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Abstract Swallowing accelerometry has been proposed
as a potential minimally invasive tool for collecting
assessment information about swallowing. The first step
toward using sounds and signals for dysphagia detection
involves characterizing the healthy swallow. The purpose
of this article is to explore systematic variations in swallowing accelerometry signals that can be attributed to
demographic factors (such as participant gender and age)
and anthropometric factors (such as weight and height).
Data from 50 healthy participants (25 women and 25 men),
ranging in age from 18 to 80 years and with approximately
equal distribution across four age groups (18-35, 36-50,
51-65, 66 and older) were analyzed. Anthropometric and
demographic variables of interest included participant age,
gender, weight, height, body fat percent, neck circumference, and mandibular length. Dual-axis (superior-inferior
and anterior-posterior) swallowing accelerometry signals
were obtained for five saliva and five water swallows per

participant. Several swallowing signal characteristics were
derived for each swallowing task, including variance,
amplitude distribution skewness, amplitude distribution
kurtosis, signal memory, total signal energy, peak energy
scale, and peak amplitude. Canonical correlation analysis
was performed between the anthropometric/demographic
variables and swallowing signal characteristics. No significant linear relationships were identified for saliva
swallows or for superior-inferior axis accelerometry signals
on water swallows. In the anterior-posterior axis, signal
amplitude distribution kurtosis and signal memory were
significantly correlated with age (r = 0.52, P = 0.047).
These findings suggest that swallowing accelerometry
signals may have task-specific associations with demographic (but not anthropometric) factors. Given the limited
sample size, our results should be interpreted with caution
and replication studies with larger sample sizes are
warranted.
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Introduction
The mechanical act of swallowing produces a source of
vibration at the neck. The measurement of these vibrations
is known as swallowing accelerometry. Accelerometry is
closely related to cervical auscultation, the clinical technique of listening to and interpreting acoustic information
collected from the surface of the neck during swallowing.
Both swallowing accelerometry and cervical auscultation have been proposed as potentially useful and minimally invasive methods for detecting abnormalities in
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swallowing. Early reports of swallowing sounds, heard
either through a stethoscope or a microphone, described a
characteristic sound pattern involving a sequence of two
clicks, followed by a ‘‘swoosh’’ sound [1]. Previous
research has explored methodologic aspects of auscultation
[2], including the benefits of using different stethoscopes
[3] and the best locations on the neck for collecting swallowing sounds, based on the harmonic-to-noise ratio [4, 5].
Others have explored the temporal correspondence
between events in the swallowing acoustic signal and
events in swallowing physiology [6–12], linking the primary acoustic burst to passage of a bolus through the upper
esophageal sphincter [13]. Most recently, attention has
been focused on the possible anatomical and physiologic
sources of swallowing acoustic signals. Healthy swallowing has been described to typically include three distinct
acoustic events corresponding to laryngeal ascent, upper
esophageal sphincter opening, and postswallow glottal
release [2, 14, 15]. Hyolaryngeal excursion has been posited as the mechanical source of these vibrations [16]. As
this literature has evolved, clinical cervical auscultation
practice (which involves listening to swallowing sounds
with a stethoscope at the neck) [17] has been criticized for
its potential to yield false information based on subjective
perceptual interpretation and the absence of a clear scientific basis upon which to classify the sounds that are registered in swallowing [17, 18]. It appears that signalprocessing techniques may be necessary in order for the
field of swallowing research to establish the characteristics
of both healthy and disordered swallows and to confirm the
validity of any clinical interpretations that might arise from
the analysis of swallowing acoustics.
Several studies have characterized the sounds of healthy
swallowing to serve as a source of comparison for dysphagic swallowing [12, 19, 20]. In these studies, a device
(single-axis accelerometer or electret microphone) was
placed on the skin surface on the anterior neck at the level
of the cricoid cartilage [2, 4]. The sounds associated with
swallowing were recorded as signals and later subjected to
spectrographic analysis in order to identify signal intensity,
frequency, and duration. Sound spectrography is commonly used in speech science for the analysis of speech
sounds [21]. Cichero and Murdoch [19] applied this technique to the analysis of swallowing sounds collected using
an electret microphone, and filtered using a 1024-point
narrow-bandwidth Hamming window filter with no preemphasis. Using these methods they reported that the frequency range of swallow sounds was 0-2500 Hz, with a
predominant region of spectral intensity between 490 and
550 Hz. A second, but quieter, area of spectral intensity
was observed in the 2-kHz range [19].
Speech sound spectrography is built on some fundamental assumptions, including source-filter theory [21].
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According to this theory, sounds with a rich harmonic
structure are generated at the sound source (for speech,
vibration of the vocal cords) and are then filtered by the
locations and degrees of constrictions in the anatomy of the
human vocal tract through which speech sounds travel. It is
common to report fundamental frequency in speech sound
analysis, but also to report energy that is seen in the first and
second formant ranges. Formants are resonant frequencies
arising from the filtering characteristics of the vocal tract
and are labelled numerically (F1, F2, F3). An open vocal
tract configuration in males will typically generate resonant
frequencies at around 500, 1500, and 2500 Hz. Changes in
tongue position and shape will alter formant frequencies in
speech: The F1 formant is most closely associated with
tongue height (degree of constriction) such that sounds
made with a lower tongue position will generate a higher F1
frequency (above 500 Hz). The F2 formant reflects the
anterior-posterior location of tongue raising during vowel
production; sounds produced with an anterior tongue to
palate constriction have higher F2 values [21].
Filtering is used in speech spectrography to locate
consistent frequency components related either to the harmonics of the source (for which narrow-band filters are
used) or to the resonating formants (which are easier to see
using wide-band filters) [21]. The earlier work by Cichero
and Murdoch [19] used a narrow-band filter, reporting
regions of spectral intensity in the F1 and upper F2 ranges
(500 and 2500 Hz); they did not report fundamental frequency measures. A follow-up study by Youmans and
Stierwalt [20] obtained similar results using an accelerometer and a 1024-point narrow-band filter. In contrast to
speech sounds, however, swallowing sounds are predominantly short-lived transient sounds and their spectral
composition is not as well defined over time. Whether it is
appropriate to assume that sounds recorded through the
skin of the neck are likely to be subject to the filtering
characteristics of the vocal tract remains unclear. While the
origin of swallowing sounds remains subject to debate,
there should be no debate that swallowing sounds are
unlikely to have a spectral composition that is rich in
harmonics. The most likely source of swallowing vibrations is the physical motion of the hyolaryngeal structures.
It is physically implausible that these sound-generating
movements might occur at rates above 50 Hz.
We are conducting a research program to explore the
potential of swallowing accelerometry to serve as a noninvasive tool in clinical swallowing assessment to aid in the
differentiation of healthy and physiologically abnormal
swallows. We use a dual-axis accelerometer to collect
swallowing vibrations simultaneously in both the anteriorposterior and superior-inferior axes [22]. As part of this
line of research, we are developing and testing signalprocessing techniques to automatically divide swallowing
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accelerometry signals into individual segments corresponding to swallows [23], and we are exploring the need
for and utility of filters to remove artifacts arising from
potential sources of contaminating noise in the signal such
as head movement [23, 24]. For the purposes of the present
study, it may be useful for the reader to familiarize him/
herself with the definitions of the signal characteristics that
have been explored in this analysis compared with those
used in previous studies [19, 20]. A brief glossary of
definitions is included at the end of the article.
Most authors agree that the first step to using sounds and
signals for dysphagia detection involves characterizing the
healthy swallow. The purpose of this article is to explore
systematic variations in swallowing accelerometry signals
that can be attributed to demographic factors (such as
participant gender and age) and anthropometric factors
(such as weight and height). Cichero and Murdoch [19]
reported that the duration of the swallowing acoustic signal
increased with age but that the temporal location of the
peak frequency, the intensity of the signal, and the frequency at peak intensity remained constant across age,
gender, and bolus volume. Youmans and Stierwalt [20]
confirmed a correlation between age and signal duration
but also reported that intensity of the acoustic signal
decreased with age. None of their measures were sensitive
to gender [20]. Huckabee et al. [25] reported the effect of
subcutaneous fat on the amplitude of surface electromyography signals collected from the submental muscles.
Similarly, the mechanical attenuation of the superficial
measurement of muscle activity as a result of subcutaneous
adipose tissue has been previously reported in mechanomyographic studies [26, 27]. While the present study was
not concerned with muscle activity, we recognized the
possibility that adipose tissue might impose similar
mechanical damping on swallowing accelerometry signals.
This was an exploratory study; the objective was to
characterize dual-axis swallowing accelerometry signals
and their variation across anthropometric and demographic
variables in healthy individuals. Anthropometric variables
of interest included weight, height, body composition
(body mass index and body fat percent), neck circumference, and mandibular length. Demographic variables of
interest included age, gender, and habitual physical activity
levels. In formulating our research questions, we decided
to collect data in a manner similar to current clinical
screening protocols for identifying dysphagia. Specifically,
we decided to collect a series of repeated 5-ml water
swallows from participants. This procedure has been
reported to be sensitive to the presence of dysphagia in
stroke patients [28, 29]. Although swallow screening protocols frequently collect up to 10 consecutive 5-ml swallows of water, we decided that a series of five repeated
5-ml water swallows should be adequate to characterize
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swallowing signals in healthy adults. In addition, we were
curious to determine whether saliva swallowing signals
differ from those generated from a water bolus. Previous
authors have reported variations in swallowing sounds
across bolus volumes and consistencies, but to our
knowledge no previous descriptions of saliva swallowing
signals exist. To discriminate the differences between
physiologic and bolus influences in the signal, we asked
our participants to perform both saliva swallows and water
swallows.

Methods
A total of 408 healthy individuals (age range = 18–
80 years) participated in this study. Participants were
recruited from the general public in the exhibit area of a
science museum. Eligibility was confirmed through a series
of questions regarding health history, specifically focusing
on risk factors for and history of dysphagia. Individuals
whose medical history included a neurologic condition,
dysphagia, head or neck cancer, or tracheotomy were
excluded. Furthermore, participation required the ability to
independently stand and ambulate (to support collection of
anthropometric data). All participants provided written
consent. The research protocol was approved by the
research ethics boards of the collaborating hospital-based
research institutes and by the science museum. Each participant completed a two-part data collection protocol. Step
1 involved the collection of anthropometric and demographic data. Step 2 involved the acquisition of swallowing
signals using dual-axis accelerometry.
Anthropometric data collection involved recording the
participant’s height, weight, body fat percent, neck circumference, and mandibular length. During training, the
research personnel involved in collecting anthropometric
measures each performed three duplicate sets of measurement on a group of ten pilot participants to ensure
acceptable intra- and interrater agreement in measurement.
Participants were asked to remove their shoes, socks,
sweaters, and heavy coats prior to anthropometric measurement. Participants were asked to report any alcohol
consumption and whether they exercised during the 24 h
prior to the study; the manual for the bioelectrical impedance analysis machine that was used in the study (BIA
Meter, BC-550, Tanita) indicated that these factors can
affect the validity of the body composition measures that
were collected. If a participant reported significant alcohol
consumption (i.e., more than 2 drinks) in the previous 24 h
or significant physical exercise within the prior 3 h, he/she
was excluded from the study.
Height (in cm) was measured using a free-standing
stadiometer, with the participant’s head positioned in the
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Frankfurt plane (i.e., with the plane passing through the
inferior margin of the left orbit and upper margin of each
ear canal parallel to the floor), feet together, knees straight,
and heels, buttocks, and shoulders in contact with the
vertical surface. Weight was measured using the bioelectric
impedance analysis equipment (BIA Meter, BC-550, Tanita). Prior to proceeding with weight and body fat percentage
measurements, the participant’s age, gender, and selfreported habitual physical activity level (Level 1: no little or
no activity; Level 2: 3 or 4 h of exercise per week; Level
3: [ 10 h of exercise per week) were also documented and
entered into the BIA meter settings, as per the manufacturer’s guidelines for obtaining accurate measurement. The
BIA meter was zero-balanced before the participant stepped
onto the scale, following the manufacturer’s instructions.
Body mass index (BMI) was derived as the ratio between
weight and height measurements.
After anthropometric and demographic data collection,
participants underwent a brief assessment by a registered
speech-language pathologist (SLP) to rule out the presence
of overt clinical signs that might suggest the presence of
swallowing difficulties [30–32]. The SLP evaluated voice
quality, tongue range of motion, maximum phonation time,
and strength of volitional cough. Participants were asked
whether they experienced difficulty such as coughing when
drinking water [30]. Water swallows were not specifically
observed at this stage of data collection because they would
be included in the next stage of the study procedures.
Those participants displaying abnormal results on any of
these items were excluded from the remainder of the study.
Individuals who reported awareness of swallowing difficulties with water were advised to discuss this concern with
their family physician.
The second part of the protocol involved the collection
of dual-axis swallowing accelerometry data. A schematic
diagram of the data collection setup is shown in Fig. 1. The
participant was seated in a chair and a dual-axis
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accelerometer (Analog Devices, ADXL322) was secured
on the participant’s neck (in midline, anterior to the cricoid
cartilage) using double-sided tape. The accelerometer was
oriented to record vibrations in the superior-inferior (SI)
and anterior-posterior (AP) directions. Swallowing signals
were amplified ten times by a GRASS P55 amplifier, band
passed between 0.1 Hz and 3 kHz, and sampled at 10 kHz
using a USB data acquisition card (National Instruments,
NI-USB 9215A) and a custom LabView program. Since
the amplifier and accelerometer were both battery-powered, power line noise was not a consideration. Data were
saved onto the hard drive of the attached computer for
subsequent offline analysis.
Immediately following accelerometer attachment, a task
training set of three cued swallows was performed to
ensure adequate accelerometer contact and good signal
quality, and to familiarize the participant with the data
collection procedures. Participants were instructed to
remain as still as possible and to refrain from speaking
during data collection. Once the training task was completed, each participant was cued to perform five saliva
swallows with 30-s rests between each swallow to allow for
saliva production. The participant was then asked to
complete five water swallows with the chin in a neutral
position (perpendicular to the floor) with brief rests
between each swallow.
Analysis
For the current analysis, the signals of 50 randomly sampled participants (25 women and 25 men), ranging in age
from 18 to 80 years and with approximately equal distribution across four age groups (18–35, 36–50, 51– 65, 66
and older) were extracted from the larger data set of 408
individuals. A data set of 500 swallows was obtained,
comprising the five saliva and five water swallows from
each participant. Time-linked accelerometry signals were

Fig. 1 Schematic diagram of data collection setup
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captured in both the superior-inferior (SI) and the anteriorposterior (AP) direction during all swallowing tasks;
therefore the data set included 500 SI and 500 AP signals.
The accelerometry signals were first denoised using an
8-level Daubechies wavelet via soft-thresholding [33] and
then segmented manually in the following manner: Each
swallowing sequence was displayed on a computer screen,
and a cursor was used to mark the onset and offset locations for swallows within each sequence. Onset and offset
were determined by visual identification of the characteristic increase and decrease in signal magnitude preceding
and succeeding a burst of signal activity. This procedure
was completed independently in duplicate by two trained
raters. The extracted segment for each swallow was the
region of intersection between the corresponding swallows
marked by each rater. The extracted segments were
acoustically verified by audio playback on the computer.
The interrater intersections for the SI and AP axes were
73 ± 0.9% and 75 ± 1.7%, respectively, across all tasks.
Note that interrater intersection refers to the average temporal overlap between the corresponding swallows segmented by the two raters. For example, 73% interrater
intersection means that if one rater picked out a swallow of
1 s in duration in the SI axis, then on average 730 ms of the
same swallow was also identified by the other rater in
the SI axis. This measure is different from conventional
interrater agreement, which in this case would be 100%
since every swallow picked out by one rater was also
identified by the other rater, albeit with potentially different
temporal extents. Figure 2 illustrates a typical swallow
accelerometry signal containing five swallowing events,
with onset and offset boundaries for each swallow marked
by dashed vertical lines.
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Fig. 2 Sample of a swallow accelerometry signal, with dashed
vertical lines showing the boundaries of five swallowing events
detected during signal segmentation
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Following segmentation, a variety of signal characteristics were calculated: variance, skewness, and kurtosis of
the signal’s amplitude distribution, signal memory (when
the autocorrelation of the signal decays to 1/e of its maximum), total energy of the swallowing signal, scale (the
level of the discrete wavelet transform of the signal bearing
the highest fraction of the signal energy), peak amplitude,
and duration. These variables have been used in previous
studies of dual-axis accelerometry signals by Lee et al. [34]
and represent fundamental summary statistics and spectral
features of the signal. For the present study, signal characteristics were computed separately for each of the 500
swallows and then averaged for each participant, for each
swallow task (saliva and water), and for each axis (AP and
SI). Given that we had 50 participants, this procedure
yielded 50 element vectors for each signal feature, for each
task, for each of the two axes.
To explore the relationship between anthropometric/
demographic variables and dual-axis swallowing accelerometry signal characteristics, we performed a canonical
correlation analysis. Canonical correlation analysis is a
multivariate method of measuring the linear relationship
between two multidimensional variable sets. The analysis
uncovers canonical variate pairs (linear combinations
of the original variables) that are maximally correlated
[35–37].
For the present study, the first multidimensional variable
set consisted of the anthropometric and demographic
variables. These included height, weight, age, gender, body
fat percent, neck circumference, mandibular length, BMI,
and self-reported habitual activity level. The discrete
variable of gender was coded as an indicator variable
(0 = female, 1 = male). Collinearity of variables was
checked using the correlation coefficient. Our check for
collinearity revealed several strong correlations (r C 0.6)
between paired anthropometric variables: weight and BMI
(r = 0.88), neck circumference and mandibular length
(r = 0.85), body fat percentage and BMI (r = 0.72), and
weight and neck circumference (r = 0.69). Therefore, the
anthropometric and demographic variable set was reduced,
leaving only height, weight, age, gender, and self-reported
habitual activity level. Clearly, of these remaining measures, self-reported habitual activity level should be considered with caution due to the possibility of inaccuracy in
interview-style reporting of this type of data.
The second multidimensional variable set comprised
axis-specific swallowing accelerometry signal characteristics, averaged within participant across the five swallows
performed in each task. As with the anthropometric/
demographic variables, collinearity between signal characteristics was checked using the correlation coefficient.
This revealed a strong inverse relationship (r = -1)
between signal memory and duration. The signal
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characteristics variable set was therefore reduced, leaving
variance, skewness, kurtosis, signal memory, total signal
energy, peak energy scale, and peak amplitude.
Two further steps occurred before the canonical correlation analysis. First, coefficients of variation (CV) were
inspected for all variables. The CV represents the ratio of
the standard deviation to the mean and is a useful statistic
for comparing the degree of variation across variables [38,
39]. Typically, CV values less than 1 are considered to
reflect low variance, while values over 1 are considered to
reflect high variance [40]. In this study we decided on an
a priori basis to exclude from the analysis any variables
with CV [ 1. This decision was made to mitigate the
possibility that genuine correlations might be masked by
high variance in certain variables. Table 1 presents CV
data for the anthropometric/demographic variable set.
None of these variables had high variance. Similarly,
Table 2 presents axis-specific CV data for the swallow
accelerometry signal characteristic variables on the saliva
and water swallows, respectively. As shown by the shaded
cells in Table 2, the variables of skewness and signal
amplitude had excessively high coefficients of variation in
the SI direction on both tasks. Similarly, the variables of
signal variance, skewness, total energy, and amplitude had
excessively high coefficients of variation in the AP direction on both tasks. Accordingly, these high variance variables were excluded from the task- and axis-specific
canonical correlation sets.
Second, all outliers within the data set were removed.
Outliers were defined a priori as values falling outside 2.5
standard deviations of the mean of a given variable. With
these steps completed, the canonical correlation proceeded.
Four separate within-task, within-axis analyses were performed. A criterion of P \ 0.05 was used for determining
statistical significance.
The power of the canonical correlation test for zero
correlation was estimated based on the formulation of
Sugiyama and Ushizawa [41], who reported power estimates for canonical problems comparable to those considered here in terms of the number of variables, the
strength of the correlations, and the sample size.

Table 1 Coefficients of variation for anthropometric and demographic variables
Variable

Coefficient of variation (r/l)

Decision

Weight

0.06

Include

Height

0.23

Include

Age

0.35

Include

Activity level

0.28

Include

Variables with coefficients of variation greater than 1 were excluded
from subsequent analysis
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Results
For saliva swallows there were no significant correlations
between anthropometric/demographic variables and swallowing accelerometry signal characteristics, in either the
superior-inferior axis (r = 0.65, P = 0.39) or the anteriorposterior (r = 0.54, P = 0.43) axis. This was also true for
superior-inferior axis signal characteristics on water swallows (r = 0.64, P = 0.059). For anterior-posterior axis
signal characteristics on water swallows, a statistically
significant correlation was identified between participant
age and the variables of signal kurtosis and memory
(r = 0.52, P = 0.047). Figure 3 illustrates the canonical
weights for each significant variable in this relationship.
Specifically, participant age was negatively correlated with
signal memory and positively correlated with signal kurtosis. The power of the final test was estimated as lying
between 70 and 80% according to the tables from Sugiyama and Ushizawa [41].

Discussion
Swallowing accelerometry has been proposed as a potential
minimally invasive tool for discriminating healthy from
disordered swallowing in clinical assessment. Before the
potential of this tool can be validated and established, it is
essential to understand the characteristics of swallowing
accelerometry signals, to determine their inherent variability, and to determine the extent to which systematic
variation in these signals can be attributed to known participant factors such as demographic and anthropometric
variables.
In this discussion we formulate some possible explanations for the correlations uncovered in our analyses. First, it
is important to comment on the absence of correlations
between anthropometric variables (height and weight) and
dual-axis swallowing accelerometry signal characteristics.
This finding suggests that normative reference values for
dual-axis swallowing accelerometry signal characteristics
might be proposed, without consideration for subgroups
within the healthy adult population. Similarly, our analysis
failed to find correlations between gender or participantreported habitual activity level and dual-axis swallowing
accelerometry signal characteristics, again suggesting that
normative reference values could be proposed without
consideration of these factors.
Our analysis did reveal task- and axis-specific correlations between participant age and dual-axis swallowing
accelerometry signal characteristics. On the one hand,
these results show a lack of variation in these signals when
the experimental task is saliva swallowing. On the other
hand, our results suggest that anterior-posterior axis
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Table 2 Coefficients of
variation for swallowing
accelerometry signal
characteristics by task and axis

Task

Axis

Variable

Saliva swallows

Superior-inferior

Anterior-posterior

Water swallows

Superior-inferior

Anterior-Posterior

Variables with coefficients of
variation greater than 1 were
excluded from subsequent
analysis

Coefficient of
variation (r/l)

Decision

Variance

0.53

Include

Skewness

2.32

Exclude

Kurtosis

0.62

Include

Memory

0.36

Include

Energy

0.7

Include

Scale

0.2

Include

Amplitude

1.23

Exclude

Variance

1.35

Exclude

Skewness

3.98

Exclude

Kurtosis

0.69

Include

Memory
Energy

0.35
1.33

Include
Exclude

Scale

0.12

Include

Amplitude

2.72

Exclude

Variance

0.68

Include

Skewness

1.16

Exclude

Kurtosis

0.63

Include

Memory

0.35

Include

Energy

0.62

Include

Scale

0.22

Include

Amplitude

1.26

Exclude

Variance

1.12

Exclude

Skewness

56.54

Exclude

Kurtosis

0.75

Include

Memory

0.4

Include

Energy
Scale

1.04
0.16

Exclude
Include

11.98

Exclude

Amplitude

Signal Memory = 0.715
Demographics

r = 0.52

Age = - 0.762

p = 0.047

Signal
Characteristics
Kurtosis = - 0.610

Fig. 3 Canonical weights for the significant correlation observed between participant age and anterior-posterior axis swallowing accelerometry
signal characteristics on water swallows

vibrations generated during water swallows can be expected to vary as a function of participant age.
We determined that anterior-posterior axis accelerometry
signal memory was negatively correlated with participant
age. Recall that signal memory was determined to be
inversely correlated with signal duration in the data reduction stage of this research. Thus, this implies that the durations of anterior-posterior axis swallowing vibrations
increase with age. This finding is consistent with previous
reports that the duration of swallowing acoustic sounds
increases with age [19, 20], although we found that this
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phenomenon was present only in the anterior-posterior
vibration axis. Age-related increases in swallowing vibration
durations would be consistent with general observations of
motor slowing in aging. Furthermore, the duration of swallowing apnea (airway closure during swallowing) is known
to increase with age [42]. Prolonged apnea may contribute to
longer overall swallowing signal duration, particularly if
mechanical events associated with airway protection constitute the source of swallowing vibrations [43].
The isolation observed in this study of the age-related
accelerometry signal variation to the anterior-posterior axis
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is particularly interesting in light of the suggestion that the
mechanics associated with hyolaryngeal excursion are the
putative source of swallowing vibrations [43]. To date,
there is a paucity of literature describing normative ranges
of axis-specific hyolaryngeal movement in swallowing, and
a relative age-related impairment in anterior-posterior
movement has not been reported. Kim and McCullough
[44] observed significant reductions in both the vertical and
the horizontal range of hyoid movement in healthy participants aged 70 years or older during 5- and 10-ml
swallows of thin liquid barium compared to participants
aged 20–50 years.
Our analysis also identified a positive correlation
between anterior-posterior axis signal kurtosis and age on
water swallows. Signal kurtosis refers to the peakedness of
the amplitude distribution of the swallowing signal. These
results therefore show that the distribution of anteriorposterior axis swallowing vibrations becomes concentrated
in lower-amplitude ranges in older participants. Age-related declines in muscle tone might account for a preponderance of weakened A-P signal amplitudes, leading to
inflated kurtosis. As with the signal memory data (above),
this finding is particularly interesting given the suggestion
that hyolaryngeal movement provides the mechanical
source of swallowing vibrations.
It is important to comment on the overall low occurrence of statistically significant patterns of variations in our
data according to anthropometric and demographic variables. One reason for this lack of overall variation may
well be the fact that this study focused on tasks that might
be assumed to vary minimally (i.e., saliva swallows and
water swallows). Unlike previous studies of swallowing
acoustics or vibrations, we also employed a rigorous data
reduction procedure prior to our analysis. This procedure
found that several characteristics of swallowing accelerometry signals have inherently high variance. In particular,
it is important to note that accelerometry signal amplitude
has high variance. The high variability inherent in these
signal characteristics makes them unsuitable to use in the
differentiation of healthy from disordered swallowing
accelerometry signals. Whether such high variance is also
characteristic of the amplitudes of hyolaryngeal excursion,
as measured from videofluoroscopic recordings [44–48],
remains to be determined.
Finally, it is interesting to note that the influence of age
in this study was noted only with the water-swallowing
task and not with saliva swallows. To our knowledge, this
is the first report in the literature of swallowing accelerometry measures with saliva swallows. However, previous
authors have reported variations in cervical auscultation
measures across boluses of different consistency [20].
Similarly, the literature on hyoid movement suggests that
movement amplitudes may differ according to the stimuli
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tested [46, 48]. It is interesting to speculate on the observation that a stimulus (i.e., water) was necessary to reveal
age-related differences in the durational characteristics
of anterior-posterior axis accelerometry signals. Whether
different stimuli of increased viscosity and/or density
would elicit swallows with enhanced age-related accelerometry differences remains a question for future research.
Furthermore, this finding raises the possibility that vibratory signals collected from the neck during swallowing are
somehow influenced by properties of the bolus itself. The
degree to which this is true and the mechanisms behind this
putative influence need to be studied further. As discussed
in the Introduction, the physiologic origins of swallowing
sounds remain a subject of debate, as does the extent to
which swallowing sounds might be filtered and modified by
the characteristics of the vocal tract (such as geometry and
volume) and any liquids or substances that are present in
the pharynx.
Given the moderate power of the correlation test, a
limitation of the present study is the sample size. While
Monte Carlo simulations have indicated that a sample size
of 50 is sufficient for canonical correlation analysis when
strong correlations exist [49], future studies would be
strengthened by considering larger samples.

Conclusion
This study aimed to disclose any systematic relationships
between accelerometry signal characteristics in healthy
adult swallows and anthropometric/demographic variables.
This is an essential step in the exploration of swallowing
accelerometry as a potential valid tool for differentiating
healthy from disordered swallowing in clinical assessment.
In this study, a lack of significant linear correlation
between signal characteristics and anthropometric/demographic variables was observed in saliva-swallowing tasks.
However, relationships were observed for water-swallowing tasks, although these were isolated to the durational
characteristics of vibrations detected along the anteriorposterior axis. These findings imply that patient age should
be taken into account in the detection of swallowing
abnormalities using dual-axis accelerometry to evaluate
water swallows.
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Wavelet
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A family of orthogonal wavelets often
used to generate a time-frequency
representation of physiologic and
biomechanical signals.
(used by Cichero and Murdoch [19]):
The peak frequency at the point of the
peak intensity (FPI), measured in Hz,
was defined as the highest frequency at
the point of highest intensity and was
obtained directly from the sound
spectrogram.
(used by Cichero and Murdoch [19]):
The highest frequency of an acoustic
signal, in Hz, obtained directly from a
sound spectrogram.
A measure of the ‘‘peakedness’’ of the
probability distribution of a variable (in
the case of this article, of the accelerometry signal’s amplitude distribution).
The frequency of the ‘‘loudest sound,’’
in Hz.
(used by Cichero and Murdoch [19]):
The point of highest displacement of an
acoustic signal on an energy contour (5ms frame length, no smoothing),
recorded in decibels (dB).
Generally, the ‘‘frequency’’ dimension
of a wavelet transform. In this article,
scale is the level of the discrete wavelet
transform of the signal bearing the
highest fraction of the signal energy.
The lag at which the autocorrelation of
the signal decays to 1/e of its maximum.
A measure of the asymmetry of the
probability distribution of a variable.
A measure of statistical dispersion,
averaging the squared distance of a
variable’s possible values from the mean.
A wavelet is a mathematical function
used to divide a signal into different scale
and time components. A wavelet transform generates a multiresolution timefrequency representation of a signal.
Wavelet transforms have advantages
over traditional Fourier transforms for
representing functions that have discontinuities and sharp peaks, and for
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