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Introduction

High-resolution manometry (HRM) has been widely used for
the evaluation of esophageal function. In recent years, HRMhas
also beenused for the analysis of pharyngeal function.1AsHRM
canquantitativelymeasurepharyngealpressureandobjectively
evaluate swallowing function, it can be useful for evaluating
pharyngeal function in patients with dysphagia.2–4 However,
questions related to the number of times pressure measure-

ments need to be repeated have arisen ever since traditional
manometryhasbeenused for thispurpose. It hasbeenaccepted
that there is considerable intrasubject variability among the
measurements, and swallowingneeds to be repeated at least10
times during conventional assessment.5 In the Chicago classifi-
cation, 10 measurements of esophageal pressure using HRM
wererecommended.6TheChicagoclassificationmayhavetaken
the intrasubject variability into account, but the basis for the
number of measurements was not stated. Regarding the
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Abstract Introduction The number of pressure measurements that need to be recorded using
high-resolution manometry (HRM) for the accurate evaluation of pharyngeal function
is not well established.
Objective The purpose of this study is to clarify the number of swallows required to
obtain an accurate pharyngeal manometric profile of a person.
Methods Forty healthy adults performed a dry swallow and bolus swallows using 3-,
5-, or 10ml of water and underwent measurements using the Starlet HRM system. Each
subject underwent 10 swallows for each of the four bolus volume conditions.
Results The mean of up to seven measurements of maximum pre-swallow upper
esophageal sphincter pressure with 10 ml of swallow was close to the mean of up to
eight measurements in 95% of the subjects. Similarly, the rate of change of the average
for the eighth and ninth measurements and the rate of change for the average of the
ninth and tenth measurements were less than 5%. When the other parameters were
similarly measured up to the sixth measurement, no major change in the average value
was observed even if more measurements were taken.
Conclusion A minimum of six measurements are required, and seven swallows are
sufficient for evaluating the pharyngeal manometric profile of a single person. This
number of measurements can be a useful criterion when performing HRM measure-
ments on individual subjects.
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intrasubject variability of swallowing movements, only a few
studies have been performed.7,8

Of the many studies that have analyzed pharyngeal
pressure using HRM, some have used the mean value of
two,9 three,1,10–13 or five measurements.14–18 Only a few
studies19,20 used the average of 10 measurements, as rec-
ommended by the Chicago classification. Since the previous
studies were able to find some tendency of intrapharyngeal
pressure by targeting a large number of subjects, a smaller
number of measurements for a subject may be permitted.
However, to measure a manometric profile for a single
subject, it is unclear howmanymeasurements are necessary,
and it may not be appropriate to make a smaller number of
measurements. Although ten swallows per person may
provide sufficiently reliable data, it is a burdensome test
for the subject. Therefore, inspection as few times as possible
is desired. We hypothesize that the average value from less
than 10 measurements is also a reliable indicator. The
purpose of this study is to clarify the number of swallows
required to obtain an accurate manometric profile.

Methods

Study Design and Period
A cross-sectional study was conducted between March 2014
and December 2018 at our department.

Subjects
Forty healthy subjects (20 men and 20 women) with a mean
age of 32.5 years (range, 21–57 years) agreed to be voluntarily
examined using HRM. All subjects were recruited from the
medical staff by an in-facility notice or word of mouth. The
subjects did not have dysphagia, dysphonia, reflux symptoms,
neurological or muscular disease, and were not taking medi-
cations known to interfere with swallowing. All subjects
underwent transnasal laryngo fiberscopy andwere confirmed
to show no morphological abnormalities in the pharynx/

larynx. This study protocol was approved by the Ethics Com-
mittee of the appropriate institutional review board.

Equipment
The Starlet HRM system (StarMedical Inc., Tokyo, Japan) and a
catheter (Unisensor AG,Attikon, Switzerland)with 20-channel
solid-state sensors spaced at 1-cm intervals were used for the
measurements. The sensors are covered by circumferential
soft membranes with fluid inside. The catheter diameter is
4.0mm, and the diameter of each sensor is 5.8mm. Each
sensor detected pressure over the entire circumference, and
manometric datawere collected on apersonal computer using
a sampling frequency of 40Hz.

Measurements
The subjects did not eat or drink anything for at least 4 hours
before testing. Theywere seated in a neutral cervical position
during the measurement process. The nasal cavities were
anesthetized with a cotton swab soaked in topical 4% lido-
caine. The manometric catheter was lubricated with topical
2% viscous lidocaine to ease its passage through the pharynx,
inserted via the nasal cavity, and then positioned with its 20
channels straddling the pharynx and the upper esophageal
sphincter (UES). The subject underwent 10 consecutive dry
swallows, and 10 consecutive 3-ml, 5-ml, and 10-ml
swallows.

Parameter Evaluation
A dedicated HR-Stealth analytical software (Star Medical,
Inc.) was used to visualize the obtained data as pressure
topography plots and pressure waveforms. The different
pressure values were represented by different colors. The
pressure waveforms at rest and during swallowing in the
velopharynx, tongue base, and UES regions were defined
using previous studies.4,10,12,14,16–18 The UES pressure was
measured by several contiguous sensors, and the sensor with
the highest value was selected.

Fig. 1 Maximum pressure on pressure topography plots and corresponding sensor waveform. (►Figure 1A) Pressure topography plots
(►Figure 1B) Corresponding sensor waveform. (A) Maximum velopharynx pressure, (B) Maximum tongue base pressure, (C) Maximum
preswallow upper esophageal sphincter (UES) pressure, (D) Maximum postswallow UES pressure. The white asterisk refers to the highest
pressure point in each area.
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The maximum pressure in the velopharynx and at the
tongue base was measured during swallowing. In ►Fig. 1,
the pressure at the velopharynx region is represented by A,
and the pressure at the tongue base as B. A wide peak was
observed in the tonguebase region, and therewere some cases
in which prominent high and narrow peaks were observed. A
narrow peak is created when the epiglottis strikes the mano-
metric catheter.9However, as it was not always observed in the
present study,we considered thehigh and broadpressurepeak
in the tonguebase area as themaximum tongue base pressure.

A rise in the UES pressure just before swallowing was
confirmed, and maximum pre-UES pressure was defined as
the preswallow UES peak pressure just before UES relaxation.
In►Fig. 1, theUES region is confirmed, and themaximumpre-
UES pressure is represented by C. After the preswallow UES
peak pressure, the UES pressure value decreased markedly;
almost simultaneously, pressurewaveformswere generated in
the velopharynx and at the tongue base. After this point, the
pressure values in the velopharynx and tongue base were
decreased to zero, whereas the UES pressure was increased.
The increased UES pressure after swallowing was confirmed,
andmaximumpost-UES pressurewas defined as theUESpeak
pressure just after UES relaxation. In ►Fig. 1, the maximum
post-UES pressure is represented by D.

Velopharynx duration and tongue base duration were
defined as the time between the start of increasing pressure
and regression to and below the baseline level, respectively,
using the sensor that recorded the maximal pressure in each
region (►Fig. 2A, B). As in a previous study,9,14,16,17 the UES
relaxation time was defined as the duration between the
time of maximum pre-UES pressure and the time of maxi-
mum post-UES pressure (►Fig. 2C).

Data Analysis
We first statistically analyzed if there was any trend in the
repeatedmeasurements for each parameter. Using themeas-
urements obtained from the 40 subjects, the repeated mea-

surement analysis of variancewas used to test for differences
in repeated measurements. A value of p<0.05 was consid-
ered statistically significant.

We defined the cumulative average value of each param-
eter up to the n-th as follows.

where xn is the n-th measured value, and . For each
parameter in each subject, we confirmed x1 and calculated

in the range of 2�n�10. It was confirmed how the
cumulative average value changes as the number of meas-
urements is increased.

The change rate of the cumulative average of the mea-
surement values was defined as follows:

where RC was calculated in the range of 2�n�10.

It was predicted that would converge to a certain value
as n increased, that is, RC was predicted to converge to zero.
We calculated the RC for each factor of each subject and
analyzed the reduction. We considered an RC value below 5%
as sufficiently low and queried how many measurements
were needed to ensure an RC value below 5% inmore than 38
of the 40 subjects (95% confidence interval). Repeated mea-
surement analysis of variance was performed using the
BellCurve for Excel 3.20 statistical software (Social Survey
Research Information Co. Ltd., Tokyo, Japan). In addition,
cumulative average and RC were calculated using Microsoft
Excel (version 1909).

Results

All 40 subjects completed 40 swallows each (10 swallows for
eachof the4conditions). Thetransitionof themeasuredvalues
of the10swallowsforeachof the4conditionswasanalyzed for

Fig. 2 Duration of pressure topography plots and corresponding sensor waveform. (►Figure 2A) Pressure topography plots (►Figure 2B)
Corresponding sensor waveform. (a) Maximum velopharynx duration, (b) Maximum tongue base duration, (c) UES relaxation time.
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all 40 subjects using repeatedmeasure analysis of variance. As
a result, no significant difference was found among the 1st to
10th measurement values (►Fig. 3A, B, and ►Table 1).

As n increases, thepredicteddecreasing pattern of theRCof
each parameter was observed for each subject, and the pro-
portion of cases with RC<5% increased (►Table 2). For each
parameter, number ofmeasurements required for RC<5%was
different depending on 4 swallowing conditions. However, no
association of the four swallowing conditions with the re-
quired number of measurements was found. The number of
measurements required to achieve RC <5% for 95% or more
subjects was as follows: a) Maximum velopharynx pressure:
n35 in 5-ml, and 10-ml swallow, n36 in dry swallow,
and n37 in 3-ml swallowb)Maximum tonguebase pressure:
n�5 in 3-ml swallow, n�6 in dry and 10-ml swallow, n�7 in
5-ml swallow c) Maximum pre-UES pressure: n�8 in 10-ml
swallow, n�7 in dry, 3-ml, and 5-ml swallows d) Maximum
post-UES pressure: n�5 in dry swallow, n�6 in 5-ml and
10-ml swallow, and n�7 in 3-ml swallow e) Velopharynx
duration: n�4 in 5-ml swallow, n�7 in dry, 3-ml, and 10-ml
swallow f) Tonguebaseduration: n�4 in10-ml swallow, n�5
in 3-ml swallow, n�6 in dry swallow, and n�7 in 5-ml
swallow g) UES relaxation time: n�4 in all 4 conditions.

Discussion

The present study is first to evaluate the number of swallows
required to obtain a pharyngeal manometric profile from a
single subject. Therewerenostatistically significantdifferences
among the 10 measurement values of each parameter under
every bolus volume swallow condition. The number of meas-
urements requiredtoachieveRC<5% in95%of thesubjectswas

n�8 under 10-ml swallow at maximumpre-UES pressure. For
maximumvelopharynx pressure, maximum tongue base pres-
sure, maximum post-UES pressure, velopharynx duration, and
tonguebaseduration, thenumberofmeasurements required to
achieve RC<5% was n�7 under any one condition of 4 bolus
volume conditions, although in some other conditions it was
observed that n�6, n�5, or n�4. Exceptionally, for the UES
relaxation time, we observed n�4 under all bolus swallowing
conditions.

Few studies have mentioned intrasubject variability in
measurements by HRM and analyzed the required number
ofmeasurements. Anappropriate numberofmeasurements of
esophageal pressure with manometry has been suggested in
theprevious studiesbyusing theirowndifferentmethods.One
study with traditional manometry recommended recording
the average value of eight measurements.5 Another study
using HRM concluded that five measurements were suffi-
cient.21 These results are somewhat different from the results
of the present study.

Repeated analysis of variance showed no significant dif-
ference among the 10 measurements in each parameter.
These results indicate that it is acceptable not to assume
an increasing or decreasing trend of measurements due to
repeated swallowing.

If we observe the result of maximum pre-UES pressure
under 10-ml swallow, the average value of the pre-UES
pressure up to the 7th time is close to the average value up
to the 8th time, and more measurements do not lead to a
large change in the mean value. Therefore, the average value
of seven measurements in the measurement of pre-UES
pressure is reliable. Similarly, the average value from six
measurements are reliable for maximum velopharynx

Fig. 3 The plot of mean value in the first to tenth measurements of each parameter. (A) Maximum pressure (B) Duration. The results of the
analysis of variance for 10 measurements are presented in ►Table 1. There were no significant differences among the 10 measurements at 4
swallow conditions for each parameter.
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pressure, maximum tongue base pressure, maximum post-
UES pressure, velopharynx duration, and tongue base
duration.

Similarly, the averageof threevalues forUES relaxation time
is reliable for all bolus volume conditions. However, this
number of measurements seems to be less than that for other
parameters in this study. This result shows that UES relaxation
time has less intrasubject variability than other parameters.
Past literature reviews22 show that in many previous studies,
the range of intersubject variability in UES relaxation time is
narrowcomparedwithotherswallowing timeparameters (e.g.,
pharyngeal transit time, hyoidmovementduration, etc.). These
results are somewhat similar to the results of the current study,
which has shown that the UES relaxation time may have

relatively little variability not only between subjects butwithin
subjects as well.

The present study has certain limitations. The most
significant limitation is that this study evaluated only young,
healthy subjects. Essentially, HRM is expected to be used not
only for the elucidation of the pathophysiology of swallow-
ing but also for the evaluation of swallowingdysfunction. It is
unclear whether elderly patients with dysphagia will pro-
duce the same results as the subjects in this study. Therefore,
a similar study of elderly patients with dysphagia may be
required.

Second, the UESminimum pressure is also often analyzed
as a parameter of HRM. However, RC, the index used in this
study, can only be used for the proportional index. The UES

Table 1 F-value and p-value in the repeated measurement analysis of variance

a. Maximum pressure

Bolus volume F-value p-value

Velopharynx Dry swallow 1.618 0.109

3-ml swallow 0.516 0.863

5-ml swallow 1.784 0.067

10-ml swallow 0.689 0.719

Tongue base Dry swallow 0.725 0.686

3-ml swallow 0.525 0.857

5-ml swallow 0.371 0.948

10-ml swallow 1.013 0.429

Pre-UES Dry swallow 0.895 0.530

3-ml swallow 1.013 0.429

5-ml swallow 1.123 0.346

10-ml swallow 0.604 0.794

Post-UES Dry swallow 1.517 0.140

3-ml swallow 1.038 0.409

5-ml swallow 0.761 0.653

10-ml swallow 1.355 0.207

b. Duration

Bolus volume F-value p-value

Velopharynx Dry swallow 0.736 0.676

3-ml swallow 0.558 0.832

5-ml swallow 0.995 0.444

10-ml swallow 0.585 0.809

Tongue base Dry swallow 1.220 0.281

3-ml swallow 1.211 0.287

5-ml swallow 1.605 0.112

10-ml swallow 0.447 0.909

UES relaxation
time

Dry swallow 1.677 0.093

3-ml swallow 0.747 0.666

5-ml swallow 1.084 0.374

10-ml swallow 1.574 0.122

Abbreviation: UES, upper esophageal sphincter.
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Table 2 Percentage of cases in which the rate of change was lower than 5%

Maximum velopharyngeal pressure

N 2 3 4 5 6 7 8 9 10

Dry swallow 32.5 70 80 85 95 95 97.5 100 100

3ml swallow 52.5 65 80 97.5 90 95 95 97.5 100

5ml swallow 55 70 82.5 97.5 97.5 100 100 100 100

10ml swallow 55 90 92.5 97.5 97.5 95 95 100 100

Maximum tongue base pressure

N 2 3 4 5 6 7 8 9 10

Dry swallow 55 75 82.5 92.5 100 100 97.5 100 100

3ml swallow 70 85 90 97.5 97.5 97.5 100 97.5 97.5

5ml swallow 50 75 87.5 92.5 92.5 97.5 97.5 97.5 100

10ml swallow 55 75 87.5 92.5 95 95 100 97.5 100

Maximum pre-UES pressure

N 2 3 4 5 6 7 8 9 10

Dry swallow 40 52.5 70 75 82.5 95 97.5 95 100

3ml swallow 45 47.5 70 87.5 87.5 95 97.5 97.5 95

5ml swallow 25 57.5 67.5 77.5 85 95 97.5 97.5 97.5

10ml swallow 30 57.5 62.5 75 75 90 95 95 95

Maximum post-UES pressure

N 2 3 4 5 6 7 8 9 10

Dry swallow 47.5 67.5 75 95 95 95 97.5 100 100

3ml swallow 40 62.5 85 90 92.5 95 97.5 97.5 95

5ml swallow 47.5 77.5 87.5 87.5 97.5 95 100 100 100

10ml swallow 45 70 85 82.5 95 95 95 100 97.5

Velopharyngeal duration

N 2 3 4 5 6 7 8 9 10

Dry swallow 52.5 75 75 92.5 92.5 95 97.5 97.5 100

3ml swallow 67.5 72.5 80 92.5 92.5 95 100 100 97.5

5ml swallow 72.5 90 95 95 97.5 100 100 97.5 100

10ml swallow 57.5 92.5 92.5 95 85 95 100 100 100

Tongue base duration

N 2 3 4 5 6 7 8 9 10

Dry swallow 35 72.5 85 92.5 95 100 97.5 100 100

3ml swallow 47.5 70 92.5 95 95 100 97.5 100 100

5ml swallow 45 77.5 82.5 90 92.5 100 100 100 100

10ml swallow 52.5 82.5 95 95 95 100 100 100 100

UES relaxation time

N 2 3 4 5 6 7 8 9 10

Dry swallow 70 75 95 97.5 100 100 100 100 100

3ml swallow 55 75 95 100 97.5 100 100 100 100

5ml swallow 70 82.5 95 97.5 100 97.5 100 97.5 100

10ml swallow 62.5 87.5 97.5 97.5 100 100 100 100 100

Abbreviations: N, number of measurements; UES, upper esophageal sphincter.
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minimum pressure is an interval index; therefore, it is not
appropriate for RC to be used for it. A different statistical
approach may be required to analyze the number of meas-
urements required for the UES minimum pressure.

Conclusion

Our study showed that a minimum of six measurements
are required, and over seven swallows are sufficient for the
evaluation of the pharyngeal manometric profile of a single
person. We could not confirm the trend of the required
number of swallows by bolus volume. The results of this
study may answer the unresolved question of how many
measurements are needed to obtain a reliable manometric
profile from a single subject. High-resolution manometry
may be expected to be applied to elderly people and patients
with dysphagia, and similar studies are needed for such
people with the corresponding characteristics.
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