Journal of Biomechanics B (REEE) ERE-REE

journal homepage: www.elsevier.com/locate/jbiomech

Contents lists available at ScienceDirect

Journal of Biomechanics

www.JBiomech.com

In vivo observations and in vitro experiments on the oral phase
of swallowing of Newtonian and shear-thinning liquids

S. Mowlavi?, J. Engmann”, A. Burbidge®, R. Lloyd ¢, P. Hayoun ¢, B. Le Reverend ",

M. Ramaioli

2 Department of Mechanical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Av., Cambridge, MA02139, USA

b Nestlé Research Center, Route du Jorat 57, 1000 Lausanne 26, Switzerland

€ CNRS/UPMC/ESPCI ParisTech-PSL Research University, UMR 7615, Laboratoire SIMM, 10 Rue Vauquelin, 75231 Paris, France

d Department of Chemical and Process Engineering, Faculty of Engineering and Physical Sciences, University of Surrey, Guildford GU2 7XH, United Kingdom

ARTICLE INFO

ABSTRACT

Article history:

Accepted 9 October 2016

Keywords:
Bolus

Flow
Swallowing
Tongue
Ultrasound
Viscosity
Thickener
Rheology
Fluid mechanics
Oral cavity
Palate
Peristalsis

In this study, an in vitro device that mimics the oral phase of swallowing is calibrated using in vivo
measurements. The oral flow behavior of different Newtonian and non-Newtonian solutions is then
investigated in vitro, revealing that shear-thinning thickeners used in the treatment of dysphagia behave
very similar to low-viscosity Newtonian liquids during active swallowing, but provide better control of
the bolus before the swallow is initiated. A theoretical model is used to interpret the experimental results
and enables the identification of two dynamical regimes for the flow of the bolus: first, an inertial regime
of constant acceleration dependent on the applied force and system inertia, possibly followed by a vis-
cous regime in which the viscosity governs the constant velocity of the bolus. This mechanistic under-
standing provides a plausible explanation for similarities and differences in swallowing performance of
shear-thinning and Newtonian liquids. Finally, the physiological implications of the model and experi-
mental results are discussed. In vitro and theoretical results suggest that individuals with poor tongue
strength are more sensitive to overly thickened boluses. The model also suggests that while the effects of
system inertia are significant, the density of the bolus itself plays a negligible role in its dynamics. This is
confirmed by experiments on a high density contrast agent used for videofluoroscopy, revealing that
rheologically matched contrast agents and thickener solutions flow very similarly. In vitro experiments

and theoretical insights can help designing novel thickener formulations before clinical evaluations.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Swallowing disorders (dysphagia) can be caused by several
conditions such as stroke, dementia, neurological diseases or head
and neck cancer. Dysphagia is considered the main cause of post-
stroke pneumonia that affects about 20% of stroke patients
(Scheitz et al., 2015) and causes more than 10% of post-stroke
deaths (Koennecke et al., 2011). More generally, in elderly dys-
phagia can result in food and drink avoidance leading to mal-
nutrition and dehydration.

Several approaches exist to manage dysphagia, one of the most
popular being the use of thickeners to increase the viscosity of thin
drinks, resulting in shear-thinning liquids. A review of their effi-
cacy and limitations can be found in Newman et al. (2016). Despite
the clinically proven efficacy of thickeners, it remains unclear, at
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least from a mechanistic perspective, exactly why they are effec-
tive and what role is played by their shear-thinning rheology.
Consequently it is difficult to either develop better thickeners, or
to identify which patients are likely to respond to which level of
viscosity other than by trial and error and there is a strong ongoing
debate within the medical community about what represents best
practice. Some would argue that prescribing overly thickened
beverages can lead to excessive residues in the pharynx and oral
cavity, which, although providing a safe initial swallow, are likely
to provide post-swallow complications.

Clearly, the physical act of forming and then swallowing a
liquid bolus is exquisitely complicated and requires precise coor-
dination of many muscles in order to avoid catastrophic failure.
From the mechanistic standpoint, the kinematics and dynamics of
single muscles involved in mastication and/or swallowing are still
the object of active research (Weickenmeier et al., 2016) and it is a
formidable challenge to describe realistically all organs and tissues
moving during these food oral processes.
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The clinical observation of subjects is usually carried out by one
of two popular techniques: fiberoptic endoscopic evaluation of
swallowing (FEES, see Hiss and Postma, 2003), which involves
insertion of an instrumented catheter through the nose, or
videofluoroscopic swallowing study (VFFS, see Logemann, 1998),
which is an X-ray based video technique. Both of these techniques
are cumbersome and invasive: insertion of a catheter will certainly
perturb the flow, and likely the physiology, and radiation exposure
limits repeats and studies on healthy individuals. There are several
other techniques available, but they also have significant draw-
backs. For this reason, the concept of in vitro swallowing experi-
ments is beguiling, and many things can be learned from this
approach, despite the difficulty of matching the biophysical reality
exactly. In this article an in vitro ‘swallowing simulator’ is pre-
sented, which mimics some aspects of the in vivo swallow, and
enables quantitative measurements and comparisons of the oral
flow of different types of liquids. To be absolutely clear, this should
not be considered as an alternative to clinical research. However,
judicious use of in vitro experiments like those detailed here could
allow for improved understanding of the relative significance of
different effects, leading to stronger and tighter focused hypoth-
eses that can subsequently be tested in vivo.

To put our current findings into context, we first present a very
short review of the most relevant literature.

A simple and mechanistic theory of the oral phase of swal-
lowing was initially proposed by Nicosia and Robbins (2001). This
theory considered the transient motion of two approaching par-
allel plates as a model for the tongue and the palate. De Loubens
et al. (2010, 2011) later introduced an in vitro pharyngeal peri-
stalsis simulator and a theory to study the thin film left on the
pharyngeal mucosa after a swallow, this time using two rolling
cylinders to model the peristaltic action of the tongue against the
pharyngeal wall.

The above studies only considered the flow of Newtonian
liquids and did not address the behavior of thickened solutions.
Popa Nita et al. (2013) used rotational rheometry to characterize
the rheology of aqueous solutions of Resource” ThickenUp™ Clear
(TUC), a common dysphagia thickener, and demonstrated that
their steady state viscosity is close to that of Bracco™ E-Z-PAQUE,
a common video fluoroscopy contrast agent. However, their study
did not discuss the relevance of using steady state rheological
properties for a transient, fast flow such as swallowing.

Mackley et al. (2013) used different techniques to characterize
the rheology of several dysphagia thickeners and introduced for
the first time a qualitative, ‘in vitro swallowing simulator’
mimicking the oral phase of swallowing. Building upon this first
device, Hayoun et al. (2015) proposed a more quantitative in vitro
experiment, devised a theoretical model and applied both to
studying the flow of Newtonian liquids.

This study extends the scope of the latter by using in vivo
observations to determine an appropriate value of the mechanical
inertia of the in vitro swallowing simulator. The behavior of shear-
thinning liquids is then investigated in the calibrated device and
compared to that of Newtonian liquids. Finally, the theoretical
model is extended and refined and a novel mechanistic inter-
pretation of the experimental results is proposed through the
identification of two dynamical regimes. This interpretation also
leads to a novel explanation for the role played by the shear-
thinning rheology of thickened fluids in managing dysphagia.

This study is presented as follows. In Section 2 we describe the
experimental device, select test fluids and the in vivo experiments
used to calibrate the swallowing simulator. Section 3 describes the
full theory and a simplified model. Section 4 describes the results
obtained, the implications of which are then discussed in Section 5,
before drawing some conclusions in Section 6.

2. Materials and methods
2.1. In vitro swallowing simulator

During this study we further developed a mechanical, in vitro device
designed to study and understand the flow of a liquid induced by the movement
of the tongue during the oral phase of swallowing. This device, shown in Fig. 1, is
based on a mouth-sized in vitro experiment initially designed by Mackley et al.
(2013) and later improved by Hayoun et al. (2015). Without having the ambition
of reproducing faithfully the in vivo process, the objective of this study was to
capture two essential features of the mouth and tongue. A thin and flexible
polyethylene membrane is attached to the “palate” and contains the liquid,
representing the oral cavity. A roller attached to a rotating arm is driven by a
weight and mimics the driving pressure applied by the tongue to the bolus,
propelling the liquid through the oral cavity. The effect of gravity on the rotating
arm is cancelled out by a counterweight. Different driving forces F lead to dif-
ferent pressures applied on the liquid, which can be computed as illustrated in
Hayoun et al. (2015).

A significant improvement made to the model experiment in this current
study, with respect to the experiment used in Hayoun et al. (2015), consists of
the possibility of varying the total moment of inertia I,,, of the rotating arm,
roller and counterweight assembly. To that effect, two radially opposed rods,
each carrying an offset mass, can be attached to the rotating arm. In the phy-
siological context, I, accounts for the combined inertia of all the tissues and
organs involved in a swallow, including the tongue, the larynx, the hyoid bone
and the associated muscles and soft tissues. Due to the non-rigid body motion,
the inertia of the tissues is difficult to estimate and we take the approach of
calibrating I, using in vivo observations, as described later in Section 4. Other
improvements to the in vitro device include the use of an inert polyethylene film
instead of a porous dialysis tube, and the use of an inextensible steel string to
hold the weight.

The time evolution of the position of the liquid during an in vitro
experiment was quantified by measuring the angle € between the roller and
the horizontal direction, as shown in Fig. 1. To carry out an artificial swallow
experiment, a closed flexible membrane was first attached to the “palate”
along the path of the roller. 6 ml of liquid were then injected into the front
opening of the membrane and the liquid was manually pushed through the
membrane until it reached its starting position, shown in Fig. 1. A pin initially
held the roller in its starting angular position 0y =45°. Releasing the pin

& 1nn

Fig. 1. The in vitro experiment showing the roller at the initial position 6 =6y and
the two radially opposed offset masses to vary the moment of inertia I, of the
rotating arm, roller and counterweight (in this image I;oc = 1.15 - 10> kg m2). The
weight imposes a driving force F represented by the white arrow.
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Fig. 2. Shear viscosity versus shear rate for the various Newtonian aqueous solu-
tions of glycerol, shear-thinning solutions of TUC and for E-Z-PAQUE 41%w/w.
Measurements were performed at 22 °C.

caused the roller, driven by the weight, to propel the bolus inside the flexible
membrane until the liquid was ejected at the open end, and the roller reached
its final position &y = 165°. The roller motion was recorded at a frame rate of
500 fps with a high speed camera (Photron FastCam SA3) and an automated
image analysis extracted the time evolution of the roller angular position &
from the video recordings. The oral transit time t.,q was defined as the time
taken by the roller to reach the angle 0,.,4 = 120° and the exit velocity v, was
defined as the linear velocity of the roller when it reaches ,,4,. We typically
ran 3-4 swallows per solution and observed good reproducibility of
the results. More details about the experimental method can be found
in Hayoun et al. (2015).

2.2. In vivo measurements

In vivo measurements were realized using a Siemens Acuson SC2000 echo-
grapher and a 8v3c curvilinear probe. Subjects were asked to swallow liquid
boluses of volume 10 ml in one go, whilst holding an ultrasonic probe against their
throat. The device allowed either to record a video of the bolus flow during the
swallow, or to measure the velocities of the fluid by Doppler effect. Video record-
ings were carried out on a single subject with three repetitions per liquid viscosity
during the development of the method that conducted to the preclinical phase of
the clinical trial with reference 03/12, approved by the Commission Cantonale
d'Ethique de la Recherche Sur I'Etre Humain, Vaud, Switzerland. Velocity mea-
surements were undertaken on ten subjects with two repetitions per liquid visc-
osity, as part of the above-mentioned clinical trial. For these in vivo experiments,
the oral transit time t.,q was defined as the time taken by the bolus to completely
disappear from the ultrasound field of view. This position corresponds to @eng
introduced above. The in vivo exit velocity v, is the average liquid velocity mea-
sured when the bolus is at @eq.

2.3. Materials

Aqueous glycerol solutions of various concentrations were used as model
Newtonian fluids in the in vitro experiment. Their rheology was characterized for
shear rates from 10~ to 500 s~ ! at 22 °C with an Anton Paar MCR 500 rheometer
equipped with a concentric cylinder geometry (OD=28.9 mm, ID=26.6 mm).
Varying the glycerol concentration from 50.0%wt to 99.8%wt results in a range of
viscosities going from 7=6 mPas to 1185 mPas, as shown by the horizontal
straight lines in Fig. 2. Because glycerol is not edible, in vivo measurements with
Newtonian liquids were performed using aqueous molasses, the concentrations of
which were adjusted in order to match the viscosities of the glycerol solutions.

Aqueous solutions of Resource” ThickenUp™ Clear (TUC), a dysphagia thick-
ening powder, were also investigated. TUC contains xanthan gum as the main
thickener, as well as maltodextrin as an excipient. This gives rise to non-Newtonian,
shear-thinning solutions when mixed with water (Popa Nita et al.,, 2013). In this
study, TUC solutions were prepared with deionized water in different concentra-
tions that are commonly used by dysphagic subjects, namely 0.6-3.6%wt. These
concentrations were used both in the in vitro experiment and in vivo measure-
ments. Finally, a ready to use contrast agent widely used for the videofluoroscopy
assessment of dysphagia was considered, E-Z-PAQUE" 41%w/w. While all other
solutions have similar density to water, this contrast agent has a much higher
density p = 1420 kg/m>. The rheology of these shear-thinning liquids was char-
acterized with the same protocol used for Newtonian liquids and the dependence
of viscosity with the shear rate is illustrated in Fig. 2.

3. Theoretical model
3.1. Full theoretical model

Hayoun et al. (2015) developed a mechanical theory to inter-
pret the results of the in vitro experiments, which was further
developed as follows. The rotation of the arm assembly, the bolus
and the suspended weight can be described by Newton's second
law, leading to the following differential equation governing the
time evolution of the roller angular velocity w = 8:

F . L
(Imt +potus +§r%) @ = rc(F—Fmin) —18F4(p, 1, @) —15pVg Cos <9+275>,
(M

where I, is the moment of inertia of the rotating arm, roller,
counterweight and (possibly) offset masses assembly, I, that of
the bolus with respect to the center of rotation and F is the driving
force provided by the weight suspended by the wire. The bolus
density and viscosity are denoted by p and #, respectively. Fy is the
force due to the viscous drag of the bolus. Other variables include
the “throat” radius rz=0.051 m and the radius r=0.028 m of the
pulley wheel to which the mass is attached. V=6-10"% m3 and
L=0.050 m represent, respectively, the volume and length of the
bolus. Finally, F;;; ~0.3 N is an experimentally observed mini-
mum driving force, independent of the type of liquid.

The theory presented in Hayoun et al. (2015) was improved by
considering the effect of gravity, represented by the last term in
Eq. (1). In order to take into account the large range of Reynolds
numbers possible in the bolus flow, the dissipation force Fy(p,#, )
is now computed from a computational fluid dynamics (CFD)
simulation of the flow within the bolus, as described in the
Appendix. This leads to the following expression for the dissipa-
tion force:

Fa(p.n. w) = apriw’H*f(Re), )

where Re = pHrgw/# is the Reynolds number of the flow within
the bolus, f(Re) is the dimensionless dissipation force retrieved
from the CFD and a = 10.6 is a correction factor that was obtained
by fitting the CFD results to the experimental data.

The theory shows that the dynamics of the bolus involves not
only the flow within the bolus through the dissipation force, but
also the motion of the rotating arm. It is thus important to con-
sider the relative sizes of the bolus fluid inertia I, and the
inertia I, of the device itself, which we will refer to as system
inertia. The fluid inertia is important in determining the apparent
Reynolds number of the bolus flow, but it is very small relative to
the inertia of the whole system. In the real, physiological context,
the system inertia is a proxy for the mass of the tongue, hyoid
bone and pharynx, which clearly is highly significant in controlling
the overall dynamics, although very difficult to directly measure.
Later, we will obtain an approximate value for this by calibrating
against in vivo flow measurements.

This analysis also shows that the Reynolds number is not suf-
ficient to describe the dynamics of the bolus, since it only con-
siders the flow within the bolus, hence affecting only the dis-
sipation force. In the next section, a simplified theory enables the
identification of different dynamical regimes for the bolus and we
introduce a relevant dimensionless variable for the description of
these regimes.

3.2. Simplified theoretical model

In the following section, it will be shown that the full theory
introduced in Eq. (1) shows very good quantitative agreement
with the experimental results. However, the presence of the
numerically computed dissipation force F4(p, 7, @) does not allow
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for an analytical solution of the equation. We therefore introduce
in this section a simplified, qualitative version of this model that
can be solved in closed form, which provides us with considerable
insight into the dynamics of the system. The qualitative relevance
of this simplified model will be validated in Section 5 by com-
paring its predictions with results from the full theory and
experiments.

The simplified theory relies on the three following simplifica-
tions: (i) we consider the low-Re, linear expression for the dis-
sipation force Fg, (ii) we neglect the minimum driving force F;,
and (iii) we neglect the gravitational force on the bolus. These
simplifications, which do not alter the qualitative relevance of the
model in describing the dynamics of the bolus, lead to the fol-
lowing differential equation:

F .
<1t0t+1bolus +§T%> w = TCF—aqul’éi’]a), (3)

where q1 = 74.18 results from a fitting of the CFD results described
in the Appendix at low Re.

The following analytical solution for the time-dependent
dynamics of the bolus can be conveniently obtained:

o) =w"(1-e"""), 4

where t is the time since the beginning of the swallow, and the
characteristic time t* and velocity w* are defined as

_ Itot +Ibolus ’H%F/g
aq,Hrgn

rcF

and w* = —
aq,Hrgn

t* ©)]

This closed form solution for the dynamics of the bolus pro-
vides us with considerable insight into the behavior of the system.
Considering Eq. (4) in the limit of small and large times leads to
two asymptotic dynamical regimes.

When t/t*<1, the solution for @ reduces to an inertial regime of
constant acceleration, governed by the total inertia of the system
and independent of the liquid viscosity:

w* rcF

e S E—
t Itot +Ibalus +r%F/g

(6)

When t/t*>1, the angular velocity @ tends to a constant value
governed by the viscosity of the liquid, defining a viscous regime:

_ TcF
aq,Hrgn

~ o* (@)

Furthermore, the oral transit time t,,q of the bolus can be
deduced from Eq. (4). Integrating the expression for w(t) with
respect to time and setting @(t = t.nq) = @eng leads to the following
equation for teng:

te_nd_’_e*[end/t* =1 +M

= O ®

This analysis reveals that the oral dynamics of the bolus is a
two-stage process consisting first of an inertial regime dominated
by total system inertia, possibly followed by a viscous regime
dominated by liquid viscosity, with t* being the characteristic
inertial-viscous transition time between the two regimes. Com-
paring the oral transit time t.,q of the bolus with this characteristic
transition time leads to a dimensionless quantity t.,q/t* that
measures the predominance of the viscous regime over the
swallow. In other words, t.,4/t* quantifies the relative importance
of viscous effects over inertial effects during the swallow i.e. the
sensitivity of the transit time to viscosity. In Section 5, we will
investigate how te,g and te,g/t* vary with the driving force and
system inertia, from which we will draw physiological conclusions.
Furthermore, the inertial and viscous regimes will allow us to
explain the behavior of shear-thinning liquids.

4. Results

4.1. Calibrating the inertia of the in vitro experiment using in vivo
observations

As mentioned in the theory section, it is quite difficult to esti-
mate the inertia of all the organs moving during swallowing, so
the approach of lumping these into an effective system inertia I,
was privileged. To this end, the bolus oral transit time predictions
of the full theoretical model were first matched with the in vivo
measurements obtained with Newtonian liquids, without resort-
ing to in vitro results. Considering driving forces around 2 N, this
procedure led to a moment of inertia I o = 1.15 - 1073 kg m2.

Fig. 3a shows that the in vitro experimental results at
Itor = 1.15 - 10~ kg m? match indeed the in vivo results in terms of
bolus exit velocities. In the figure, the circles represent the in vitro
results obtained using different driving forces and the squares
represent in vivo results. A good agreement is also observed for
bolus transit times and their sensitivity to viscosity, as shown by
the blue squares in Fig. 3b. The force range considered in this
study, namely F= 1.4-2 N, corresponds to an applied pressure of
about 10 kPa, consistent with in vivo measurements from several
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Fig. 3. Comparison between in vivo observations (blue squares) and in vitro
experiments (colored dots) using Newtonian liquids and a moment of inertia
Lot =1.15.1073 kg m2. Various driving forces are indicated using different colors
and dotted lines are used to interpolate the results from the in vitro experiments.
(a) Effect of the liquid viscosity on the velocity at the end of the oral phase v,. The
gray area indicates the range of viscosity producing uncontrolled leakage of the
bolus before the swallow is triggered. A typical snapshot of this phenomenon is
shown in the inset of the figure. (b) Effect of the liquid viscosity on the transit time
tena- (For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)
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Fig. 4. Comparison between the in vivo swallow of an aqueous molasses solution (=9 mPa s) and the artificial swallow of an aqueous glycerol solution (y=6 mPa s) using

Ior=1.15-10"2 and F=2N.

past studies (Yokoyama et al., 2014; Nicosia et al., 2000; Youmans
and Stierwalt, 2006). This in vitro configuration is therefore
selected to reproduce the in vivo observations. Other in vitro
configurations with different moments of inertia have been tested,
but they compared less favourably with in vivo observations. These
results are not included here for brevity, but will be discussed in
Section 5.

4.2. Newtonian fluids

In Fig. 4, the in vivo and the in vitro swallow of low viscosity
Newtonian liquids of similar viscosity are qualitatively compared.
It can be observed that the movement of the roller follows very
well the peristaltic action of the tongue that propels the bolus.

Fig. 3b presents the effect of liquid viscosity and applied force
on the oral transit times. As expected, the transit time increases
with the liquid viscosity. Lower driving forces lead to longer transit
times and increased sensitivity to viscosity, as demonstrated by
the higher slope of the curves. Conversely, we have also observed
(in experiments not shown here for brevity) that increasing the
system inertia also leads to longer transit times but coupled with
lower sensitivity to viscosity. These results will be interpreted in
light of the theoretical model in Section 5.

Fig. 5 compares the time evolution of the in vitro roller angular
velocity (solid lines) to predictions from the full theoretical model
for three Newtonian liquid viscosities (dotted lines), using the
parameters selected in the previous section I;or = 1.15 - 103 kg m?,
F =2 N. The agreement between experiments and theory is excel-
lent. The results obtained using TUC solutions will be discussed in
the next section.

During in vitro experiments, low viscosity Newtonian liquids
were often observed to leak ahead of the bulk of the liquid in an
uncontrolled manner, before the swallow was triggered, as
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Fig. 5. Comparison of the evolution of the angular velocity with time for different
Newtonian solutions of low to intermediate viscosity (solid lines), for TUC solutions
(dashed lines) and for 41%w/w E-Z-PAQUE (dashed dotted lines). Dotted lines show
results from the full theoretical model for comparison. For all curves I;o; =1.15 -
10~3 kg m? and F=2 N.

depicted in the inset of Fig. 3a. Interestingly, this phenomenon is
suggestive of the uncontrolled swallows observed in some dys-
phagic subjects when drinking Newtonian thin liquids.

4.3. Non-Newtonian fluids

Since most dysphagia thickeners in common use are non-
Newtonian, shear-thinning materials, it is interesting to test some
of these materials in our calibrated in vitro device. The in vitro flow
of a typical commercial thickener (TUC solutions) was therefore
compared to in vivo observations. The effects of varying the solu-
tion concentration on the transit time and on the exit velocities
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Fig. 6. Comparison between in vivo observations and in vitro results obtained with
TUC solutions, various driving forces and Irc = 1.15 - 103 kg m2. The effect of the
TUC concentration on the transit time t.,q and on the velocity at the end of the oral
phase v, is represented, respectively, in panels (a) and (b).

are summarized in Fig. 6a and b, respectively. In both figures, the
circles represent the in vitro results obtained using different
driving forces and the squares represent in vivo results. A driving
force F between 1.4 and 2 N leads to a satisfactory agreement
between in vitro and in vivo transit times and oral phase exit
velocities for TUC solutions, similar to what was obtained for
Newtonian liquids. The system inertia was maintained identical to
that for Newtonian fluids.

Following the successful comparison of in vitro and in vivo
swallows, the evolution with time of the roller angular velocity for
in vitro swallows of TUC solutions of various concentrations was
compared to Newtonian results, as shown by the dashed lines in
Fig. 5. In vitro, the TUC solutions behaved in a surprisingly similar
manner to the Newtonian liquids with low or intermediate visc-
osities, consistent with their high-shear-rate viscosity. Similar
dynamics during the in vitro swallows were observed for the two
thinnest TUC solutions. E-Z-PAQUE and TUC 2.4% flow more slowly
than these solutions, but similar to one another which is
remarkable considering the 42% higher density of E-Z-PAQUE.

Unlike thin Newtonian liquids, uncontrolled leaking before the
in vitro swallow has never been observed with shear-thinning
liquids, presumably due to their significant zero-shear viscosities.
The in vitro results suggest therefore that the main advantage of
thickeners, during the oral phase of swallowing, might be to avoid
this undesired ‘spillover’, rather than slowing down the bolus flow.
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Fig. 7. Contours of (a) teng and (b) tenq/t* calculated with the simplified model
versus system inertia and driving force, for y=0.44 Pass. t.,q represents the oral
transit time of the bolus, while t.,4/t* gives a measure of the predominance of the
viscous regime over the swallow. The range of values for I,,, and F cover the values
used in experiments.

5. Discussion
5.1. Effects of the applied force and system inertia

The effects of changing the in vitro system inertia and driving
force on transit times and their sensitivity to viscosity were eval-
uated experimentally in Section 4.2. Some, albeit not large, degree
of physiological variation of system inertia and driving force does
also occur in humans, for instance between children and adults or
as a result of surgery in the treatment of cancer. In this section, the
effect of these two parameters is thus investigated in more detail
using the theoretical model.

Fig. 7 illustrates the predictions of the simplified model
developed in Section 3.2, when varying the driving force and the
system inertia. Isolines of transit time t.,q (panel a) and transit
time normalized by the characteristic inertial-viscous transition
time t,,q/t* (panel b) are represented versus driving force and
system inertia, for an intermediate viscosity #=0.44 Pas. This
figure can be explained as follows: initially the acceleration is
relatively constant and inversely proportional to the system iner-
tia. Hence, reducing the ratio of force to inertia increases the
transit time (Fig. 7a). As the system continues to accelerate, the
mean shear rate in the fluid increases until the viscous contribu-
tion becomes significant when compared with the system inertia,
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predicted by the full theory (hollow circles) with corresponding in vitro results (full

circles) for different values of the driving force and system inertia. The average
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transit time t,,q is calculated across four Newtonian viscosities (y=0.79, 0.44,

0.053, 0.006 Pa s), and its sensitivity to viscosity is represented by the transit time

ratio t"8/tlow between the highest and lowest viscosities. Ip =2.29 - 10™* kg m?

represents the base moment of inertia of the device without the offset masses and
5Ip =1.15- 103 kg m? is equal to the calibrated value of the inertia. Iso-force and
iso-inertia curves from the full theory are also represented, using continuous lines.
In vivo results are indicated by a blue square. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this
paper.)

at which point the acceleration fades out and the bolus enters a
viscous regime of constant velocity inversely proportional to the
liquid viscosity. This time is characterized by t* as seen in Section
3.2, from which the predominance of the viscous regime over the
swallow can be measured with t,,/t*. Clearly, reducing either
system inertia or applied force will cause the transition away from
inertially dominated flow to occur at an earlier time, thus
increasing the time spent in the viscous regime hence the sensi-
tivity of the transit time to the viscosity (Fig. 7b).

The results shown in Fig. 7 from the simplified model should
only be considered qualitatively. For a quantitative comparison of
the full theoretical model from Section 3.1 with the experiments,
we show in Fig. 8 a comparison of the average bolus transit time
and its sensitivity to viscosity predicted by the full theory (hollow
circles) with corresponding in vitro results (full circles) for differ-
ent values of the driving force and system inertia. The average
transit time tang is calculated across the four Newtonian viscosities
for which we have both in vivo and in vitro results (7=0.79, 0.44,
0.053, and 0.006 Pa s), and its sensitivity to viscosity is represented
by the transit time ratio tg%' tf;"g between the highest and lowest
viscosities. This figure not only shows excellent agreement
between the full theoretical model and in vitro data, but it also
validates the qualitative relevance of the simplified model, since
the full theory shows similar trends to Fig. 7. Finally, the in vivo
results (square dot) confirm that our in vitro experiment with
calibrated inertia and physiologically sound driving force leads to
realistic transit times and sensitivity to viscosity.

5.2. Physiological implications

There are physiologically relevant conclusions to be drawn
from the understanding obtained in the previous section, since the
applied force can be attributed to tongue strength. Consequently,
individuals who have poor tongue strength are likely to experi-
ence longer transit times than those with normal tongue strength.
In addition, in those individuals the oral transit time of the bolus
will be more sensitive to its rheology, meaning that overly thick-
ened boluses are more likely to induce potentially hazardous fluid

Table 1
Power-law model parameters for the shear-thinning liquids at 22 °C.

Fluid Bwlw p (kg/m3) K (Pas™) n

E-Z-PAQUE 41 1420 1774 0.392
TUC 0.6 1000 0.328 0.463
TUC 12 1000 2.030 0.274
TUC 24 1000 9.502 0.152
TUC 3.6 1000 1235 0.188

residue and bad swallowing efficiency, as discussed in the intro-
duction and previously observed in vitro (Hayoun et al., 2015).

Another area that warrants a comment is the widespread belief
amongst clinicians that fluid density is an important parameter in
determining swallowing dynamics. Our study shows that, although
inertia is important for a significant proportion of the unsteady
swallowing flow, it is not only the fluid inertia but also the system
inertia that matters. Moreover, since I;,: ~ 10> kg m? is at least an
order of magnitude greater than Iy, ~ 2 - 10~° kg m2, we find no
evidence that changing the bolus density would have a significant
effect on swallowing, at least from the perspective of bolus pro-
pulsion in the mouth. This is confirmed by our experimental results
with E-Z-PAQUE, in which rheology is in between TUC solutions at
1.2 and 2.4%, but has 42% higher density. Despite this substantial
increase in bolus density, it shows in Fig. 5 very similar dynamics to
the TUC solutions. These observations support the use of thickeners
that match the rheological properties of contrast agents used to
diagnose dysphagia. There could be other effects that we do not
consider in the current study where fluid inertia is indeed impor-
tant. One such area could be the inertial flow of the bolus over the
epiglottis (Burbidge et al., 2016).

5.3. Behavior of shear-thinning thickeners for the treatment of
dysphagia

In vitro results from Fig. 5 have shown that TUC solutions dis-
play transit times similar to low-mid viscosity Newtonian liquids.
This behavior is now explained in light of the inertial and viscous
regimes identified by the model. At the beginning of the in vitro
swallow, system inertia dominates over viscous dissipation, hence
the high viscosity of shear-thinning thickeners at low shear rates
does not influence significantly the transit time. It is only during
the subsequent viscous regime that the viscous contribution
becomes predominant. As a result, the transit time of shear-
thinning thickeners is controlled by their high-shear-rate viscos-
ity. An estimate for the wall shear rates y experienced in the bolus
during the viscous regime can be retrieved from the oral phase
exit velocities of TUC solutions (Fig. 6b). Considering the laminar
velocity profile for a circular pipe of a shear-thinning fluid with
rheology 7 =Ky"~! and the power-law coefficients summarized in
Table 1, a wall shear rate y ~500-800s~! can be calculated for
different TUC concentrations. Fig. 2 reveals that at these shear
rates TUC solutions have an apparent viscosity equivalent to that
of low to mid viscosity Newtonian liquids, explaining why they
flow similarly.

On the other hand, the benefits of using shear-thinning liquids
in treating dysphagia become clear when considering the spillover
problem illustrated in the inset of Fig. 3a. This undesired effect was
indeed observed with Newtonian liquids of low to mid viscosity,
but never happened with TUC solutions because of their high
viscosity at low shear rate. A mechanically plausible explanation of
the swallowing performance of shear-thinning liquids is therefore
that they provide the subject with better control of the bolus
before initiating the swallow.
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6. Conclusions

In this study, an in vitro device that mimics the oral phase of
swallowing was calibrated with in vivo ultrasound observations
and enabled a mechanistic interpretation of the dynamics of the
bolus during oral swallowing. Combined with in vitro experiments,
this approach clarifies important aspects of the biomechanics of
swallowing and the role played by shear-thinning thickeners in
the treatment of dysphagia.

The motion of the bolus during the oral phase of swallowing
can be described by two distinct dynamical regimes: first, an
inertial regime of constant acceleration proportional to the applied
force and inversely proportional to system inertia, possibly fol-
lowed a viscous regime in which the viscosity governs the con-
stant velocity of the bolus. Hence, the flow of shear-thinning
thickeners is governed by their high-shear-rate viscosity, and they
indeed behave similar to low-viscosity Newtonian liquids. How-
ever, these liquids are not affected by an unwanted spillover effect
observed with thin Newtonian liquids, and as such they provide
better control of the bolus before the swallow is triggered.

Another conclusion from our study is that lower driving forces
result in longer transit times and higher sensitivity to viscosity.
From a physiological standpoint, this means that individuals with
poor tongue strength are more likely to experience longer transit
times and might be more sensitive to overly thickened boluses,
resulting in bad swallowing efficiency.

Finally, the study reveals that the effect of system inertia is
significant, hence in future research the anatomical differences
between adults and children should be quantified and inertia
differences considered when designing dysphagia thickeners. On
the other hand, the density of the bolus is shown to play a neg-
ligible role in its dynamics. This suggests that the effect of the
higher density of contrast agents can be neglected, and contrast
agent that is rheologically matched to thickener solutions presents
the same oral swallowing dynamics.

Insights provided by in vitro experiments and theory can guide
the design of novel thickener formulations and help identifying
the most promising formulations for clinical evaluations.
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