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The aim of this study was to investigate oropharyngeal pressure flow dynamics during dry swallowing in ten healthy subjects. Tongue
pressure (TP) was measured using a sensor sheet system with five measuring points on the hard palate, and pharyngeal pressure
(PP) was measured using a manometric catheter with four measuring points. The order and correlations of sequential events,
such as onset, peak, and offset times of pressure production, at each pressure measuring point were analyzed on the synchronized
waveforms. Onset of TP was earlier than that of PP. The peak of TP did not show significant differences with the onset of PP, and it
was earlier than that of PP. There was no significant difference between the offset of TP and PP. The onset of PP was temporally time-
locked to the peak of TP, and there was an especially strong correlation between the onset of PP and TP at the posterior-median
part on the hard palate. The offset of PP was temporally time-locked to that of TP. These results could be interpreted as providing
an explanation for the generation of oropharyngeal pressure flow to ensure efficient bolus transport and safe swallowing.

1. Introduction

During swallowing movements from the oral stage to the
pharyngeal stage, following elevation of the tongue, a smooth
transition of movement from laryngeal elevation to pha-
ryngeal contraction and then to relaxation of the upper
esophageal sphincter (UES) produces smooth food bolus
propulsion [1-3]. In this process, tongue muscles and pha-
ryngeal constrictors play crucial roles in bolus propulsion,

and in order to smoothly expel the bolus from the oral
cavity toward the pharynx, and from there to the esophagus,
contraction is carried out with the appropriate timing, in the
appropriate sequence, to produce swallowing pressure [4-9].
A failure of bolus propulsion results in residue in the oral
cavity, pharyngeal residue, and laryngeal penetration, and
aspiration is frequently seen, not only among patients with
impaired swallowing, but among the elderly population as
well [10-13]. In order to ascertain the condition of swallowing



impairment more accurately, it is necessary to understand not
only dysmobility of the individual organs involved in oral
cavity and pharyngeal swallowing, but also the time-based
coordination of the movements of the various organs.

To investigate the coordination of the oral cavity and
pharyngeal organs when swallowing, videofluorography (VF)
was first used to analyze morphological changes taking place
over time in the oral cavity and pharyngeal organs, as well as
changes in the bolus propulsion time, both quantitatively and
qualitatively, on images [14-16]. Next, VF and manofluorog-
raphy, which simultaneously measure the internal pressures
of the pharynx and the esophagus, were used to clarify
the relationships between the morphological changes in the
pharynx and the flow of bolus propulsion and intraluminal
pressure flow [17, 18]. There are numerous reports describing
measurements of pharyngeal pressure, and the maximum
pharyngeal pressure, pharyngeal pressure duration, and time
that the UES is open have been analyzed [19-22]. Recently,
there have been an increasing number of reports on pharyn-
geal pressure using high-resolution manometry (HRM), and
the topography obtained using HRM has made it possible to
ascertain the status of pressure being propagated from the
upper pharynx to the esophagus [9, 23, 24].

In the past, the tongue-palate contacting pressure [20],
which is the largest motive force sending the food bolus to the
pharynx, was measured only at one location, using a balloon
that was inserted into the oral cavity [25-27]. However,
Hori et al. [6] developed an ultrathin sensor sheet capable
of measuring the tongue-palate contact pressure (tongue
pressure) at numerous points on the palate, and in addition
to elucidating the onset order and pressure gradient of the
pressure from the front to the back of the oral cavity in healthy
subjects, they reported a certain degree of coordination
between the onset of tongue pressure and hyoid movement at
the time of swallowing in healthy subjects [7]. A correlation
between abnormalities in the tongue pressure waveform
seen in patients whose swallowing is impaired because of
cerebrovascular disease, nerve or muscle disorders, or oral
cavity cancer and attenuation of pressure and swallowing
impairment has also been reported [28, 29].

Thus, there are numerous reports describing the produc-
tion of tongue pressure and pharyngeal pressure when swal-
lowing. However, no reports have described simultaneous
measurements of the series of pressure flow dynamics of the
tongue pressure and pharyngeal pressure from the oral cavity
to the pharynx. If the temporal coordination taking place
from the tongue pressure to the pharyngeal pressure to the
opening of the esophageal orifice could be analyzed, it might
be possible to analyze the pathophysiology of aspiration
prior to and after swallowing, which is thought to occur
if the coordination of pressure production breaks down, in
greater detail. Given that, the authors analyzed the temporal
coordination between the tongue pressure that occurs when
swallowing saliva and the production of pharyngeal pressure
from the oral cavity and pharynx, conducting simultaneous
measurements using a tongue pressure sensor sheet and
manometry. Based on the results, the mechanism at work in
bolus propulsion was then considered.
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2. Materials and Methods

2.1. Subjects. Ten healthy subjects (3 men and 7 women;
age range, 21-27 years; mean age, 22.1 + 2.1 years) without
disturbances of mastication and deglutition, abnormalities in
the number or position of teeth except for the third molar,
history of orthodontic treatment and temporomandibular
disorders, and abnormality in occlusion were included in this
study. Written, informed consent was obtained from each
subject after explaining the aim and methodology of the
study. This study received approval by the ethics committee
of the Kawasaki University of Medical Welfare.

2.2. Experimental Setting. Subjects were asked to sit on a
chair with their head vertical to the floor. They were then
asked to save saliva in an oral cavity and swallow saliva
according to the examiner’s instructions. They repeated dry
swallowing 5 times with the tongue pressure sensor sheet
on the hard palate and the manometric catheter through the
pharynx. Details of the methodology of each measurement
are described below. An adaptation period of 15 minutes
was allowed before the measurements, and five minutes were
left between each measurement for resting and rinsing the
mouth.

Tongue pressures and pharyngeal pressures were record-
ed synchronously during dry swallowing. To synchronize
data, the trigger signal to start measurement from the swallow
scan was sent to the Neuropack MEB-2216, and the tongue
pressure was measured at the same time (Figure 1). The data
of tongue pressures and pharyngeal pressures were recorded
and analyzed on a separate PC. To confirm synchronization
between the data, one of the measuring points of the sensor
sheet was placed on a manometer, and loading was provided
15 times by the examiner’s finger. The mean discrepancy
between the output timing of both sensors was 4.67 +
4.81 msec. The discrepancy was so negligible small that the
data of two sources were confirmed to be synchronized.

Figure 2 shows typical waves of a simultaneous recording
of tongue (TChs 1-5) and pharyngeal (PChs 2-4) pressures.
Because the most proximal pharyngeal sensor, PCh 1, was
highly variable individually in timing at peak pressure, it
was excluded from the analysis in this study. The timings of
onset, peak, and offset of tongue and pharyngeal pressures
were measured on the waveform of each recording oftline
(Figure 3). Since PCh 4 was positioned at the upper portion
of the UES, onset was defined as the timing at the highest
pressure just before the pressure drop due to UES relaxation.
The offset of PCh 4 was defined as the timing at the highest
pressure just after the pressure drop.

2.3. Tongue Pressure Measurement. The tactile sensor system
swallow scan (Nitta, Tokyo, Japan) with a special sensor
sheet for measuring tongue pressure was used in this study
(Figure 4) [6]. The thickness of the sensor sheet was about
0.1mm, and it had five measuring points. Three measuring
points (TChs 1-3) were placed along the median line (TCh
1 was set at the anterior-median region, TCh 2 was set at
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FIGURE L: Simultaneous measurement system for tongue and pharyngeal pressures. PCh 1 was positioned approximately even with
the nasopharynx, pharyngeal PCh 2 was placed approximately at the oropharynx, pharyngeal PCh 3 was placed approximately at the
hypopharynx, and pharyngeal PCh 4 was positioned at the upper border of the high-pressure zone of the UES.
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FIGURE 2: Typical waves of simultaneous recording of tongue (TChs
1-5) and pharyngeal (PChs 2-4) pressures.

the mid-median region, and TCh 3 was set at the posterior-
median region), and two sensors (TChs 4 and 5) were situated
in the posterior-circumferential regions of the hard palate.
A small, medium, or large sensor sheet was selected for
each subject according to the size of the hard palate. Before
recording, the sensor sheet was attached to the palatal surface
of the palatal mucosa directly with a sheet-type denture
adhesive (Touch Correct IT; Shionogi, Osaka, Japan). The wire
was then connected to the computer exiting the oral cavity
via the oral vestibule to avoid interference with the occlusion.
After attaching the sensor sheet to the palate, calibration was
performed by applying negative pressure on the cable of the
sensor sheet using a vacuum pump. The pressure measured
by the sensors was thus transmitted in real time to a personal
computer, where the data were displayed and saved at 100 Hz.

2.4. Pharyngeal Manometry. A manometric catheter (P604-
OSH-1, Star Medical, Tokyo, Japan) with four pharyngeal
pressure sensors was inserted transnasally, through the phar-
ynx, and into the proximal esophagus. Adjacent sensors
were 3 cm apart. The manometry catheter was 130 cm long,
6Fr (2mm) in diameter. Correct catheter placement was
determined by confirming that the most distal sensor was
in the high-pressure zone of the UES at rest and an M-
wave was clearly observed on dry swallowing. The catheter
was then secured to the facial buccal region with surgical
tape to minimize sensor movement. The sensors were thus
placed in the following pharyngeal locations: pharyngeal
Ch 1 (PCh 1; most proximal) was positioned approximately
even with the nasopharynx, pharyngeal Ch 2 (PCh 2) was
placed approximately at the oropharynx, pharyngeal Ch 3
(PCh 3) was placed approximately at the hypopharynx, and
pharyngeal Ch 4 (PCh 4; most distal) was positioned at
the upper border of the high-pressure zone of the UES.
The pressures measured by the manometry were amplified
(PAS401, Star Medical) and input into the electrode junction
box (Neuropack MEB-2216, Nihon Kohden, Tokyo, Japan).
The pharyngeal pressure was measured with the sampling
frequency at 1000 Hz.

2.5. Data Analysis. To evaluate the temporal relationships
of tongue pressure and pharyngeal pressure, and between
tongue pressure and pharyngeal pressure, the differences
in the order of onset, peak, and offset at each channel
were examined after setting the onset of TCh 1 as 0sec.
In the analyses, uniformity of variance was determined by
a Kolmogorov-Smirnov test. When uniform variance was
found, significant differences were determined by one-way
analysis of variance (ANOVA) and Tukey’s post hoc test.
The interclass correlation coefficient was used to evaluate
the correlations between events at each TCh and PCh
for describing the coordination of tongue and pharyngeal
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FIGURE 3: Analyzed parameters on the raw wave forms from the sensor sheet (TChs 1-5) and pharyngeal manometry (PChs 2-4).
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FIGURE 4: Swallow scan system and location of sensing points: (a) swallow scan system and sensor sheet and (b) intraoral view of attached
sensor sheet and location of sensing points. TCh 1 was set at the anterior-median region, TCh 2 was set at the mid-median region, TCh 3 was
set at the posterior-median region, TCh 4 was set at right circumferential region, and TCh 5 was situated at the left circumferential region of

the hard palate.

pressure production. Statistical analysis was performed using
IBM SPSS Statistics Version 19 (IBM Japan, Tokyo, Japan),
and statistical significance was set at P < 0.05.

3. Results

3.1. Time Sequence for Tongue and Pharyngeal Pressures.
Figure 5 and Table1 show the time sequences for tongue
pressure at the five channels and pharyngeal pressure at the
three channels during dry swallowing, where time “0” was
set at the onset of tongue pressure at Ch 1. Table 2 shows the
comparison of the time sequence between the time events on
tongue and pharyngeal pressures.

When comparing the tongue pressures produced during
dry swallowing among TChs 1-5, the onset times at the
posterior-lateral parts of the hard palate (TChs 4 and 5)
were significantly earlier than that at the mid- and posterior-
median parts (TChs 2 and 3), and the offset time was

significantly earlier at Ch 3 than at Chs 2 and 5. There was
no significant sequential difference in peak time of TChs 1-5.

When comparing the pharyngeal pressures produced in
PChs 2-4, the offset time at mid-pharynx (PCh 2) was
significantly earlier than that at the UES (PCh 4). There was
no significant difference among the onset times at PChs 2—4
(P > 0.10). The peak time at PCh 2 tended to be earlier
than that at the lower-pharynx (PCh 3), but not significantly
(P =0.066).

When comparing the tongue pressure with the pharyn-
geal pressure produced during dry swallowing, the onset time
was earlier at TChs 1-5 than at PChs 2-4. The peak time of
tongue pressure at the anterior-median part of the hard palate
(TCh 1) was earlier than at the lower-pharynx (PCh 3), that
at TChs 2-5 was earlier than at the mid- and lower-pharynx
(PChs 2 and 3), and that at TChs 1-5 was earlier than the offset
time at PChs 2-4. The offset time was later at TChs 1-5 than
the onset time at PChs 2-4, that at TChs 1, 2, 4, and 5 was
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TABLE 1: Onset, peak, and offset times (mean and SD) of tongue and pharyngeal pressures.
TCh1 TCh2 TCh3 TCh 4 TCh5 PCh2 PCh3 PCh 4
Onset time
Mean 0.00 21.59 108.80 -153.86 -194.08 286.57 387.80 387.49
(SD) (0.00) (188.63) (182.55) (310.37) (339.43) (221.19) (234.99) (24717)
Peak time
Mean 392.24 352.22 296.31 322.43 338.14 538.71 700.86
(SD) (276.35) (223.36) (249.01) (272.17) (275.62) (274.76) (243.08)
Offset time
Mean 810.39 869.14 687.71 841.84 882.24 814.04 918.33 1016.98
(SD) (273.94) (353.04) (371.42) (432.29) (451.21) (378.79) (275.15) (234.96)
[msec].
TCh1 : | : i : ) time of each TCh, except for the offset time at TCh 2. The
; : : ‘ ‘ : peak time of lower-pharyngeal pressure (PCh 3) had no
TCh2 | ) significant correlations with the onset time and the peak time
TCh : : : : : of tongue pressure, but it had significant correlations with the
SN . -
: : : : : offset time of TChs 1-5. The offset time of PChs 2-4 had no
TCh 4 B ‘. significant correlations with the onset time and peak time of
; ; ; ; tongue pressure but was temporally time-locked to the offset
TChs ‘ —= : —4 time of TChs 1-5.
PCh2 ST W —
PCh3 S E—Y 4. Discussion
PCh 4 ) In research conducted to date on the mechanisms involved

r T | | | | T 1
—-400 -200 0 200 400 600 800 1000 1200

(ms)

Onset
B Peak
¢ Offset

FIGURE 5: Sequential order of tongue and pharyngeal pressures
during dry swallowing. Time “0” was set at the onset of TCh 1.

later than the peak time of midpharyngeal pressure (PCh 2),
that at TChs 2 and 5 was later than the peak time of lower-
pharyngeal pressure (PCh 3), that at TCh 3 was earlier than
the offset time of lower-pharyngeal pressure (PCh 3), and
that at TChs 1, 3, and 4 was earlier than the offset time of
pharyngeal pressure at the UES (PCh 4).

3.2. Relationships between Events of Tongue and Pharyn-
geal Pressure. The interclass correlation coeflicients between
events of tongue and pharyngeal pressures are shown in
Table 3. The onset time of pharyngeal pressure was not
correlated with the onset time and the offset time of tongue
pressure. However, the onset time of PChs 2-4 was tempo-
rally time-locked to the peak time of TChs 1-5, and there
was an especially strong relationship between PChs 2-4 and
TCh 3 (posterior-median part of the hard palate). The peak
time of midpharyngeal pressure (PCh 2) had no significant
correlation with the onset time of tongue pressure, but it
had significant correlations with the peak time and the offset

in bolus propulsion from the oral cavity to the pharynx and
from there to the esophagus, it has been difficult to evaluate
the tongue and the deep muscles of the pharynx activated
during swallowing using EMG, so VF has been used in
most of the research. More recently, there has been some
studies involving swallowing dynamics using MRI and CT
[30-34], but because of the large equipment required and
the high cost involved, only a limited number of facilities is
able to conduct these kinds of studies. Moreover, the analysis
requires significant expertise and is time consuming, and CT
scans are invasive because of the radiation involved. Given
these considerations, attempts have been made to measure
the intraluminal pressure from the oral cavity to the pharynx
[35-37], but because of technical limitations, it has not been
possible to identify clear temporal coordination in any of
these.

In the present study, simultaneous measurements were
conducted using a pressure sensor that was placed in the oral
cavity that sensed pressure at five locations, and manometry
was performed at three locations in the pharynx. This
produced clear images of the pressure generated from the
oral cavity to the pharynx during dry swallowing, the first
time that such images have been produced on a time axis.
The results are significant in terms of understanding the
biomechanical coordination of the various organs during
swallowing.

In the present study, because sensors were placed in both
the oral cavity and at the pharynx, there is a possibility
that they may have affected swallowing function. With
respect to the tongue pressure sensors, it has been reported
that placement in the oral cavity did not affect swallowing
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function [7]. In the present study, the onset phase of recorded
tongue pressure when swallowing saliva was in common
with those reported by Hori et al. [38] and Furuya et al
[39]. Specifically, the onset time of tongue pressure when
swallowing saliva began when the tongue came in contact
with the posterior-circumferential part of the hard palate
(TChs 4-5), and contact then moved to the anterior-median
part of the hard palate and finally to the posterior part of
the hard palate, and for all of the tongue pressures when
swallowing saliva, the TCh values reached the peak time
largely simultaneously.

At the same time, however, it has been reported that
placement of small-diameter manometers in the pharynx
does not have a major effect on swallowing dynamics [40,
41]. The diameter of the manometers used in the present
study was 6 Fr, which was used because it is the smallest
available [42], and it is possible that it does not affect
swallowing dynamics. It is possible to determine swallowing
propagation speed by measuring the pharyngeal pressure.
The propagation speed of the pharyngeal pressure peak
time of the middle to lower pharyngeal region (PCh 2-
PCh 3) obtained in the present study was 18.62 cm/sec (3 cm
between manometry sensors, PCh 3 peak time mean value
700.86 msec, PCh 2 peak time mean value 538.71 msec),
which is close to the value of 20.7 cm/sec measured by Mori
[43] using conventional manometry. Based on the above,
we believe that the system for simultaneous measurement of
tongue pressure and pharyngeal pressure used in the present
study is appropriate in terms of measuring physiological
swallowing dynamics.

The results of the present study indicate that after all of
the TChs had appeared, all of the PChs onset times appeared,
and it was confirmed that the pressure onset occurred because
there was a difference between the oral cavity and the pharynx
in the times at which the food bolus was sent. Additionally, it
was found that there were no differences in the onset of all
TChs peak times and all PChs onset times. Based on these
findings, when the tongue pressure in the oral cavity reached
the peak time, that is, immediately after the propulsion force
applied to the food bolus in the oral cavity reached its
maximum level, it was found that pharyngeal pressure began
to appear in preparation for the intake of the food bolus
coming from the oral cavity. There was a certain difference
in the peak times at which the transition from PCh 2 to PCh
3 occurred after the TChs peak time was reached, but it was
not significant. This time lag between the peak time of the oral
cavity and that of the pharynx and also the time lag between
the oropharyngeal peak time and the hypopharyngeal peak
time caused the maximum propulsion force of the food bolus
produced in the oral cavity to be maintained as the food
bolus continued on to the pharynx, and it is believed that this
propulsion force efficiently sends the food bolus from above
the pharynx to below it. Moreover, despite the fact that a
significant difference was seen in the onset times between the
tongue pressure and the pharyngeal pressure, the difference
in the offset times was not all that significant. This suggests
that positive pressure is maintained from the oral cavity to
the pharynx during the time that the food bolus is being sent,

BioMed Research International

so that it does not proceed in the reverse direction before
swallowing has been completed.

In the present study, the interclass coeflicient correlation
was used to investigate the temporal relationship between the
tongue pressure and the pharyngeal pressure. The interclass
coefficient correlation indicates the degree of mutual coor-
dination between the changes of two time-based events; so,
for example, if the interclass coeflicient correlation between
event A and event B is 1 and the timing of event A is doubled
(delayed), the timing of event B will be similarly doubled
(delayed).

First, the significant correlations between the peak time of
the tongue pressure for TCh 3 and the onset and peak times
of the various pharyngeal pressures suggest that maximal
closure of the posterior median part of the hard palate, which
is nearest to the pharyngeal side in the oral cavity, is closely
related to the process that forms the maximum pharyngeal
pressure. TCh 3 is positioned at the posterior median part of
the hard palate, and the tongue pressure that occurs at this site
is relatively small and short when swallowing saliva and when
swallowing liquids [6, 38]. However, this is an important
site in terms of sending the food bolus, which includes the
food bolus between the dorsal median region of the tongue
and the palate, from the oral cavity to the pharynx. Hori et
al. [7] conducted simultaneous measurements of the tongue
pressure and VF during swallowing of liquids and reported
an interclass correlation coefficient with the peak timing of
the tongue pressure for TCh 3 at the midpoint (0.508) of
the timing at which the hyoid bone was farthest upward and
forward. The coordination between the peak of the pressure
at posterior site of the hard palate and the onset of pharyngeal
pressure may suggest that this is important in terms of a
smooth transition of the food bolus from the oral phase to the
pharyngeal phase of swallowing. Furthermore, the existence
of a strong correlation between the offset time of the tongue
pressure for TCh and the offset time of the pharyngeal pres-
sure in PChs 2-4 suggests that the contact between the tongue
and the palate acts as a functional anchor for the hard palate
in order to maintain pharyngeal pressure [44]. Hori et al.
[7] also reported a medium to strong correlation (0.496-
0.827) between the offset timing of the tongue pressure and
the timing at which the hyoid bone was farthest upward and
forward.

Thus, the outcome of the present study clearly shows
a rational coordination in the time-based onset phase of
tongue pressure and pharyngeal pressure in the voluntary
swallowing of saliva. This coordination could serve as a refer-
ence in the noninvasive evaluation of swallowing movements
in the future, providing a means for detecting swallowing
impairments. For example, if the onset time of the pharyngeal
pressure does not appear even though the tongue pressure
has reached its peak time, the food bolus, for which the
propulsion force is at its maximum in the oral cavity, could
be propelled too vigorously toward the pharynx, causing
predeglutitive aspiration. Conversely, if there is a difference
between the offset time of the tongue pressure and the offset
time of the pharyngeal pressure, so that the tongue pressure
reaches its offset time earlier than the pharyngeal pressure,
positive pressure in the oral cavity could disappear, creating
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a difference between the oral cavity and pharyngeal pressures.
This could cause pharyngeal residue or induce the food
bolus to move in the reverse direction, from the pharynx
to the oral cavity. In the future, simultaneous measurements
of the tongue pressure and pharyngeal pressure need to be
conducted in patients with swallowing impairments, and
these findings need to be verified.

A limitation of this study was the fact that dry swal-
lowing was used, without a food bolus. Previous studies
have reported that tongue pressure and pharyngeal pressure
are different when saliva is swallowed and when a liquid is
swallowed [19, 20, 22, 38]. Given that, the authors intend to
conduct further analyses using a variety of food boluses in
the future. When doing those analyses, we believe that the
onset time, peak time, and offset time parameters, which are
detailed time-based parameters that were used in the present
study, will be effective in evaluating modulations in pressure
production.
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