episodes could be confirmed within
the analysis interval.

Appl. Sci. 2023, 13, 1405 7 of 11 
 

3.3. PFHS of BSs for the Evaluations of the before- and after-Liquid-Intake States 

To investigate whether the PFHS calculation was affected by the PFH generated be-

fore liquid intake on the day of experiment, the recorded data were first divided into 2.5 

min analysis intervals (before liquid intake: B1 and B2; after liquid intake: A1 to A4), as 

shown in Figure 5. For each subject, a PFH was generated from the BS episode obtained 

in each analysis interval. In this study, �� = 85.9 and � = 50 were applied to generate 

PFHs because, in a specific subject, only approximately 55 BS episodes could be confirmed 

within the analysis interval. 

PFHS was calculated for each analysis interval based on the first analysis interval 

from the onset of the recording (i.e., B1). Figure 6 shows a plot of the mean values of the 

results. In the significant difference tests, the comparison results with the PFHS of B1-A1, 

B1-A2, B1-A3, and B1-A4 are shown based on the PFHS of B1-B2, which is the subject of 

analysis before liquid intake. 

 

Figure 5. Analysis interval based on a 2.5-min time interval; before liquid intake: B1, B2; after liquid 

intake: A1, A2, A3, A4. 

 

Figure 6. Comparison of results obtained with the ���� of B1-A1, B1-A2, B1-A3, and B1-A4 from 

(a) carbonated water intake and (b) cold water intake (���� of B1-B2 was set as a reference). * 

Significant difference at p < 0.05. 

It can be confirmed from Figure 6 that the mean PFHS value was almost unchanged be-

fore and after water intake, and no significant change from B1 to B2 was confirmed. Mean-

while, in the before and after carbonated water intake cases, there was variation in the mean 

PFHS value, but these values tended to be lower after intake compared with those before the 

intake. Additionally, a significant decrease in PFHS was observed in all analysis intervals in 

the second half compared with the PFHS of the analysis targets B1–B2. 

The presented results indicate that carbonated water intake caused sustained 

changes in intestinal conditions. Additionally, the difference in mean value was minor, 

the PFHS of B1–B2 before carbonated water intake was 0.909 ± 0.077, that of B1-B2 before 

water intake was 0.912 ± 0.079, and no significant differences were identified (� = 0.644). 
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PFHS was calculated for each analysis interval based on the first analysis interval from
the onset of the recording (i.e., B1). Figure 6 shows a plot of the mean values of the results.
In the significant difference tests, the comparison results with the PFHS of B1-A1, B1-A2,
B1-A3, and B1-A4 are shown based on the PFHS of B1-B2, which is the subject of analysis
before liquid intake.
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It can be confirmed from Figure 6 that the mean PFHS value was almost unchanged
before and after water intake, and no significant change from B1 to B2 was confirmed.
Meanwhile, in the before and after carbonated water intake cases, there was variation in the
mean PFHS value, but these values tended to be lower after intake compared with those
before the intake. Additionally, a significant decrease in PFHS was observed in all analysis
intervals in the second half compared with the PFHS of the analysis targets B1–B2.

The presented results indicate that carbonated water intake caused sustained changes
in intestinal conditions. Additionally, the difference in mean value was minor, the PFHS of
B1–B2 before carbonated water intake was 0.909 ± 0.077, that of B1-B2 before water intake
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was 0.912 ± 0.079, and no significant differences were identified (p = 0.644). These results
suggest that the PFH before liquid intake did not change significantly on the experiment
day, and the PFHS before and after liquid intake could be calculated.

3.4. Comparison of the Conventional and Proposed Methods

To compare the effectiveness of the conventional and proposed methods, we calculated
the PFHS between BWI-AWI and BSI-ASI using BW = 85.9 and N = 50 (as used in Section 3.3)
for the proposed method (Case 1). Furthermore, as the results of Figure 4 confirmed areas
below the significance level, we calculated the mean PFHS between BWI-AWI and BSI-
ASI in the range of BW = 7.8–93.8 and N = 10–150 (Case 2). In both cases, PFHS was
obtained through sampling without replacement in each subject, and after this approach
was repeated 30 times, the mean PFHS was used as the representative value. In the case of
the conventional method, the rate of change for each subject was calculated by dividing the
mean feature value obtained from the second-half by the mean feature value obtained from
the first half of the liquid intake process.

Table 1 lists the mean values across all subjects for the rate of change of acoustic
features (SC, SF, SBW, PF), as well as the PFHS (Case 1) and PFHS (Case 2) of BWI-AWI
and BSI-ASI.

Table 1. Characteristics of the frequency domain features of BSs.

Frequency Domain Features BSI-ASI BWI-AWI p Value

Conventional features

SC 0.98± 0.06 0.97± 0.02 0.682
SF 0.98± 0.11 0.93± 0.08 0.151

SBW 0.99± 0.25 0.99± 0.11 0.383
PF 0.98± 0.11 0.99± 0.05 0.505

Proposed features

PFHS (Case 1) 0.84± 0.14 0.95± 0.09 0.008 **
PFHS (Case 2) 0.75± 0.16 0.88± 0.11 0.021 *

* Significant difference at p < 0.05. ** Significant difference at p < 0.01.

Table 1 shows that a comparison of the rate of change of the conventional feature
quantities between BWI-AWI and BSI-ASI did not confirm any significant differences in
any feature quantities. Meanwhile, significant differences could be confirmed in PFHS for
Case 1 and Case 2. This suggests that the proposed method reflects information on changes
in intestinal conditions due to carbonated water intake that were not observed when using
the conventional method.

4. Discussion

This study confirmed, based on the cold water/carbonated water intake test, that
PFHS before and after carbonated water intake is significantly lower than before and after
cold water intake. Further, PFH, which expresses the peak-frequency distribution of BSs,
changed to a larger extent after carbonated water intake. It has been reported that it takes
approximately 15 min for carbon dioxide supplied to the intestine to disappear [19,20]. In
the present experiment, recordings were conducted for 10 min after ingestion. Accordingly,
it was thus considered that carbon dioxide gas remained in the intestinal tract of the subject
during the recording period after the ingestion of carbonated water. Therefore, it was
suggested that the proportion of gas in the intestinal contents remained at an elevated
level compared with its level before carbonated water intake. When tablets are ingested
in a fasting state, carbonated water promotes gastrointestinal motility, resulting in faster
drug absorption from the intestinal tract than achieved with tap water [8]. Considering the
mathematical model of BS generation [16], the resonance frequency of the intestinal wall is
thought to be related to intestinal distention and intestomal contents. Additionally, it is
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confirmed that intraluminal gas is bubble-shaped and a smaller intraluminal gas bubble
radius results in a higher BS dominant frequency [21]. Therefore, compared with water
intake, carbonated water intake is thought to exhibit more changes in intestinal motility
and intestinal conditions wherein the intestinal distention and amount of intraluminal gas
may result in additional PFH changes. It was confirmed in the present experiment that
the PFHS tended to stabilize as the number of BS episodes increased when the PFH was
obtained, and we were unexpectedly able to confirm this tendency from a relatively small
number of BS episodes. This suggests that changes in intestinal conditions can be identified
based on relatively short data recordings upon the creation of PFHs.

Regarding the conventional BS frequency-domain feature quantities, reports have
indicating that there are no differences in the dominant and peak frequencies of BSs between
patients with and without intestinal obstructions [15,22]. However, there are also reports
that have indicated that BSs with high-frequency components could be confirmed when
intestinal obstruction occurs [14]. Additionally, it has been reported that SC and SBW
changed depending on dietary intake [17]. Meanwhile, another report showed that SC,
F1, and PF did not change, even after the intake of carbonated water [10]. These results
provide evidence for the ambivalent opinions on the feature quantities of this system in the
frequency domain. In this study, we calculated the rate of change of the frequency-domain
feature values of conventional BSs before and after liquid intake. Then, we compared the
results between water and carbonated water intake experiments; however, no significant
differences were found. A previous report also indicated the possibility of capturing
changes in postprandial intestinal motility using frequency-domain features by setting
the fasting time to a sufficiently long period [17]. Therefore, long-term recordings may be
required when the basic statistics of these frequency-domain features are used to estimate
changes in intestinal conditions. It was confirmed that PFH changed significantly when the
measurement days differed, thereby suggesting that lifestyle changes, such as diet, sleep,
and exercise, may influence intestinal conditions. In this study, PFHS is thought to reflect
information regarding intestinal gas and distention based on the results of the liquid intake
tests conducted on the same day.

It is known that patients with IBS exhibit gas retention, which is accompanied by
distension [23], and patients with ileus bowel obstruction exhibit increased intestinal
gas [24]. Our findings may be used for the evaluation of such patients.

5. Limitations

One of the limitations in this study is the relatively small subject sample size (n = 13).
However, to avoid confounding factors included in the investigation, we used a subject
database that does not include IBS. Furthermore, it cannot be stated that there is a one-to-
one relationship between the BS peak-frequency and the proportion of gas or distention of
the intestinal wall. Finally, the relationship between the proposed method and amount of
carbon dioxide was not investigated. These aspects need to be investigated to improve the
proposed method in future studies.

6. Conclusions

While invasive approaches such as radiography are needed to evaluate intestinal
conditions, BS-based approaches can be easily and non-invasively be performed using
low-cost equipment. In this study, the use of PFHS in a liquid intake experiment enabled
us to confirm changes in intestinal conditions before and after carbonated water intake that
could not be confirmed using conventional frequency-domain features. Based on the results
obtained in this study, we can infer that the proposed method can serve as a non-invasive
monitoring tool to evaluate changes in intestinal conditions.
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