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Abstract. Thickened liquids are a commonly recom-
mended intervention for dysphagia. Previous re-
search has documented differences in temporal as-
pects of bolus transit for paste versus liquid consist-
encies; however, the influence of liquid viscosity on
tongue movements during swallowing remains
unstudied. We report an analysis of the influence of
bolus consistency on lingual kinematics during
swallowing. Electromagnetic midsagittal articulogra-
phy was used to trace tongue body and dorsum
movement during sequential swallows of three bolus
consistencies: thin, nectar-thick, and honey-thick liq-
uids. Rheological profiling was conducted to char-
acterize viscosity and density differences among six
liquids (two of each consistency). Eight healthy vol-
unteers participated; four were in a younger age co-
hort (under age 30) and four were over the age of 50.
The primary difference observed across the liquids of
interest was a previously unreported phenomenon of
sip-mass modulation; both flavor and density ap-
peared to influence sip-sizing behaviors. Additionally,
significantly greater variability in lingual movement
patterns was observed in the older subject group.
Systematic variations in lingual kinematics related to
bolus consistency were restricted to the variability of
downward tongue dorsum movement. Otherwise, the
present analysis failed to find empirical evidence of
significant modulations in tongue behaviors across
the thin to honey-thick consistency range.

Key words: Swallowing — Kinematics — Bolus
consistency — Rheology — Electromagnetic mid-

sagittal articulography — Deglutition — Deglutition
disorders.

Restriction of diet consistency is a common recom-
mendation for individuals with oropharyngeal dys-
phagia. Clinicians prescribe such modifications for
patients on an individual basis, depending on par-
ticular physiological impairments observed during
assessment [1]. Thickened liquids are selected for the
purpose of retarding the flow of liquids as they enter
the pharynx. This strategy may reduce the risk of
aspiration in patients with delayed swallow initiation
[2,3]. Conversely, mechanical soft or pureed textures
are prescribed to facilitate safe and efficient bolus
transfer for patients who have difficulty manipulating
solid or particulate food textures [4,5]. Nonetheless,
little empirical evidence exists to support or guide the
use of texture modifications as an intervention for
dysphagia [6]. A recent initiative, launched by a
working group of the American Dietetic Association,
has proposed the adoption of standard terminology
and rheological boundaries for four classes of liquid
consistency: thin, nectar-thick, honey-thick, and
spoon-thick [7].

Several reports suggest that the basic neuro-
physiology of swallowing is fine-tuned in response to
both peripheral feedback and central afferent inputs
associated with variations in bolus volume and con-
sistency [8,9]. Trigeminal touch and pressure receptors
in the oral cavity provide information on the shape,
consistency, and stereoscopic aspects of the bolus [10].
In addition, mucosal chemoreceptors and thermore-
ceptors are likely to play a role in modifying swallow-
ing behaviors, together with input from the tongue
papillae and olfactory nerve with respect to the per-
ception of taste (e.g., see [11,12]). Young adults of both
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genders can reliably detect viscosity differences for
stimuli held in the oral cavity, but sensory discrimi-
nation deteriorates as viscosity increases [13].

Rheological and Material Properties of the Bolus

Clinicians commonly use the term viscosity to refer to
the clinically relevant property of liquids used for
dysphagia management. More correctly, viscosity is a
measure of the intrinsic ability of a fluid to resist flow
under force and is quantified as the ratio of shear-
stress (the force applied) to shear-rate (i.e., rate of
fluid material deformation) [14,15]. The units of vis-
cosity measurement are centipoise (cP) or millipascal
seconds (mPa s). Water has viscosity of 1 cP at 20�C.
Viscosity is also known to vary as a function of
temperature and the concentration and molecular
weight of suspended particles [14]. Familiar examples
of temperature-dependent fluctuations in viscosity
include ice cream, which melts to a thin liquid at
higher temperatures, and flour or cornstarch based
sauces, which thicken when heated. Flow character-
istics may be further classified as Newtonian (i.e., a
linear relationship between shear-stress and shear-
rate is observed) or non-Newtonian (nonlinear and
shear-rate-dependent) [14]. For non-Newtonian liq-
uids, viscosity cannot be accurately represented as a
single value, but must be reported as viscosity at a
specific shear-rate. The majority of ingestible liquids
are non-Newtonian [14]. To date, estimates of lingual
shear-rates for swallowing have been proposed on the
basis of perceptual viscosity discrimination studies
[16–18], and there is little consensus, with estimates
ranging from 5 to 1000 s)1.

Research investigating the impact of bolus
consistency manipulations on oropharyngeal swal-
lowing physiology provides evidence of both tempo-
ral and spatial influences. Swallows of high-viscosity
(paste) barium have been reported to show longer
durations than swallows of low-viscosity liquid bari-
um in oral and pharyngeal bolus transit, submental
muscle contraction, tongue-base to posterior pha-
ryngeal wall contact, pharyngeal peristaltic waves,
and pharyngo-esophageal (P–E) segment opening.
Others have observed increases in the diameter of
P–E segment opening with paste compared to liquid
boluses [19–22]. Opinion differs regarding the
influence of bolus viscosity on the magnitude of
vertical and horizontal hyoid displacement [23,24];
review of this literature suggests that bolus consist-
ency–related changes in hyoid movement are not
observed within the thin-to-honey-thick consistency
range, but emerge with spoon-thick items. However,

the cited studies focus largely on pharyngeal physi-
ology, and little is known about the influence of bolus
consistency on precursor events in the oral cavity.
Furthermore, it must be noted that the reported
consistency manipulations are somewhat crude. With
few exceptions, researchers have failed to adequately
describe the rheological properties of the items used.
In particular, most prior studies have failed to
use instruments that accurately measure flow in non-
Newtonian fluids [25].

Although viscosity has been embraced in the
clinical world as a salient bolus property for dys-
phagia management, it is only one of several bolus
characteristics that have the potential to serve as a
clinically important property for swallowing [25,26].
Some non-Newtonian liquids exhibit yield-stress-de-
pendent flow (i.e., flow does not occur until the ap-
plied shear-stress force exceeds a threshold). Ketchup
is a commonly cited example [27] that requires a
minimum level of stress to begin flow from the bottle.
Bolus density (i.e., mass per unit volume) has also
been reported to contribute to observed differences in
the magnitude of anterior hyoid displacement [28],
but has not been systematically controlled in other
studies of swallowing across different consistencies.
Future investigations of the influence of bolus char-
acteristics on swallowing physiology must be careful
not to restrict their analyses to the domain of vis-
cosity. Other potentially confounding influences must
also be considered.

The Present Investigation

This article describes the results of research designed
to identify and measure systematic variations in lin-
gual kinematics during continuous drinking (se-
quential swallowing), associated with manipulations
of liquid bolus consistency. Electromagnetic midsag-
ittal articulography (EMMA) was used to transduce
movements of the tongue with high spatiotemporal
precision. Stability in swallowing kinematics across
sessions has previously been demonstrated using this
technique [29]. It has previously been reported that
swallowing-related movements of the tongue body
and dorsum are larger in amplitude than those of the
tongue blade and mandible [4]. Consequently, we
decided that bolus consistency influences on swal-
lowing would be most easily recognized in the
movement patterns of these two tongue segments.
Therefore, the current investigation is restricted to
data for the tongue body and dorsum.

The current analysis was restricted to se-
quential swallowing data in order to eliminate any
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confounding influences related to cup positioning and
removal between swallows. Liquids of different con-
sistencies were selected for inclusion in the present
study based on the criterion that their viscosity was
low enough to permit continuous sipping from a cup
(see Table 1). This criterion of sippability allowed
subjects to perform the experimental task with max-
imum normalcy and to preserve their habitual bolus-
sizing habits.

Research Questions and Hypotheses

Bolus Size

During swallowing, the size of a bolus can be meas-
ured in terms of either its volume (in cubic centime-
ters) or its mass (in grams). Previous studies of the
influence of bolus characteristics on discrete swal-
lowing behaviors have employed strict control of
bolus size through syringe or spoon delivery of cali-
brated volumes [24,31]. Only one study [28] has
considered the possibility that bolus density (i.e.,
mass per unit volume) might influence swallowing
physiology, either instead of or in combination with
bolus viscosity. Controlling bolus volume via syringe
administration not only precludes the possibility of
collecting data during series of self-paced sequential
swallows, but it also eliminates natural behaviors of
possible importance involved in acceptance/extrac-
tion of the bolus from the cup. In this study, sip size
was not controlled; rather, measurements of average
sip mass were computed. Since volumetric measures
can be easily extrapolated from mass, assuming
that the density of a liquid is known, mass was se-

lected as the primary variable of interest. No specific
hypotheses regarding sip-sizing behaviors were for-
mulated prior to the study, but it was of interest to
observe and describe any patterns of sip-mass varia-
tion that occurred across the liquids studied.

Swallow Frequency

In clinical settings liquid viscosity is assumed to affect
the speed of bolus flow at the time of transfer into the
pharynx; thicker liquids are believed to have a lower
probability of reaching and invading the laryngeal
inlet prior to initiation of the pharyngeal phase of the
swallow. It was hypothesized that thicker liquids
would take longer to reach the pharyngoesophageal
junction, thereby reducing the frequency (swallows
per second) with which repeated sequential swallows
could be generated.

Spatiotemporal Variability

The spatiotemporal variability of cyclic tongue move-
ment during speech or swallowing can be captured
using a variable known as the cyclic Spatio-Temporal
Index (cSTI) [32]. In order to calculate the cSTI, indi-
vidual movement cycles are first amplitude- and time-
normalized and aligned with each other. The data are
then divided into segments, each representing succes-
sive 2% intervals in relative time. The standard devia-
tionofnormalizedamplitude is thencalculated for each
2% segment. The cSTI is defined as the sum of these
standard deviations; higher cSTI values reflect greater
spatiotemporal pattern variability across individual
movement cycles.

Table 1. Rheological and material properties of six liquids used to study the impact of bolus consistency on swallowing kinematicsa

Consistency class Item

Density

(g/cc)

Yield stress

(Pa)

Viscosity

6–15s)1
(cP)

16–25s)1
for shear–rate

26–35s)1
Ranges of:

36–45s)1

Thin Apple juiceb 1.007 0.029 8 6 5 5

Water 0.993 0.000 18 15 13 12

Nectar-thick Chocolate milkc 1.053 0.052 695 470 376 324

Apple juiced 1.067 0.264 667 466 381 325

Honey-thick milke 1.04 0.000 1182 867 n/a n/a

Apple juicef 1.073 1.424 1774 1140 1023 785

n/a: Data not available. Maximum stress input ranges failed to induced shear rates in this range during rheological testing.
13 aSteele et al. [30].
bPresident’s Choice�Cox’s Orange Pippin Apple Juice from Concentrate. Sunfresh Limited, Toronto, ON.
cSealtest* 1% M.F. Chocolate Milk (partly skimmed), Natrel inc., Don Mills, ON.
dResource� Thickened Apple Juice from Concentrate: nectar consistency. Foodservice, Novartis Nutrition, Minneapolis, MN.
eResource� Original Dairy Thick� Honey Consistency, made with 2% reduced fat milk, vitamins A and D and zinc added. Foodservice,

Novartis Nutrition, Minneapolis, MN.
fResource� Thickened Apple Juice from Concentrate: honey consistency. foodservice, Novartis Nutrition, Minneapolis, MN.
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Lingual Effort

In the speech science literature, the tongue has been
modeled as a simple, nonlinear mass–spring system
[33]; within this model, peak velocity is used as a
relative measure of physical effort in performing
skilled movements [34]. Previous swallowing re-
searchers have observed increases in the amplitude of
lingual force used to propel boluses of higher vis-
cosity [35–37]. In line with these observations, it was
proposed that boluses with greater resistance to flow
(i.e., higher viscosity) would demand longer and
greater propulsive effort by the oral tongue. We
therefore hypothesized that increases in the ampli-
tude, peak velocity, and duration of tongue move-
ment would be observed across increases in bolus
viscosity.

Age Effects

Reduced tongue strength has been reported with
advancing age [36] and has been posited as a reason
why multipeaked swallowing gestures are observed in
the tongue and hyoid in elderly subjects [36,38], Ac-
cordingly, we predicted that age effects would be
observed in the current analysis. Specifically, older
subjects were expected to exhibit slower swallowing
frequencies (swallows per second) than younger
subjects and to show signs of increased lingual effort
in swallowing, characterized by a higher number of
movement cycles per swallow. Consistent with
previous findings [26,39], it was further predicted
that the older-subject cohort would show higher

spatiotemporal variability, as measured by cSTI, as
well as prolongation and greater within-trial varia-
bility of movement durations.

Methods

Subjects

Eight adults with no history or complaints of neu-
rological impairment or swallowing difficulty volun-
teered for participation in the study. Four of these
subjects were under 30 years of age, and four were
over 50 years of age. Gender distribution was bal-
anced within each age cohort to avoid a potential bias
and to be in line with Canadian ethical guidelines
[40]. Demographic characteristics of the subjects are
summarized in Table 2. Data from these same
subjects for other swallowing tasks have been re-
ported elsewhere [26,29]. All subjects provided in-
formed consent to participate and completed a brief
medical history questionnaire. The first author, a
certified speech–language pathologist, performed an
oral mechanism and motor speech examination to
screen each subject for signs of speech motor or
swallowing abnormalities prior to acceptance into the
study.

Instrumentation

An electromagnetic midsagittal articulograph (Cars-
tens Medizin-Elektronik AG-100) was used to trace
the position of very small transducer coils (2.4 mm in

Table 2. Subject demographics and transducer coil positions

Session number

Tongue

blade (mm

posterior

to anatomical

Tongue body

(mm posterior tongue blade coil)

Tongue dorsum (mm posterior to

tongue blade coil)

Gender Subject Age Session A Session B tongue tip) Session A Session B Mean SD Sesssion A Session B Mean SD

Females 2 28 3 4 10.00 17.31 21.28 19.30 2.81 36.59 39.54 38.07 2.09

4 28 1 2 10.00 22.46 29.72 26.09 5.13 41.72 38.39 40.06 2.35

3 59 2 3 10.00 21.27 27.59 24.43 4.47 32.57 35.47 34.02 2.05

8 56 2 3 10.00 21.80 20.83 21.32 0.69 31.60 38.87 35.24 5.14

Group: 22.78 3.27 Group: 36.84 2.91

Males 1 27 2 4 10.00 28.95 16.95 22.95 8.49 34.78 21.28 28.03 9.55

5 23 2 3 10.00 21.87 26.68 24.28 3.40 36.02 36.99 36.51 0.69

6 66 1 3 10.00 26.11 26.22 26.17 0.08 35.65 33.49 34.57 1.53

7 56 1 2 10.00 23.63 32.31 27.97 6.14 47.04 54.26 50.65 5.11

Group: 25.34 4.53 Group: 37.44 4.22

Coil positions are shown for two data collection sessions, selected for analysis from a series of three or more repeated data collection sessions

per subject. Subjects 1 and 2 each attended a total of four data collection sessions. All other subjects attended three data collection sessions.

The tongue blade coil position was always 10 mm posterior to the anatomical tongue tip.
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diameter) that were attached in midline to the oral
articulators, as shown in Figure 1. EMMA, like other
methods of fleshpoint parameterization (e.g., elec-
tropalatography, X-ray microbeam) does not allow
concurrent visualization of tongue fleshpoint position
and bolus size, shape, or location. Consequently, the
resulting tongue movement data cannot be mapped
onto the oral preparatory, oral propulsive, and pha-
ryngeal stages of bolus movement, traditionally
identified during videofluoroscopy swallowing as-
sessments [2]. However, EMMA offers some advan-
tages over videofluoroscopy because it permits
extended and repeated data collection sessions for
individual subjects without risk of significant bio-
hazard [41]. Finally, EMMA does not require the use
of radiopaque contrast media and, therefore, allows
the study of bolus influences on swallowing behaviors
without altering the flavor, density, and viscosity of
the chosen liquid stimuli [28,42].

Procedure

For the present investigation, three transducer coils
were attached in midline to the surface of the tongue
using a combination of surgical methacrylate resin
(Cyanodent, Ellman International Mfg.) and zinc
polycarboxylate dental cement (Durelon, Espe Den-
tal AG). With the tongue extended outside the
mouth, these coils were positioned on tongue blade
and tongue body (10 mm and 30 mm posterior to the

tongue tip, respectively) and the tongue dorsum (as
far back as tolerated by the subject). Coil locations
on the nonextended tongue were calculated (in mm
posterior to the tongue tip) from the EMMA data,
with the tongue held at rest inside the closed mouth,
and are tabulated for each subject in Table 2. A
fourth coil was attached to the mandibular incisors
using a custom thermoplastic dental impression; this
allowed for measurement of jaw movement and cor-
rections of the tongue coil data for jaw contributions.
Four additional transducer coils were attached in
midline to the nose, the vermilion borders of the
upper and lower lip, and the gums of the upper
central incisors to provide reference data.

The subject was then seated comfortably in a
dental chair, with his or her head positioned inside a
large plastic helmet (62 cm) that was suspended from
the ceiling. Three transmitters attached to this helmet
create an alternating magnetic field within the helmet.
When a transducer coil is placed inside this field, an
alternating voltage is induced in the transducer. The
distance between the transmitter and the transducer is
directly related to the amplitude of the signal induced
in that transducer [43], allowing precise determina-
tion of the location of each coil (spatial error £ 0.35
mm). A specially designed inner helmet was tightly
connected to the subject’s head and to the larger
outer helmet, so that head movements were closely
followed by the entire structure.

Temporal resolution of the EMMA system is
limited only by the memory and processing capacity of
the computer used to store the data. For the present
study, coil-position data were acquired at 400 Hz.
Time-locked measurements of the acoustics of swal-
lowing (see Fig. 2) were collected for the purposes of
indexing the number of swallows in each EMMA re-
cording window. The number of swallows was calcu-
lated using the acoustic swallow peaks which
previously were reported to coincide with bolus pas-
sage through thepharyngoesophageal segment [44–46].

Subjects were required to perform sets
(henceforth called trial-sets) of repeated sequential
swallows (8 swallows per trial-set). The data set
comprises two trial-sets per subject with each of 6
liquids, for a total of 96 swallows per subject. A single
trial-set was easily completed within a 40-s EMMA
recording window. Trial-set order was randomized
across data collection sessions.

Liquid Selection and Rheological Profiling

Six different liquids were selected for study, including
two liquids in each of three consistency classes: thin,
nectar-thick, and honey-thick. Rheological profiling

Fig. 1. EMMA transducer coil positions. During electromagnetic

midsagittal articulography studies of swallowing, transducer coils are

attached in midline to the fleshpoint positions shown in the diagram.

Reference coils are denoted by the letter R.
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was conducted on all the liquid stimuli with assist-
ance from the Department of Food Science at the
University of Guelph; a detailed description of these
procedures was reported previously [26]. Density
measurements (g/cc) were derived from mass
measurements for 15-cc volumes of each liquid at
room temperature (22�C), measured on a digital
scale, accurate to a level of 0.1 g (Mars Scale Indus-
tries, Toronto, ON, Canada). Viscosity and yield-
stress measurements for each item were obtained at
22 ± 0.1�C using cone-and-plate geometry on a
Carri-Med Controlled Stress CSL Rheometer (Carri-
Med Ltd., Dorking, England).

Data Collection Protocol

Prior to the collection of swallowing movement data,
10 speech and nonspeech oral movement tasks were
performed for the purposes of collecting baseline
static and dynamic position measurements. These
included an occlusal plane measurement, which was
taken from two transducer coils mounted with 3-cm

separation on a plastic bite plate [47]. Data collection
for swallowing was conducted in the following man-
ner: The subject was given a container of liquid and
instructed to perform 8 swallows in a continuous
series (a sequential trial-set), without lowering the
cup from the lips between sips. A research assistant
announced the ordinal value (1 through 8) for each
swallow as it occurred and reminded the subjects to
stop drinking as soon as the eighth swallow was
completed; thus, subjects were not required to men-
tally track the number of swallows performed and
were free to swallow in as natural a manner as pos-
sible, given the experimental setup.

Data Reduction

EMMA studies of swallowing face a particular
challenge, in comparison to studies of speech pro-
duction, in that the transducer coils can become dis-
lodged or break under the shearing forces of bolus
propulsion during swallowing. In anticipation of this
situation, an a priori decision was made to complete

Fig. 2. Example of EMMA data showing positional peaks and

valleys for vertical tongue movements in a series of four sequential

water swallows. Data are shown for Subject 4. At the top of the figure,

the acoustic signal shows a series of four peaks, representing bolus

flow through the pharyngoesophageal segment. Dashed vertical lines

are used to demarcate events preceding each acoustic swallow peak in

the vertical movement histories for each transducer coil. The tongue

blade leads the movement sequence, displaying a single cycle of rising

and descending movements prior to each acoustic swallow peak. This

pattern is followed by upward and downward deflections in the

tongue body and tongue dorsum. Positional peaks and valleys

detected by an automated algorithm based on the Cyclic Spatio-

Temporal Index are identified by upward- and downward-facing

triangles in each movement signal. A single movement cycle is

identified by the gray-shaded box in the tongue body trace. The arrow

labeled ‘‘A’’ corresponds to the duration of upward movement (in

seconds). The arrow labeled ‘‘B’’ shows the duration of downward

movement. The arrow labeled ‘‘C’’ shows the amplitude of the

position change (in mm) between position minimum and maximum.
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at least three data collection sessions (spaced at least
one week apart) with each subject and, subsequently,
to discard data from the session in which the highest
rate of coil breakage or displacement was encoun-
tered. In fact, breakage of a single coil was encoun-
tered in only 3 of 26 data collection sessions; when
this did not occur, data from the first data collection
session was discarded by convention. As shown in
Table 2, both subjects 1 and 2 completed an addi-
tional data collection session for a total of four ses-
sions each; consequently, data reduction for these
two individuals required the exclusion of data from
two sessions.

Data Processing

Data processing followed the same principles de-
scribed for previous speech studies [48]. Movement
data were smoothed using an 11-point triangular fil-
ter (effective low-pass frequency = 27.5 Hz) before
data processing. Position-reference information from
the subject’s occlusal plane measurement was then
used to rotate the data and align them with the hor-
izontal axis of the EMMA measurement field. In this
manner, a uniform coordinate reference frame was
established for all subjects [47]. All movement data
were then imported into MATLAB (Version
6.0.0.42a, Release 12, The Mathworks, Inc.), and
bandpass-filtered between 0.1 Hz (removing slow
varying drifts) and 6 Hz using a seventh-order
Hamming window Butterworth filter. Tongue coil
signals were corrected for jaw contribution using an
estimate of jaw rotation based on the principal
component of the mandible transducer coil trajectory
for each trial [49,50].

Event Indexing

An automated peak-picking algorithm was used to
detect the onset and offset (peaks and valleys) of di-
rectional changes in the position [32]. This algorithm
reiteratively computed the cSTI (described above),
using different relative amplitude and relative time
criteria for data segmentation. This procedure iden-
tified those relative amplitude and relative time cri-
teria that generated the lowest cSTI (i.e., identifying
movement cycles that are the most similar in terms of
their spatiotemporal pattern); these optimal criteria
were then used to identify the temporal and posi-
tional boundaries for each movement cycle in both
the vertical and horizontal dimensions (where a cycle
is defined as the interval between two successive po-
sitional valleys, with a single intervening position
peak). It is important to realize that a single move-

ment cycle does not necessarily coincide with a single
swallow; the transportation of a bolus as part of a
single swallow event may require multiple opening
and closing movements (i.e., multiple cycles) in any
or all of the tongue transducer coils. Figure 2 shows
the peaks and valleys identified by the cSTI algorithm
in movement signals of the three tongue transducer
coils during a 4-s segment of sequential water swal-
lows collected from subject 4.

Analysis

Statistical Procedures

The statistical analysis was performed using NCSS
2000 (Number Cruncher Statistical System) software
(NCSS, Kaysville, UT). Repeated-measures ANOVA
with a between-subject factor of COHORT (2: < age
30; > age 50) and a within-subject factor of ITEM (6:
water; apple juice; chocolate milk; nectar-thick apple
juice; honey-thick milk; honey-thick apple juice) were
used. The alpha level for statistical significance was
set at a = 0.05. When multiple comparisons were
performed across the two transducer coils within each
plane of movement, a Bonferroni corrected at alpha
criterion of 0.05/4 = 0.013 was applied. Similarly,
for multiple comparisons performed across the two
transducer coils and four movement directions, a
corrected alpha criterion of 0.05/8 = 0.006 was used
[17]. In recognition of the possibility that the Bon-
ferroni correction might be overly conservative [51],
trends with statistical significance at a = 0.01 are
also reported. Power estimates are reported for all
significant statistical comparisons.

Variables

Sip Mass

Average sip mass was calculated by dividing the pre-
to-post trial-set difference in cup mass (in grams),
and dividing this value by the number of swallows
(8) in the trial-set. The data set comprised a single
average value for each trial-set; thus, variation
across successive swallows within the trial-set was
not captured.

Swallow Frequency

In order to calculate the average swallow frequency
for any single trial-set, durational boundaries for
each trial-set were defined respectively as the onset
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of the first upward oral articulatory movement in
the trial-set and the offset of the last downward
movement of the dorsum transducer coil. These
events respectively represented the beginning of the
first swallow and the end of the last swallow in the
trial-set. The sequence of oral movements for
swallowing was most commonly led by the mandi-
ble (63% of the time) or the tongue blade (26% of
the time). In the remaining 11% of the data trial-
sets, upward tongue body movement led the se-
quence. Downward movement of the tongue dor-
sum was always the final event in the sequence.
Since the variable of swallowing frequency is a
global measure rather than one specific to lingual
movement, the onset boundary of this variable was
determined on a trial-specific basis by the onset of
movement in the leading transducer coil. Total trial-
set duration was measured between these boundary
points and divided by the number of swallows in
the trial-set (8); the reciprocal of the resulting av-
erage swallow duration value provided an estimate
of average swallow frequency (in swallows per sec-
ond). Durational variations between swallows
within the trial-set were not captured.

Average Number of Movement Cycles per Swallow

The average number of movement cycles per swallow
(in either the vertical or horizontal plane) was cal-
culated as the total number of movement cycles in the
trial-set divided by the number of swallows in the
trial-set (8).

Cyclic Spatio-Temporal Index (cSTI)

The cSTI was calculated for vertical and horizontal
movements of each transducer coil, as previously
described. Once again, each data point represented
the average value for a trial-set.

Direction-Specific Kinematic Parameters

Three kinematic variables were studied at the level
of the individual movement cycle: amplitude, peak
velocity, and duration. Using Figure 2 as a refer-
ence to illustrate these variables, amplitude would
be defined as the magnitude of position change
between any contiguous pair of peaks and valleys; a
single example is shown in the shaded box for
vertical movement of the tongue body (arrow C).
Peak velocity would represent the maximum velo-
city (mm/s) measured within each position change.
Movement duration would be measured as the dif-

ference (in milliseconds) between onset and offset of
the position change; the shaded box in Figure 2
shows and examples for upward and downward
movement of the tongue body (arrows A and B,
respectively). These variables reflect basic charac-
teristics of individual fleshpoint movement and have
previously been used in both kinematic studies of
speech and X-ray microbeam studies of swallowing
[4], The kinematic analyses were performed sepa-
rately for each transducer coil (i.e., tongue body
and dorsum) and movement direction (i.e., up,
down, forward, backward). For each trial-set, a
single direction-specific mean value was calculated
for each kinematic variable across the individual
movement cycles in the trial-set. Additionally, for
each kinematic variable, the direction-specific
standard deviation for each trial-set was calculated
as a measure of within-trial-set variation.

Results

Sip Mass

Descriptive statistics for sip mass are tabulated by
item (i.e., liquid) and age cohort in Table 3. As shown
in Table 3, the COHORT effect failed to reach
statistical significance [F(1, 6) = 0.01, p > 0.05],
and there were no significant interactions. A
significant main effect was observed for ITEM [F(5,
30) = 15.22, p = 0.000, power = 1.0]. Post-hoc
Tukey–Kramer subtests identified two subgroups of
sip mass by item. Significantly smaller sip masses
(M = 5.37 ± 2.92 g) were observed for the the three
apple-flavored products (thin, nectar-thick, and
honey-thick liquid), while larger and more variable
sip masses (M = 10.03 ± 5.82 g) were observed for
water, chocolate milk, and honey-thick milk prod-
ucts. Although, sip mass was smaller for honey-thick
items than for thin-consistency liquids in both the
apple-flavored and non-apple-flavored subgroups,
this difference failed to achieve statistical significance.
Further post-hoc analyses were performed on the sip-
sizing data to explore differences in sip volume (in cc)
across both consistencies and flavor groups. Since the
previous analyses had not identified any differences
between the nectar- and honey-thick items, these were
pooled into a thickened-liquids category for com-
parison with the thin liquids. This procedure revealed
significantly smaller volumes for both the apple-
flavored items (p < 0.001) and the thickened liquids
within each flavor category (honey-thick and nectar-
thick combined: M = 5.16 ± 2.9 cc; thin: M =
9.78 ± 5.7 cc; p < 0.05).
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Swallow Frequency

Significant main effects were observed for both
COHORT [F(1, 7) = 25.83, p = 0.001, pow-
er = 0.99], and ITEM [F(5, 30) = 7.52, p < 0.000,
power = 1.0] with respect to swallow frequency.
There were no significant COHORT by ITEM in-
teractions. Post-hoc Tukey–kramer comparisons
showed that the older subjects had lower swallow-
ing frequencies (M = 0.48 ± 0.16 swallows per
second) than the younger subjects (M =
0.84 ± 0.19 swallows per second). Swallowing fre-
quency was also observed to decrease as the liquids
became thicker in consistency, as shown in Fig-
ure 3. No significant correlations were observed
between sip mass and swallowing frequency in ei-
ther cohort.

Movement Cycles per Swallow

As shown in Figure 4, the older subjects produced a
higher number of movement cycles per swallow in the
vertical dimension and showed greater variability
than the younger subjects in this measure across the
six different liquids. The COHORT difference was
statistically significant for vertical movements of the
body [F(1, 6) = 17.00, p = 0.006, power = 0.93],
but not for vertical movements of the tongue dorsum
(p> 0.01). In the horizontal plane of movement, this
COHORT effect failed to reach the criterion for
statistical significance for either transducer coil.
Similarly, the analyses failed to identify any notable
ITEM effects (p < 0.01) for either transducer coil in
either orientation, and there were no significant
COHORT by ITEM interactions.

Fig. 3. Means and standard

deviations (error bars) for

sequential swallowing frequency

(swallows per second) by liquid

consistency, shown in order of

descending frequency.

Table 3. Average sip mass (g), shown by item and age cohort

Younger Cohort Older Cohort

Item Mean SD Mean SD

Nectar-thick apple juice 5.35 1.81 3.47 1.44

Honey-thick apple juice 5.88 2.30 3.40 1.62

Apple juice 7.53 3.53 6.59 3.97

Honey-thick milk 8.65 5.51 8.97 6.82

Water 9.22 2.85 11.97 7.65

Chocolate Milk 10.20 4.17 11.35 7.75

ANOVA table

Source term df F-ratio P Power (a = 0.05)

COHORT 1,6 0.01 0.916 0.05

Itema 5,30 15.22 0.000* 1.0014

Cohort · Item 5,30 1.88 0.127 0.56

aPost hoc analyses revealed smaller and less variable sip mass for the three apple-flavored items than for the non-apple-flavored liquids.
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Cyclic Spatio-Temporal Index (cSTI)

Significant COHORT effects were found for vertical
cSTI of the tongue dorsum [F(1,6) = 20.11,
p = 0.004, power = 0.32]; significantly higher cSTI
values for vertical tongue dorsum movement were
found in the older cohort (M = 24.81) than in the
younger cohort (M = 10.06). A single significant
main effect for ITEM was found for horizontal cSTI
in the tongue body [F(5, 30) = 5.38, p = 0.001,
power = 0.65]. Post-hoc Tukey–Kramer pairwise
comparisons identified significantly higher horizontal
tongue body cSTI values for the honey-thick milk
(M = 27.85) than for the chocolate milk
(M = 16.88), with values for the other liquids falling
between these two points. COHORT by ITEM in-
teractions were not statistically significant.

Kinematics

Tongue Body

The analyses failed to find any notable main effects
(p< 0.01) of COHORT or ITEM, or any COHORT

by ITEM interactions on trial-set mean values of
amplitude, peak velocity, or duration of tongue body
movement in any direction. The analysis of within-
trial variability (SDs) in these parameters revealed a
single COHORT trend for the variability of upward
movement duration [F(1, 6) = 18.01, p = 0.005,
power = 0.43]. Greater variability in upward tongue
body movement durations was seen in the older
subjects (M = 0.306 s) compared to the younger
group (M = 0.131 s). The analysis failed to identify
any differences in within-trial variability across
ITEMs, and there were no COHORT by ITEM in-
teractions.

Tongue Dorsum

Main effects of COHORT failed to reach either the
Bonferroni-corrected alpha level of 0.006 or the
relaxed criterion of 0.01 with respect to tongue dor-
sum movement. The analyses also failed to identify
statistically significant main effects of ITEM at an
alpha level of p < 0.003. However, ITEM trends
were observed in the domain of within-trial-set var-
iation in downward movement amplitudes [F(5,

Fig. 4. Means and standard deviations for the number of vertical movement cycles per swallow, for the tongue body and dorsum, during sequential

swallows of six different liquids.
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30) = 3.72, p = 0.009, power = 0.50], and dura-
tions [F(5, 30) = 4.07, p = 0.006, power = 0.56],
Post-hoc Tukey–Kramer analyses failed to identify
significant differences between specific items. None-
theless, in both instances, the least variability within a
trial-set was observed with the thin-liquid items (ei-
ther water or apple juice) and the greatest variability
was observed with the honey-thick items (honey-thick
apple juice and honey-thick milk). Thus, the pattern
of increasing variability in these parameters corre-
sponds closely to the ascending order of their vis-
cosity, as illustrated in Figures 5 and 6.

Discussion

The present study is the first to provide a detailed
analysis of the influence of bolus consistency on lin-
gual kinematics in swallowing. A number of differ-
ences were found in swallowing behaviors across the
six liquids studied. Specifically, subjects were ob-
served to modulate their sip size during natural,
continuous drinking, taking significantly smaller
volumes per sip for the apple-flavored liquids, and
also for thicker and heavier liquids within both the
apple-flavored and the non-apple-flavored liquid

Fig. 5. Means and standard

deviations of within-trial-set

variation in downward tongue

dorsum movement amplitude,

shown by liquid in order of

ascending viscosity rank.

Fig. 6. Means and standard

deviations of within-trial-set

variation in downward tongue

dorsum movement duration,

shown by liquid in order of

ascending viscosity rank.
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subgroups. Second, the frequency of sequential
swallowing (swallows per second) decreased with in-
creasing bolus viscosity; this suggests that the more
viscous consistencies required more time for the
completion of the oropharyngeal transit sequence.
Third, a nonsignificant trend toward increased vari-
ability in the amplitude and duration of downward
tongue dorsum movement was observed with boluses
of thicker consistency. Finally, a number of age-re-
lated differences were observed in the current analy-
sis. Specifically, older subjects showed a reduced
frequency of sequential swallowing (swallows per
second) and produced a higher number of vertical
tongue movement cycles per swallow. Variability was
greater in the older cohort, reflected in both the CSTI
and the measures of within-trial-set variability for
movement amplitudes and durations.

Evidence of statistically significant bolus con-
sistency influences on kinematic characteristics of
tongue movement was limited in the present study. In
particular, the predicted effect of an increase in
movement duration for boluses with greater flow re-
sistance (i.e., viscosity) was not observed despite the
fact that the lower swallowing frequencies observed
with these liquids suggested that the overall time re-
quired for a liquid to flow from the mouth through
the pharynx to the esophagus increased with thicker
consistencies. Furthermore, the observed trend to-
ward increased variability in downward tongue
dorsum movement with boluses of thicker consist-
ency runs counter to Tasko’s proposal that tongue
movement variability might decrease with heightened
bolus sensory input [52]. Indeed, the present data
suggest the possibility that bolus-tailored modulation
of swallowing behavior may occur at relatively later
points (i.e., during the pharyngeal rather than the
oral phase) in the swallow process, despite the tra-
ditional classification of pharyngeal events as reflex-
ive. To date, the literature does not help us
understand the importance of tongue movement
variability in assisting or hindering swallowing effi-
ciency and integrity. This deserves further study both
in healthy and disordered subjects, across the life-
span.

The current protocol explored a clinically
meaningful range of liquids, spanning the spectrum
from thin to honey-thick sippable liquids. In clinical
settings, texture modifications within this range are
frequently recommended to reduce aspiration risk.
The comparative benefits of finer-scale texture mod-
ifications (i.e., comparisons between nectar- and
honey-thick liquids) are currently the subject of a
major clinical trial in the United States. The lack of
concrete, quantifiable evidence of bolus consistency–

related variations in normal lingual kinematics in
the present investigation is in agreement with pre-
vious data on hyoid movement [24] and provides
justification for further, careful study and scrutiny of
the benefits of texture modification in clinical prac-
tice.

Sip-Sizing Behaviors

An important difference between the methodology of
this study and those of previous investigations was
the decision to allow subjects to sip naturally from a
cup and self-select their sip size. The eight healthy
subjects in this study showed statistically significant
downscaling in sip size (both mass and volume) for
apple-flavored items compared with the three non-
apple-flavored items. Notably, within both the apple-
flavored and the non-apple-flavored subgroups, sip
volume was lower for the honey-thick-consistency
than for the thin-consistency liquids. Thus, it appears
that the subjects may have been modifying sip size
across liquids of different densities to achieve a pre-
ferred and uniform range of bolus mass within flavor
groups. Sip-size modulation appears, in and of itself,
to be an important characteristic of normal, healthy
swallowing.

Aging

The older cohort for this research comprised four
healthy individuals, ranging in age from 56 to 66.
None of these individuals reported any symptoms of
swallowing difficulty, and all were judged to have
normal oral motor and swallowing function in a
clinical examination. These subjects were considera-
bly younger than the elderly subjects studied by
others [53–55]. Recent literature suggests that age-
related changes in tongue muscle mass and compo-
sition may contribute to reduced functional motor
capacity for swallowing [35,56]. The present data are
consistent with this suggestion but imply that the
senescent changes may be visible in swallowing be-
haviors as early as the sixth decade of life. Future
studies with much larger sample sizes are needed to
substantiate this impression. The clinical relevance of
the generally increased motor variability observed in
the swallowing of the older (yet healthy) subjects in
this study remains unclear. It is unknown, for ex-
ample, whether greater variability emerges naturally
as a compensatory feature of swallowing, as lingual
pressure-generating capacity decreases with age.
Similarly, it is unknown whether changes in swal-
lowing motor variability reflect peripheral or central
changes in swallowing neurophysiology. Changes in
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oral sensory function have also been reported in
normal aging [57]; therefore, reductions in oral sen-
sitivity to gradations of bolus consistency may also
have contributed to the increased variability of oral
swallowing behaviors observed in the older cohort in
this research.

Disordered Versus Normal Swallowing

In the present study, subjects were observed to ex-
hibit the least variable lingual behaviors with thin
liquids. A reasonable hypothesis resulting from this
finding would be that dysphagic individuals who
have difficulty managing thin liquids exhibit sig-
nificantly greater lingual movement variability and
are unable to execute patterned lingual movements
with the stability of patterning required for safe
swallowing of thin liquids. Alternatively, given that
greater variability was characteristic of the lingual
movements produced by our subjects with thicker
consistencies, it might be that individuals who
benefit from a restricted variety of diet textures
exhibit much less variable and more rigid lingual
movement patterning and are therefore unable to
make fine-scale modifications of tongue movements
to accommodate variations in dietary consistency.
In considering potential explanations for the lack of
strong findings with respect to bolus consistency
influences on healthy oral motor behaviors in
swallowing in the present study, one must also en-
tertain the possibility that such influences become
evident only in the presence of impaired physiology.
Although the healthy, normal subjects in this study
failed to show a decrease in the variability of ton-
gue behavior for swallowing with thicker consist-
encies, it remains unknown whether this finding
would be typical of dysphagic individuals.

Limitations

The main limitations of EMMA are that it provides a
restricted two-dimensional midsagittal representation
of tongue movements and can sample only discrete
positions (in this case, 3) on the tongue. As previously
mentioned, bolus position cannot be visualized in the
EMMA data. Previous authors have concluded that
tongue movements for bolus accommodation and
propulsion occur primarily along the midsagittal
groove of the tongue [58–60]. The EMMA technique,
therefore, is considered a suitable method for de-
scribing the swallowing movements of the tongue and
jaw. Importantly, a previous study has shown that
the use of pellet markers (similar to EMMA coils)

causes no consistent interference with tongue motions
[61].

In this research, measurements of the relative
size of the oral articulators and craniofacial struc-
tures were not taken across subjects. Thus, it is not
possible to comment on possible correlations between
the magnitude of oral articulatory movement and
skeletal or morphological variations. However, a re-
cently reported analysis of size scaling of oral
movement in speech production failed to find signif-
icant evidence of a size-amplitude scaling relationship
[62]. This evidence suggests that normal variations in
craniofacial and oral articulatory size do not pose
major concerns for interpretation of the present data.

It is important to remember that the bolus
consistency manipulations explored in this article
were restricted to an apparent viscosity range of 6–
1140 cP at a shear rate of 25 s)1; similarly, a restricted
range of densities was studied: 0.99–1.073 g/cc. This
restriction was necessary to facilitate a single, natural
method of bolus delivery (i.e., continuous sipping
from a cup) across all liquid stimuli. However, the
range of viscosities studied was narrower than the
liquid–paste comparisons reported by others. None-
theless, the current protocol did include two examples
each of thin, nectar-thick, and honey-thick liquids,
classified in a manner consistent with the rheological
definitions proposed by the American Dietetic Asso-
ciation. These different classes of bolus consistency
are broadly assumed to have clinical relevance in the
management of swallowing difficulties [63].

Videofluoroscopic swallowing examinations
usually involve a broader sampling of bolus consist-
ency than that explored in the current research, (e.g.,
from thin through nectar- and honey-thick liquids to
spoon-thick consistencies and chewable solids). Ra-
diopaque contrast media must be mixed into all as-
sessment items to facilitate visualization under
fluoroscopy. It may be that the addition of barium
sulfate powders sufficiently alters the rheological
values of consistency-class boundaries to yield visible
changes in bolus flow on X-ray that are not associ-
ated with measurable changes in lingual kinematics.

Summary

In conclusion, this study provides evidence that bolus
characteristics have the potential to influence tongue
movement amplitudes, durations, and variability
during normal, sequential swallowing. However, sig-
nificant differences in lingual behaviors were not ob-
served among traditional clinical classifications of
bolus consistency (e.g., thin, nectar-thick, and honey-
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thick) [7]. Instead, the observed influence of bolus
viscosity and density was limited to the overall du-
ration of oropharyngeal transit (measured here as
swallowing frequency) and movement variability in
the tongue dorsum. These findings raise questions
regarding the prescription of texture modifications
according to consistency class for the clinical man-
agement of dysphagia. In particular, no evidence was
found to support the hypothesis that normal tongue
movements become enhanced, either in their spatial
or temporal swallowing characteristics, as bolus vis-
cosity surpasses the rheological boundaries proposed
to differentiate classes of bolus consistency [7]. Fur-
ther research is necessary to determine whether indi-
viduals with specific physiological profiles of
swallowing impairment fail similarly to exhibit
measurable differences in tongue behaviors across
these proposed consistency boundaries.
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