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Abstract
Introduction Swallowing sounds can be heard in the lower esophagus by xiphoid auscultation. We hypothesize that the
xiphoid sound analysis could provide information concerning the integrity of the esophagogastric junction (EGJ), i.e.,
superposition of the lower esophageal sphincter (LES) and the diaphragm to assess clinical diagnosis of gastroesophageal
reflux disease (GERD) and results of Nissen fundoplication (NF). The aim was to evaluate the changes in sound parameters
using our acoustic technique after reorganization of the EGJ after NF.
Methods For 21 patients with GERD and hiatus hernia, two microphones were placed below the cricoid and on the xiphoid
cartilages. The frequency and duration of xiphoid sounds, esophageal transit time were calculated. We defined the xiphoid
sound as composed of vibration groups separated by periods >100 ms. The number of vibration groups, number of
vibrations per group, and interval between groups were also calculated.
Results The xiphoid sound frequency was increased after NF, and the esophageal transit time and xiphoid sound duration
were significantly decreased. A significant correlation was found between xiphoid sound duration and LES–diaphragm
displacement. The number of vibration groups and interval between groups were reduced after NF.
Conclusion The acoustic technique for swallowing revealed the effects of NF upon the dynamic profile of the EGJ. The
organization of vibration groups at the EGJ suggested that the passage of the bolus was modified by hiatus hernia, i.e.,
dissociation between the LES and the diaphragm and regularized by NF. Concomitant acoustic and radiologic study should
contribute to better understanding of sound related to EGJ structure and boli.
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Introduction

Cervical auscultation has been applied to the study of
pharyngeal swallowing.1–4 Hamlet et al.5 demonstrated that
the sounds are generated by the flow across the cricophar-
yngeus, and Cichero et al.6 suggested an analogy between
heart sounds and swallowing sounds because of the valve
and pump system in the pharynx as in the heart.

With our digital acoustic recording technique for
swallowing, we have performed combined cricoid (cervi-
cal) and xiphoid (thoracic) auscultation to study bolus
displacement through the esophagus and the lower esoph-
ageal sphincter (LES) during swallowing.7 Using concur-
rent perfusion manometry and acoustic technique, we
demonstrated that xiphoid sound occurs in the second half
of the LES relaxation.7 Swallowing sounds recorded by
noninvasive acoustic techniques are thus produced in the
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upper esophagus and also in the lower esophagus during
the relaxation of these zones of constriction and during the
passage of the bolus.

Incompetence of LES mechanisms leads to gastro-
esophageal reflux disease (GERD), i.e., when the LES
has a low resting pressure8,9 or when transient lower
esophageal sphincter relaxation is too frequent and too
long.10,11 The presence of a hiatus hernia enhances reflux
by inducing dissociation between intrinsic LES and
extrinsic crural diaphragmatic high pressure zones and
reducing esophagogastric junction pressure.12,13 Fundo-
plication is currently used mainly to treat GERD patients
and is performed under laparoscopic conditions.14,15 The
gastric wrap restores the high pressure zone of the distal
esophagus and reduces the triggering of transient LES
relaxation.16,17 Fundoplication achieves closure of the
esophageal hiatus and reduction of the hiatus hernia to
create a new anti-reflux barrier.

The xiphoid sounds are thus produced in the esoph-
agogastric junction (EGJ) where the hiatus hernia
induces dissociation between the LES and the crural
diaphragm, both EGJ components. We therefore hypoth-
esize that the xiphoid sound analysis could provide
information concerning the dynamic function and integ-
rity of the EGJ to assess clinical diagnosis of GERD and
results of Nissen fundoplication (NF). The aim of this
study was to describe and evaluate the changes in
swallowing sound parameters at the EGJ after its surgical
reorganization. Patients were examined using acoustic
technique before and after NF.

Material and Methods

Patients

Twenty-one patients with GERD (11 men, ten women,
mean age 43.2±10.3 years) were enrolled. All patients
were hospitalized in the Department of Visceral Surgery
at the University Hospital of Tours. The study was
approved by the Ethics Committee of the Hospital, and
informed written consent was obtained in advance from
each patient. None of the patients had a history of upper
swallowing disorder. All patients had a hiatus hernia.
The length of the intrathoracic displacement was 3.2±
0.7 cm, calculated during endoscopic examination before
surgery. Esophageal manometry was performed with the
slow pull-through technique to evaluate proximal (55.7±
16.9 mmHg) and distal (87.5±35.5 mmHg) esophageal
peristaltic pressure and length (2.9±0.7 cm) and resting
pressure (8.8±4.2 mmHg) of LES before surgery.
Gastroesophageal reflux was treated by 360° laparoscop-

ic NF by the same surgeon (NH) to reproduce the
surgical technique precisely. After closure of the crura
and reduction of hiatus hernia, the wrap (approximately
3 cm in length) was realized. Patients were excluded if
they had had esophageal or gastric surgery before NF
and if the laparoscopic intervention was switched to a
laparotomy approach during surgery.

Acoustic Acquisition and Parameters

Acoustic data were obtained in an identical environment for
each subject. Two omnidirectional microphones (Electret
tie clip Sony® microphone, frequency range 50–18,000 Hz)
were used. The cricoid microphone was placed in direct
contact with the skin, on the anterolateral surface of the
neck pressing just below the cricoid cartilage. The other
microphone was inserted in a standard stethoscope and the
flat diaphragm was placed on the xiphoid cartilage to obtain
xiphoid sound. The microphones were kept in place by a
fabric collar or belt. The microphones were connected to an
amplifier linked to a computer audio acquisition card to
obtain stereo signals under “.wave” form. The patients were
instructed to fast for at least 6 h before the sound
recordings. Each patient remained standing upright and
was asked to perform a six-swallow sequence with 10 mL
of 50% barium sulfate suspension (Micropaque® Labora-
toire Guerlet, France) 1 day before and 2 days after surgery.
The bolus volume was measured by syringe, placed in the
mouth, and then swallowed. Each swallow was separated
by 30 s.

All the recordings were analyzed using the Cool Edit Pro
software program (Syntrillium Software Corporation, Phoe-
nix, USA). Each recording was filtered with a band-pass
filter (500–1,200 Hz) to extract xiphoid sounds. The stereo
signal (cricoid and xiphoid sounds) obtained after filtering
and zoom is illustrated in Fig. 1.

After all the acoustic signals had been heard, the
frequencies of cricoid and xiphoid sounds were calculated
before and after surgery in percent (%). For each sound
recording, the esophageal transit time (the time between the
start of the cricoid swallowing sound and the start of the
xiphoid swallowing sound) and the duration of the xiphoid
sound (the time elapsed between the start and the end of
each sound) were measured in milliseconds (ms). We
defined the xiphoid sound as composed of vibration groups
separated by periods >100 ms. The zoom allows precise
measurement of the sound components (Fig. 1). The
number of vibration groups, number of vibrations per
group, duration of each group (the time elapsed between the
start and the end of each group), and intervals between
groups (ms) were calculated for each xiphoid sound before
and after surgery. The mean umbers and mean durations
were calculated.
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Statistic Analysis

Data were expressed as mean with their standard deviation
(SD). A paired Student’s t test was used to compare the
sound parameters before and after NF. Pearson correlation
test was applied to establish correlations between the sound
parameters and the EGJ displacement, or the LES pressure,
or the distal esophageal pressure before NF. A p value
<0.05 was considered significant.

Results

We obtained a total of 252 recordings. Two hundred
twenty-six of them (90%) were good enough to permit
analysis.

The cricoid sound was always heard before and after NF
(100%).

Frequency of xiphoid sound was significantly en-
hanced after NF: 54% vs 84.8% (p<0.05). For one man,
no xiphoid sound was recorded before or after NF, and for
one woman, no xiphoid sound was heard before NF. These
two patients were excluded from the analysis because
comparison between before and after NF was impossible
(16 recordings).

Esophageal transit time was significantly higher before
NF than after (6,865±809 vs 5,194±726 ms, p<0.05).
Individual values are shown before and after NF in Fig. 2.
A significant positive correlation between esophageal
transit time and EGJ displacement was present (r=0.78, p
<0.001) before NF (Fig. 3). No significant correlation was
found between esophageal transit time and LES pressure or
distal pressure of esophagus.

Duration of xiphoid sound was significantly reduced
after NF (1,671±580 vs 758±261 ms, p<0.05). Individual
values of xiphoid sound duration are shown before and
after NF in Fig. 2. A significant positive correlation
between xiphoid sound duration and EGJ displacement
was present (r=0.76, p<0.001) before NF (Fig. 3). No
significant correlation was found between this parameter
and LES pressure or distal pressure of esophagus.

The xiphoid sound is composed of vibration groups
separated by periods >100 ms (Fig. 1). Number of vibration
groups and interval between groups were significantly
reduced after NF (3.8±1.7 vs 2.05±0.8, p<0.05 and 228±
98 vs 128±51 ms, p<0.05, respectively). In contrast,
number of vibrations per group and duration of groups
significantly increased after NF (3.7±2.0 vs 6.3±4.2, p<
0.05 and 283±137 vs 360±97 ms, p<0.05). Significant
positive correlations between number of groups or interval
between groups and EGJ displacement were present (r=
0.68, p<0.001 and r=0.59, p<0.05, respectively) before
NF. Significant negative correlation between duration of
groups and EGJ displacement was present (r=−0.59, p<
0.001) before NF. Typical example of xiphoid sounds
before and after NF for the same patient is shown in Fig. 4.

Discussion

By using the digital acoustic recording technique for
swallowing, we demonstrated that the frequency of xiphoid
sound enhanced after NF. Fundoplication significantly
decreased the durations of esophageal transit time and

Figure 1 Stereo swallowing sounds recorded at the cricoid (above) and
at the xiphoid (below) positions. Initial stereo swallowing sounds
(upper). Stereo swallowing sounds after band-pass filtering, the xiphoid
sound appears more clearly (middle). The zoom allows precise
measurement of the xiphoid sound parameters (lower). The xiphoid
sound (total duration, 2,060 s) was composed of three vibration groups.
First group was composed of 13 sound vibrations (587 ms), second
group was composed of five sound vibrations (122 ms), and third group
was composed of five sound vibrations (229 ms). Intervals between
bursts were 386 and 229 ms.
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xiphoid sound. We also described the xiphoid sound, which
is composed of vibration groups, and showed that the
number of groups were significantly reduced after NF,
separated by shorter intervals between groups. The number
of vibrations per group and the durations of groups were
significantly increased after NF.

In our study, the patients were placed in an upright
position as in scintigraphy,18 impedancemetry,19 or high-
resolution manometry.20

In the present study, the beginning of the cricoid sound
was used to determine initiation of the swallowing reflex,
as in the manometry technique where a displacement
receptor was positioned on the neck near the cricoid
cartilage.21,22 Cricoid sounds were always heard because
patients with dysfunction of the upper esophagus were
excluded from this protocol. The frequency of the xiphoid
sound was low before NF. Bolus displacement was perhaps

affected because the hiatus hernia created esophageal
shortening,23 influenced the primary peristalsis by attenu-
ation of shortening,24 and decreased the distal amplitude of
the esophagus.22 These disorders of peristalsis might affect
the speed of displacement of the bolus, which would then
pass without making a sound. This is also the case when the
LES pressure is low, the bolus met little resistance, and
passed over the LES without sound. The frequency of
xiphoid sound increased after NF, although without reach-
ing normal values (i.e., 95%).7 It was demonstrated that NF
reestablished the anti-reflux function by creating pressure
on the distal esophagus by means of the gastric wrap,
suppressing the hiatus hernia and reducing the diameter of
the diaphragmatic hiatus.17,25,26 However, residual pressure
was maintained with this restructuring during swallowing.27

We found that esophageal transit time was significantly
longer before NF. With hiatus hernia, the LES and hiatus
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Figure 2 Evolution of individual esophageal transit time (upper) and duration of xiphoid sound (lower) before and after Nissen fundoplication
(NF).
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Figure 4 Xiphoid sound before
and after Nissen fundoplication
(NF) for the same patient. Be-
fore NF, duration of xiphoid
sound was 1,885 ms with five
vibration groups (circle, upper).
After NF, duration of xiphoid
sound was 1,152 ms with two
vibration groups (circle, lower).
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Figure 3 Relationship between EGJ displacement and esophageal transit time (r=0.78, p<0.0001; upper) and xiphoid sound duration (r=0.76, p
<0.0001; lower).
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canal were dislocated and bolus transit was slowed down
by the first passage across the LES and the second passage
over the diaphragmatic hiatus.28,29 Fifteen patients had
impaired peristalsis in the distal esophagus, which helped to
decrease the rate of bolus displacement.30,31 Esophageal
transit time decreased after NF because a single zone of
high pressure was reconstructed at the EGJ. A significant
positive correlation between esophageal transit time and
EGJ displacement was found which would explain the
effect of the hiatus hernia on the lengthening of bolus
transit. Esophageal transit time was about 6–7 s after NF,
the time required to pass through the entire esophagus, and
was comparable to values reported by other authors32 (i.e.,
7.2 s for water).

On the window of the Cool Edit Pro software, the
xiphoid sound is simultaneously heard and visualized to
facilitate the sound analysis. Computer programs able to
process the xiphoid signal are being developed by our team
to provide more detailed analysis of such signals.

Xiphoid sound duration and the organization of the
vibration groups seem to be linked. We showed that the
xiphoid sound was composed of vibration groups and that
these groups were more numerous and more spaced out
before NF. In consequence, xiphoid sound was longer. The
sounds heard before NF seemed to reflect intermittent
passage. These “hiccups” may be due to dysfunction in the
distal esophagus in which turbulence occurs and to
variations in speed of peristalsis. Three-dimensional imag-
ing of the LES has shown that the LES can be defective
over the entire length of the sphincter, or only partially in
the intra-abdominal portion.9

With a hiatus hernia, a bolus successively transverses
two zones of differing resistance, as well visualized by the
pressure topography12 and pressure profile22 of the EGJ.
The duration of the xiphoid sound was correlated with
displacement of the EGJ; in other words, the greater the
LES–diaphragmatic displacement, the longer the duration.
This would appear to explain the difficulties in the passage
of a bolus to the EGJ. Optimum elasticity of the EGJ is
achieved by superposition of the smooth muscle of the LES
and the striated muscle of the diaphragm, a reduced zone
which is distended by passage of the bolus.33 This double
musculature has an active part in the anti-reflux function.34

Xiphoid sound duration was shorter after NF (1,671 vs
758 ms) and there were fewer groups of vibrations.
Kahrilas et al.25 and Scheffer et al.20 have shown that
opening duration at the EGJ assessed with 10 ml barium
suspension was unaffected by fundoplication, i.e., 13.4 vs
12.5 (supine) and 5.1 vs 5.0 s (upright), respectively.
However, data on EGJ transit time before and after
fundoplication are limited. A significant correlation be-
tween the increased EGJ transit time and the dysphagia
score was reported.35,20 EGJ transit time was 2.8 s before

NF and 5.8 s after NF with dysphagia.20 Our values were
assessed before NF with hiatus hernia and after NF without
dysphagia. Moreover, in all these techniques, the volume
and consistency of the bolus were different. Our new
acoustic technique using bolus of barium suspension and its
results can be compared to other EGJ investigations to test
differences, but more physiological boluses (water, semi-
liquid, solid) might be used to standardize this noninvasive
acoustic EGJ exploration. It can be hypothesized that the
bolus traversed the EGJ under the effect of more regular
pressure and that its passage was more rapid with a more
compact bolus. Gastric wrap surrounds the esophagus over
3 cm and maintains high pressure throughout its length,36

but the distensibility of this new muscle arrangement
decreases.37 Stretching of the body of the esophagus to
make this wrap may contribute to the development of more
effective peristalsis,38 but only in certain patients.39

Conclusion

The digital acoustic recording technique for swallowing is
noninvasive and permits evaluation of the passage of a
swallowed bolus through the esophagogastric junction. We
demonstrated for the first time that the xiphoid sound
analysis can reveal the dissociation between the LES and
the crural diaphragm in patients with GERD and the
xiphoid sound modifications in the same patients after NF.
Since it provides additional information, particularly
concerning the displacement of a bolus, displacement
through the EGJ appears to be regularized by the
fundoplication. Studies combining acoustic and radiological
techniques are in progress to visualize the bolus and the
sound at the same time and to provide greater understand-
ing of the origins of the acoustic changes.
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