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Abstract

Food rheology is key to manage the swallowing safety of people affected by swallowing disorders (dys-
phagia). Simple approaches to assess the flow properties of texture-modified drinks are widely used, but
relatively poorly understood. This study focuses on the International Dysphagia Diet Standardisation
Initiative (IDDSI) flow test, adopted by caregivers worldwide. This test considers the gravity-driven
flow in a vertical syringe. Newtonian liquids and non-Newtonian fluids obtained using a commercial
starch-based thickener were considered in this study. An accurate theoretical description of the flow
is proposed for Newtonian and power-law fluids considering the effect of fluid properties and of the
syringe geometry. A rheological map is proposed, based on the results of several thousand simulations,
to capture quantitatively the effect of rheological properties and density on the IDDSI classification,
highlighting the important effect of the fluid density which is usually ignored. The sensitivity of the
IDDSI results with respect to the syringe outlet diameter is discussed, as well as the different average
shear rates at which different IDDSI Levels are tested. The rheological map also shows quantitatively
that different combinations of the fluid rheological properties and density can result in the same IDDSI
classification, suggesting interesting directions for future clinical research.
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1 Introduction

Gravity-driven flow tests are widely used for quality control purposes, such as the Posthumus funnel for
dairy products (Hellinga et al., 1986), the Marsh cone in civil engineering (Roussel and Le Roy, 2005),
or the flow cups in the paint industry. Gravity drives the products either through an orifice or a pipe,
depending on the device. Usually the total eflux time for a given volume to flow out of the apparatus is
measured. Such tests are popular thanks to their wide availability, the small volume of product needed
and the short testing time, making them ideal devices with good adaptability to the on-field require-
ments. Therefore, it is not surprising to see similar devices appearing in many other fields, particularly

to assess food texture at the point of consumption and manage swallowing disorders.

Dysphagia or swallowing disorders are a symptom of a wide range of conditions that can affect, in
particular, older adults. It can arise because of a lack of muscle strength involved in the swallowing
process or poor coordination, leading dysphagic patients to be unable to safely transport food products
and beverages from the mouth to the stomach. The consequences can be severe and potentially life-
threatening: aspiration of food and drinks into the airways can result in pneumonia and asphyxiation.
In addition, dysphagia can significantly impact the quality of life, causing malnutrition and dehydration

(Clavé and Shaker, 2015).

Texture modification of food and drinks effectively reduces such risks and is widely used for managing
dysphagia. Dysphagic patients often experience improved swallowing function when consuming thickened
liquids (Steele et al., 2015). However, the rheological behaviour depends on the thickener, the thickened
continuous phase, and the serving temperature, which often evolves with time. While rheometers or
viscometers could accurately quantify the flow properties, they are generally unavailable to caregivers
and medical facilities. Therefore, more straightforward, alternative approaches are used at the point of
consumption to ensure safe and effective texture modification of food and drinks for dysphagic patients.

Among them, gravity-driven flow tests are a logical choice.



The International Dysphagia Diet Standardisation Initiative (IDDSI) has developed a texture classi-
fication and the associated tests. This study focuses on the IDDSI syringe flow test, a method to assess
the IDDSI texture levels of beverages. The test involves pouring 10 millilitres of the desired drink into a
syringe without its plunger and allowing it to flow under the effect of gravity for 10 seconds. The volume
of fluid remaining in the syringe is associated with one of the IDDSI texture levels for liquids. The levels
range from thin liquids, safe only for healthy individuals, IDDSI level 0 with less than 1mL remaining
in the syringe and associated with the color white in the IDDSI representation, to thicker levels suitable
for people suffering from dysphagia of increasing severity, IDDSI levels 1, 2, and 3, with residual volume
at 10 seconds being respectively, between 1 — 4mL (grey colored), 4 — 8mL (pink colored), and 8 — 10mL
(yellow colored). The IDDSI flow test provides a simple way of characterising the texture of liquids for

dysphagic patients, which can be used by caregivers and medical facilities.

While it has proven useful in practice, it still needs to be clarified how fluid properties affect the test
outcome or if any limitations may arise (Cote et al., 2020). Hanson et al. (2019) investigated the shear
rates and stress applied to the fluids in the IDDSI syringe flow test to compare its relevance with in
vivo physiological values during the swallowing process. Using Computational Fluid Dynamics (CFD),
they could accurately describe the flow of an extensive range of rheological behaviour, namely Herschel-
Bulkley fluids, exhibiting yield stress and a power-law behaviour. CFD can indeed allow accurate results
in complex geometries, but these time-consuming simulations limit the range of parameters that can be
considered and in turn provide limited physical insight on the effect of the fluid properties on the test
result. Matsuyama et al. (2020) proposed an analytical study for Newtonian liquids, with the objective
of quantifying the effect of the syringe geometry on the test outcome. However, few food products are

Newtonian, which limits the impact of this study.

Given this context, the objective of this article is to understand the flow of Newtonian and power-law

fluids in a vertical syringe under the effect of gravity and propose a simple analytical model to study the



sensitivity of the IDDSI flow test with respect to product properties and geometrical features. Experi-
mental and modelling results were compared quantitatively and a map is proposed to capture the effect

of the rheological parameters on the IDDSI levels predicted by the syringe test.

2 Material & Methods

This study considers three different groups of fluids, namely: i) Newtonian fluids, ii) shear-thinning fluids
commonly used in the management of dysphagia and iii) mixes of the above two, to cover intermediate

rheological behaviours.

2.1 Fluid preparation

2.1.1 Newtonian solutions

Glycerol aqueous solutions (G) were chosen as Newtonian fluids. The glycerol (GLYCEROL > 99% FCC
FG W252506, Sigma-Aldrich, Saint-Louis, Missouri, USA) was mixed with deionised water at different
ratios (w/w), chosen to cover the IDDSI levels in the syringe. Each (G) solution was prepared by weigh-
ing a mass of distilled water and of glycerol using a +0.01g balance Sartorius 1475 MP8-2, (Gottingen,
Germany) and mixing them in a 200mL glass beaker with a magnetic mixer at 500rpm for 5min, except
for the highest concentration for which a rotational speed of 1000rpm was used. The latter was adapted
to obtain a good mix without adding air bubbles in the solutions at T" = 20°C. For the highest ratio of
glycerol, the two liquids were manually mixed beforehand to improve the magnetic stirrer mixing. When
the amount of glycerol increases, the solutions’ density increases, which must be considered. The density
of each sample was measured three times while performing the IDDSI syringe flow test. The difference

of mass between the full 10mL syringe and the empty syringe was recorded to obtain the density value.

A highly viscous Newtonian fluid, General Purpose Viscosity Standard (N), N4000 (VWR, Interna-
tional S.A.S, Rosny-sous-Bois, France), was also used to reach a high viscosity value and obtaining a fluid

that is not of level 3, which cannot be reached with glycerol-water solutions.



2.1.2 Non-Newtonian solutions

A commercially available starch-based thickener (TU) at different concentrations was used (Resource
Thicken-UP, Nestlé Health Science, Epalinges, Switzerland). The solutions were prepared by weighing the
mass of TU powder using a £0.001g precision balance Mettler-Toledo AE420 (Greinfensee, Switzerland),
mixed with 100g of mineral water (Vittel, Nestlé Waters, Issy-les-Moulineaux, France) in a glass beaker,
stirred for 30 seconds with a metal spatula. They were then left to rest for at least one hour. Before
each use, they were again vigorously stirred in a rotational motion with a metal spatula for 5 seconds.
The temperature was always maintained at 7" = 20°C. Adding TU to water does not significantly change
the density of the liquid. The TU solutions density was measured the same way as for the (G) solutions
and showed minimal variation. A standard value of 1000 kg - m~3 is chosen for each TU solution in the

model described later.

Ternary mixtures of the TU thickener with glycerol and water (GTU) were also prepared to address
a broader range of rheological properties. As mentioned, TU is a starch-based thickener that needs water
to hydrate and be fully functional. When a high amount of TU is dispersed in concentrated glycerol
solutions, the available water becomes limited and does not fully swell the starch granules in the TU
powder. So, the ternary solutions were prepared according to two methods, either by (i) thickening
aqueous solutions at 67% and 87% part of glycerol, with selected ratios of TU, or (ii) by diluting a highly

thickened water, containing 7.41% (w/w) of TU with different ratios of pure glycerol.

For all starch-based solutions (TU and GTU), the IDDSI flow test experiments and the rheological
measurements were performed on the same day. For the Newtonian solutions, both tests were done within

a three-day interval.

2.2 Rheological characterisation

To characterise the rheological behaviour of the fluids and extract the parameters needed for the mathe-

matical model, a MCR 702e MultiDrive (Anton Paar Gmbh, Graz, Austria) was used in rate-controlled



mode with a coaxial cylinder geometry (CC27) and a gap of lmm. For all fluids, shear rates ranging from
5 to 500s~! were considered and this range was further widened for selected fluids, when this did not

generate artefacts.

2.3 Surface tension characterisation

The surface tension was measured for the lowest concentration of each G and TU with a plate tensiometer
(Processor Tensiometer K12 Mk6, Kriiss GmbH Germany), with a plate velocity of 2mm/min and a depth
length of 2mm. With increasing concentrations of Thicken up or Glycerol, the effect of surface tension
on the flow decreases, because of the higher fluid viscosity. Surface tension for fluids above Level 2 were
not measured and assumed to be equal to the surface tension measured for lower concentrations (Level

1), accepting a small overestimation of surface tension that has little impact on the predicted flow.

2.4 Instrumented IDDSI syringe flow test

The IDDSI syringe flow test should be run with a syringe with a distance hyg = 61.5mm, between the
OmL and 10mL ticks. In this study, the BD 10mL syringe with a luer-lock tip (reference: 300912, Becton
Dickinson, Franklin Lakes, New Jersey, USA) was used, which is available in Europe and part of the
list of Becton Dickinson (BD) syringes recommended by IDDSI (IDDST). For this syringe hy = 60.7mm.
Because many dimensions were of interest for the development of the model, Table 1 encloses the relevant
dimensions, and a diagram of the syringe is provided in Figure 1a.

In this study, 15 syringes of the same reference were used and washed after each use according to the IDDSI
recommendations. Given the strong influence of the nozzle outlet radius R, on the flow (Matsuyama

et al., 2020) along the other dimensions, R,,;, was measured for each syringe and its variability is reported

in Table 1.

Table 1: Main syringe dimensions
Rpnin, [mm] Rz [mm] Ry [mm] Ly [mm)] Lo [mm) ho [mm]
0.97+£0.03 1.55+0.08 7.20 £ 0.01 9.30£0.10 3.70£0.10 60.70 +0.13
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Fig. 1: (a) Schematic representation of the syringe used in the IDDSI flow test and its key dimensions.
The initial height of the fluid in the barrel is denoted hy and the barrel inner diameter 2R;. Below the
barrel, a cone of length Lo reduces the inner diameter to 2R, .. Finally, a conical nozzle of length L,
leads to the outlet (diameter 2R, ). (b) Typical evolution with time of the volume of Newtonian liquids
in the syringe, measured experimentally. Colours indicate the IDDSI levels obtained from the residual
volume at the end of the test

A Basler black and white camera acA2440 - 75um (Ahrensburg, Germany), used at 2448x2048 pixel
resolution and 25 frames per second, recorded the flow in the syringe with an Opto-Engineering 16mm
Lens model EN5MP1616 (Mantova, Italy). The video was triggered before the start of the IDDSI test.
The image corresponding to the end of the 10s duration of the test was identified after 250 frames, cor-
responding to 10s of flow. A led panel was used to back-lit the syringe, thus providing enough contrast
for the meniscus to be detected and its position to be identified in each frame via image analysis (Figure
1b), using the ImageJ software (Schindelin et al., 2012) (Rasband, W.S., ImageJ, U. S. National Insti-
tutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018.). Each test was run in
triplicates. For each repetition, a new volume of 10mL was poured into the syringe, paying attention to
avoid bubbles. All experiments were performed at T' = 20°C.

According to the IDDSI framework for level 3 fluids, the syringe measurements should be completed
with the IDDSI fork drip test, which assesses whether the fluids flow through the prongs of a fork or hold
their shape. If it flows the fluid is a level 3, otherwise the fluid cannot be described as a Level 3 nor a

level 4.



3 Theory

3.1 Assumptions

The theory presented in this paragraph describes the gravity-driven flow of an incompressible fluid in
the syringe. The main barrel acts as a reservoir, providing a hydrostatic pressure head to the convergent
section. Over time the lowering liquid height in the barrel leads to a reduction of pressure at the entrance
of the convergent section and to a reduction of flow rate. The flow is assumed to be quasi-stationary.

The fluids considered in this study do not exhibit significant elasticity (Mackley et al., 2013). Due
to the wider diameter, the viscous dissipation in the barrel is neglected and only the dissipation in the
convergent section and in the nozzle are considered. Inertial effects and dissipation due to sharp corners
are also neglected.

Experimentally, it was observed that the more viscous fluids showed a dripping regime throughout the
syringe test. In contrast, less viscous ones initially exhibit a jet flow regime and then switch to a dripping
regime.

The importance of capillarity can be assessed by considering the Capillary number (Digilov, 2008),

namely the ratio between viscous and surface tension forces:

o R inn

Kot (3n+1\"""
Ca = =Vmin <”+ ) (1)

Where K is the consistency index, n is the flow index, v;,;, is the mean velocity in the nozzle at the outlet
radius R,,i,. The maximum value of the Capillary number is 0.32, confirming that the surface tension
effect is not negligible, and that the Laplace pressure term should be considered in the theory.

The Reynolds number for power-law fluids, is defined as (King, 2002):

2pvmianin 4n " SUmin e
= 2
Re K <3n+1> <Rmm) @)

For all fluids considered, the Reynolds number is below 360, low enough for the system to be consid-

ered laminar (Re< 2400), which confirms the assumption made in the theory. An increase in viscosity



leads to a decrease in the Reynolds number. Re is lower than 10~2 for the most viscous fluids.

The formation of droplets at the exit of the nozzle induces a curvature of the liquid’s free surface. The

surface tension is resisting the flow through a constant Laplace pressure that can be written as:

AP = 2R1iin (3)

where o is the surface tension.
As a result, the pressure head driving the flow in the convergent section can be written as the difference

between the hydrostatic pressure APy applied by the liquid in the barrel and the Laplace pressure APp:

AP = APH — APL = pg (hS (t) + L) - 2R:Zm (4)
where p is the fluid density, g is the gravitational acceleration, hs () is the fluid height in the main barrel,

and the total length of the convergent section is L = Ly + Ls.

3.2 Hagen-Poiseuille flow in the convergent section

Using the Eulerian form of the Cauchy momentum equation and considering only the gravitational forces

as volume forces, the starting equation is:

Where @ is the velocity vector, ﬁp is the pressure gradient, and 7 is the stress tensor. The nozzle can in
first approximation considered a vertical, cylindrical pipe(along the z — axis, see Figure 1a). The nozzle
radius is 7, and the no-slip boundary condition is assumed at the lateral wall.

The equation (5) is reduced to:



=Vp (6)

all

Vv -
For Newtonian fluids, 7 = 7%, with 7 the shear stress, 1 the viscosity and % the shear rate, the

Hagen-Poiseuille equation is retrieved (Sutera and Skalak, 1993):

wrt 6p

Q:ga (7)

A more accurate expression can be derived by considering the effect of the conical nozzle geometry.
The entrance and exit radius are labelled R4, and Ry,;,. The varying radius is r (2) = a + bz, where
a= Ryue and b= @ (Figure 1a).

Neglecting the radial velocities and integrating eq. 7, the Hagen-Poiseuille equivalent for the flow in a

cone-shaped pipe gives:

Q=

7Ap [ 3ba® (a + bL)?
8n \ (a+bL)* - a3

3.3 Viscous dissipation of power-law fluids in the convergent section

Power-law fluids can be described by the relation:
T=KAy" (9)

The dissipation in a conical pipe can be expressed as:

1
™ AP \n

_ 10

@ (3n+1) (ZKA) (10)

Where A = {atbL)*" —a®"_ is a shape factor calculated from the geometrical parameter a and b

3nba3" (a+bL)3"
introduced in the previous paragraph.

(a1+b1 L)3n 7(1?"

3nbrad™ (a1 +b1L)°" and

Both the conical sections at the bottom of the syringe were considered, with A, =

(a2 +bo L)Bn 70.%”
Ay = 3 3 -
3nbza3™(az+b2 L)
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™ AP n
Q=377 (2K(A1+A2)> (11)

3.4 Considering fluid acceleration when entering the convergent section

When the fluid leaves the syringe barrel, it accelerates to enter the convergent section, thereby increasing
kinetic energy at the expense of pressure head. Based on Bernouilli’s principle (Hellinga et al., 1986) the

pressure decrease caused by the acceleration throughout convergent section and the nozzle can be written

Apczlp( 9 ) (12)

as

2 ’n—Rgnzn

By combining equations 11 and 12 to write the total pressure loss AP, a non-linear equation governing

the flow in the nozzle is obtained:

n 2
2K(A1+A2)<1:;T3n62> +% <7TRQ2 > — AP (13)

min

The flow rate exiting the syringe @ is obtained by finding the root of this equation at each time step.
Due to continuity, the flow rate is conserved between the main barrel and the nozzle exit, QQ = WREUS =

TR . Vmin, and the variation with time of the fluid height A in the main barrel can be obtained:

dhs _ Q
dt 7R}

(14)

The simultaneous solution of the equations 4, 13, 14 allows computing the evolution with time of the

flow rate and of the volume in the syringe.

4 Results & Discussions

4.1 Rheological properties

The glycerol solutions are Newtonian. Increasing the glycerol concentration increases the viscosity from

0.02 to 1.31Pa.s (Table 2). The suspensions of TU in water exhibit a shear-thinning behaviour (Figure

11



2a) except for the most dilute, TU1, which shows a Newtonian behaviour. Increasing the concentration
increases viscosity, while decreasing the slope of the curve, showing that the fluids become more shear-

thinning. For the most concentrated solutions, a yield stress is observed.
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Fig. 2: Viscosity curves of : (a) the aqueous suspensions of TU (compositions indicated in Table 2) (b) the
suspensions of TU in glycerol/water solutions, the three GTU formulations are identified by the colour of
the marker: white (thickened G1), grey (thickened G6) and black (diluted TUS), see Table 2. The blue-
shaded background show the range of viscosity of the Newtonian liquids considered in the study. The
vertical solid black lines represent the shear stresses in the nozzle experienced by the fluids throughout
the test. The highest stress is labelled 719 and is caused by the hydrostatic pressure resulting from the
initial volume of 10mL of fluid in the syringe, assuming a density of 1000kg/m?. The lowest stress is
labelled 7 and corresponds to 1mL in the syringe. The intermediate vertical dotted black lines labelled
74 and 7g correspond to a volume of 4mL and 8mL in the syringe, respectively

During the test, the shear stress at the nozzle wall can be evaluated as 7, = %. For a fluid with
a density of 1000kg/m? and a surface tension of 72mN/m, considering 10mL in the syringe, the shear
stress is initially 79 = 22Pa and this is the maximum stress experienced by the liquids in the syringe flow
test. As shown by the vertical black lines in Figure 2a and Figure 2b, in the range of stresses between 7
and 719, the viscosity can be described well by the power-law model during the flow in the syringe, with
no need to consider more complex models, such as the Herschel-Bulkley model. Furthermore, additional

measurements were performed on the three highest concentrations of TU, namely TU6, TU7 and TUS to

reach lower shear rates and extract more accurately a yield stress from the flow curves. TU8 shows the

12



highest yield stress 79, rys = 5.2Pa, but this is significantly lower than 7i9. This confirms that all fluids
are flowing and the power-law model can be applied.

All ternary mixtures of water, glycerol and Thicken-Up show shear-thinning behaviour (Figure 2b)
with higher values of n than for the binary TU water systems and similar K values (Table 2). The G6TU
solutions (Figure 2b, black triangles) are less shear-thinning than the G1TU (Figure 2b, white triangles)

solutions and the TU7TG (Figure 2b, grey triangles). The last two have an equivalent range of K and n.

4.2 Experimental results and comparison with the theory
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Fig. 3: Evolution with time of the volume left in the syringe for (a) the different Newtonian fluids (b)
the different TU solutions considered. The marks show the experimental measurements, while the dashed
lines show the theoretical predictions. The colours reflect the IDDSI levels. The markers of Level 0 liquids,
leaving less than 1mL in the syringe are coloured in white, Level 1 liquids in grey, Level 2 in pink, Level
3 in yellow

Pure glycerol is classified as IDDSI level 3 and glycerol-water solutions from level 0 to level 3. Some
TU, GTU and N solutions show almost no flow with only one or two droplets during the total testing
time of 10 seconds, they cannot be identified as level 3. Following the IDDSI approach, fluids classified
as IDDSI Level 3 pass also the fork drip test. Overall, the GTU suspensions show higher IDDSI levels
than TU due to the higher viscosity of the continuum phase. The non-Newtonian TU solutions exhibit

level 0 to level 3 IDDSI levels. Increasing the glycerol or thickener concentration leads to higher viscosity,

13



Table 2: Properties of the fluids, columns: composition, IDDSI level, density, rheological parameters (K and n), surface
tension. Rows: glycerol/water solutions (G), viscosity standard N4000 (N), Thicken-Up in water (TU) and ternary systems
glycerol/water/TU (GTU). ®The surface tension of these fluids has not been measured and is only estimated (see Section 2.3).
bFor these fluids, it is assumed that n = 1

VI

Code sample  Glycerol [% w/w]  Thicken-Up [% w/w] IDDSI Level p[kg.m™3] K]Pa.s" n o [mN.m™1]
G1 67.0 - 0 1160 =4 0.020 £ 0.001 1.00° 67.6 0.1
G2 71.0 - 1 1169 £ 7 0.027 £ 0.001 1.00° 67.1+0.2
G3 75.0 - 1 1191 +1 0.037 £ 0.001 1.00b 66.7 + 0.4
G4 79.0 - 1 1188 +£3 0.055 £ 0.001 1.00b 67.4+0.3
G G5 83.0 - 2 1210+ 3 0.089 £ 0.001 1.00b 67.4 £ 0.3%
G6 87.0 - 2 1215+ 4 0.156 £ 0.002 1.00b 67.4 +0.3%
G7 91.0 - 2 1226 £ 1 0.287 £ 0.003 1.00° 67.4 +0.3%
G8 95.0 - 3 1243 £ 2 0.588 + 0.004 1.00° 67.4 +0.3
G9 99.0 - 3 1250 £ 2 1.293 £0.025 1.00° 67.4 0.3
N N1 - - 4 886 14.026 £ 0.658 1.00% 67.4 £0.3%
TU1 - 2.20 0 1005 £ 8 0.005 £ 0.001 1.00b 63.7+ 1.6
TU2 - 3.27 0 1002 £ 4 0.040 + 0.001 0.82 £0.003 57.8+1.9
TU3 - 4.03 1 1006 £ 10 0.477 £ 0.039 0.58 +0.02 57.8+1.9¢
TU TU4 - 4.31 2 1011 £ 10 0.978 £0.118 0.53 +0.02 57.8+£1.9¢
TUS - 4.76 2 1009 £ 1 1.871+£0.324 0.49 4+ 0.02 57.8+1.9%
TU6 - 5.04 3 1010 £ 4 5.582 + 0.909 0.38 £0.03 57.8+1.9¢
TU7 - 6.32 4 1012 £5 17.539 £ 2.985 0.36 £0.04 57.8+£1.9¢
TU8 - 7.41 4 1008 £ 4 45.642 4+ 2.396 0.35+0.01 57.8+£1.9%
G1TU1 65.5 2.20 2 1169 £ 3 0.191 £ 0.036 0.84 +£0.03 72.0°
G1TU2 64.8 3.27 3 1169 £ 9 2.239 +0.051 0.60 = 0.01 72.0°
G1TU3 64.3 4.03 3 1167 £ 4 4.397 +0.210 0.57 £0.01 72.0°
G1TU4 64.1 4.31 3 1170 £ 8 5.712 + 0.224 0.54 +£0.01 72.0*
G1TU5S 63.6 5.03 4 1161+ 7 15.928 + 1.883 0.47 +0.02 72.0°
GTU G6TU1 85.0 2.20 3 1226 £ 10 0.861 £ 0.063 0.86 £0.01 72.0°
G6TU2 84.2 3.27 3 1234 £+ 29 5.384 + 0.255 0.714+0.01 72.0°
G6TU3 83.4 4.03 3 1217+ 1 9.076 + 0.400 0.67 £0.01 72.0°
TU8G1 30.0 5.19 3 1098 £ 8 10.575 £ 2.062 0.40 £ 0.01 72.0°
TU8G2 20.0 5.93 4 1054 £+ 2 19.473 £ 0.283 0.40 +£0.01 72.0°




consistency index and to lower flow index. Accordingly, these fluids are classified as increasing IDDSI
levels (Table 2), i.e. the residual volume left at 10 seconds increases. Therefore, the syringe flow test does
not discriminate Newtonian and power-law fluids and assigns them to the same IDDSI level. For instance,
the G9 and TUG6 solutions are of level 3, but one is Newtonian, and the other exhibits a highly shear
thinning behaviour with n = 0.38. It is still unknown whether fluids with different rheological properties
but with same IDDSI level behave similarly in vivo during swallowing.

The model follows very well the syringe flow dynamics for Newtonian and power-law fluids, as Figures
3a and 3b show, except for the low glycerol concentrations, where a good prediction of the volume left
at 10 semiconds is obtained but a less satisfactory description of the whole dynamic than with the other
concentrations. Looking at the entire dynamics (Figure 3), the flow of fluids classified as levels 1, 2 and 3
is in excellent agreement with the theory throughout the tests. The results obtained with the GTU fluids
show an excellent agreement too and are reported in Supplementary Figure 8, for sake of brevity.

The theoretical predictions of the volume left at 10s, obtained without any fitting parameters, are
in excellent agreement with the experimental measurements (Figure 4). The theory only slightly over-
estimates the residues left by the TU2 at IDDSI level 0. However, this can be considered as a minor
limitation, since such low-viscosity beverages are not suitable for managing swallowing disorders. Such
small overestimation may be linked to an overestimation of the surface tension effect in the model.
Overall, the experimental results and the theory are in good agreement. Thanks to the relative simplic-
ity of the model (compared, for instance, to CFD simulations performed by Hanson et al. (2019)), it can
be used to study the effect of fluid properties and geometrical parameters on the results of the IDDSI
Syringe Flow Test systematically, as long as a power-law model can describe them and that they do not
exhibit strong elastic properties (Mackley et al., 2013). Once validated against the experimental data for
an extensive range of K and n values with the selection of G, TU and GTU solutions and identified its

limitations, our model can now be used to simulate the test outcomes for any virtual power-law fluids.
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Fig. 4: Volume left in the syringe at 10s: comparison of the theoretical predictions with the experimental
measurements. The colours reflect the IDDSI levels. The markers of Level 0 liquids, leaving less than 1mL
in the syringe are coloured in white, Level 1 liquids in grey, Level 2 in pink, Level 3 in yellow. The y = x
straight line captures the data with R2 = 0.997. NB: for some points, the error bars are smaller than the
size of the markers

4.3 Effect of the fluid rheology on the syringe test: a rheological map

The accuracy and low computational cost of the proposed model enabled the systematic simulation of
the IDDSI syringe flow test for a wide range of rheological parameters K and n. The results of ten
thousand simulations are condensed in the rheological map proposed in Figure 5. Colours indicate the
IDDSI levels predicted by the model for a given combination of K and n. At higher K, the fluids are
thicker, while at lower n, they are more shear-thinning. The vertical dashed blue line, where n = 1,
represents Newtonian fluids. The map was obtained considering (i) water density p = 1000kg.m =3, (ii)
water surface tension oypqter = 72mN.m~! and (iii) an outlet radius of R,,;n, = lmm. As seen in section
4.1, several suspensions of GTU and TU behave similarly as they are located close to each other on the
map. GTU suspensions exhibit an intermediate behaviour, having higher flow index than TU suspen-

sions. Experimental results are also presented with coloured symbols in Figure 5, which confirms overall
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the excellent agreement already discussed in Figure 4. However, among the Newtonian liquids, some level
(colour) mismatch appear. These differences can be explained by the density of the glycerol solutions
that is significantly higher than the density of 1000kg.m =3 considered in the simulations used to draw the

rheological map. The effect of fluid density on the rheological map will be discussed later in the article.
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Fig. 5: Rheological map describing the IDDSI levels for a range of the fluid rheological parameters
K and n. The regions coloured according to the IDDSI levels are predicted theoretically considering
p = 1000kg.m ™3, dpater = 72mN.m~1d and R,,;,, = 1lmm. The vertical dotted line (n = 1) represents the
Newtonian fluids, and the dash-dotted lines are the intermediate volumes within each IDDSI levels. The
experimental results are also coloured according to the experimental IDDSI level. The markers of Level 0
liquids, leaving less than 1mL in the syringe are coloured in white, Level 1 liquids in grey, Level 2 in pink,
Level 3 in yellow. The shape of the mark depends on the type of fluid. The density of the Newtonian fluids
used in the experiments differs from p = 1000kg.m 3, which explains some small differences between the
level predicted by theory and experiments

This map represents visually the rheological borders between each IDDSI level and their dependency
on K and n. Within each region, dotted boundaries are also drawn for intermediate residual volumes

(2mL,3mL,5mL,etc.). These boundaries turns out to be rather straight. As shown by Wagner et al.
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(2017), a straight line in such diagram corresponds to a constant shear viscosity and shear rate. By
fitting a straight line for each mean volume, i.e. respectively 2.5mL, 6mL and 9mL for level 1, 2, 3,
relevant mean shear rate were obtained for IDDSI levels 1, 2 and 3: 213 57!, 330 s~ !, 53 s~!. The mean
shear rate depends therefore on the IDDSI level, which is a direct consequence of the imposed stress
nature of the syringe test. Hence, the syringe test results cannot be related to the fluid viscosity at any

specific shear rate, unlike it was proposed by Matsuyama et al. (2020).

As the IDDSI level increases, the borders become less dependent on the flow index n and more hori-
zontal. Indeed, when a fluid is very viscous, the initial shear stress applied by the hydrostatic pressure
induces only a very low average shear rate. Hence, the slope of the upper border of Level 2 is low.
Another interesting piece of information is the relative areas occupied by each IDDSI level in the rheo-
logical map. The biggest regions are level 0 and the area above level 3, due to finite scale effects: on one
side the initial volume is fixed (10mL), on the other side the test duration is also fixed (10s). Focusing on
a single level, i.e. level 3, it can be noticed that a level 3 fluid can either be a thick Newtonian fluid like
pure glycerol and a viscosity of approximately 1 Pa.s, or a much thicker TU suspension, with an order
of magnitude higher viscosity at 7 = 1s~!, but strongly shear-thinning. To the authors’ knowledge, the
equivalence of these extremely different rheological properties have never been investigated in vivo and

these results could become a source of inspiration for new clinical trials.

4.4 Effect of the fluid density on the syringe test

The results presented in the previous paragraph showed that the rheological properties have a strong
impact on the test outcomes, but the rheological map and the borders between IDDSI levels are also
influenced by the fluid density. Some Newtonian fluids, with higher density appeared as outliers in Figure
5, as shown by the color mismatch with the theoretical regions obtained considering a fluid density

p = 1000 kg.m 3. Figure 6a shows the rheological map of Figure 5 re-scaled by dividing K by the density
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p and considering thus the kinematic viscosity, consistently with the gravity-driven nature of the test. This

re-scaled rheological map captures perfectly all experimental results and the effect of product densities.

/

|
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Fig. 6: (a) Rheological map presented in Figure 5 re-scaled by the density p. The markers of Level 0
liquids, leaving less than 1mL in the syringe are coloured in white, Level 1 liquids in grey, Level 2 in
pink, Level 3 in yellow. (b) The borders of the re-scaled rheological map are not significantly affected by
a 20% or 40% increase in fluid density, confirming that the syringe flow test is governed by the kinematic
viscosity

To test further the robustness of this re-scaling, simulations were conducted increasing fluid density to
p = 1200 kg.m 3 and p = 1400 kg.m 3. The results are reported in Figure 6b. A good superposition of
the borders is observed for all densities and rheological parameters, suggesting that the IDDSI Flow Test
is governed by the kinematic viscosity v = 7/p, rather than the dynamic viscosity 1. Small difference in
the position of the boundary between Level 0 and Level 1 are probably due to the increasing effect of the
Laplace counter-pressure for low viscosity and low density fluids. Understanding the important role that
fluid density plays in the IDDSI flow test is particularly important, when using high density radio-opaque
contrast agents to diagnose swallowing disorders, since texture prescription should consider the effect of

density changes.
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Fig. 7: Effect of a 10% variation of the outlet radius on the borders (solid lines) of the rheological map
presented in Figure 5. The grey lines represent the boundary between level 0 and level 1, the pink between
level 1 and level 2, yellow between level 2 and level 3, while the green ones represent the upper limits of
level 3.

4.5 Effect of the nozzle radius on the syringe test

The sensitivity on the nozzle radius was also investigated, considering a 10% variation, i.e. R, = 0.9mm,
and R,,;; = 1.Imm. As shown in Figure 7, a larger radius leads to lower dissipation and faster flow,
which raises the borders of the levels in the rheological map. A wider radius reduces also the Laplace
counterpressure, further accelerating the flow. The effect of nozzle radius on viscous dissipation is very
strong (4th power for Newtonian fluids) and this dimension should be controlled precisely across syringes

to guarantee a consistent IDDSI classification.

5 Conclusion

This study sheds new light on the effect of fluid properties on the gravity driven flow in a vertical syringe,

widely used for the IDDSI classification of texture modified beverages to manage swallowing disorders.
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Experimental observations confirm that the syringe test does not discriminate between Newtonian and
non-Newtonian fluids and that several fluids with different rheological properties are classified in the same
way. Fluid density has also an important effect of the classification. The theory developed in this study
offers excellent predictions of the remaining volumes in the syringe after 10 seconds, for a wide range of
power law fluids and describes well the dynamics, confirming the relevance of the different assumptions
made.

The theory was used to propose an original rheological map linking the IDDSI levels to the rheological
properties and the density of the fluid. The flow and the test outcome are sensitive to the fluid density
and to nozzle geometry, particularly for low viscosity fluids. It is also demonstrated that different IDDSI
levels are effectively flowing at different average shear rates in the nozzle. This suggests that the common
attempt to relate the syringe flow and the viscosity at 50s~! lacks of relevance.

An important impact of the results presented in this study is to increase awareness that the IDDSI
flow test is driven by the kinematic, rather than the dynamic viscosity. Fluids with very similar dynamic
viscosity, but significantly different densities may be classified differently. This study will also hopefully
inspire new clinical trials to confirm that Newtonian and non-Newtonian fluids classified similarly in the
IDDSI flow test, do indeed flow similarly during human swallowing. According to the authors’ knowledge
such clinical evidence is not yet available. Should clinical results suggest that the syringe test needs to be
improved, the theory developed in this study could be used to devise improved testing procedures. Inter-
esting directions for future research comprise the extension of this study to viscoplastic and viscoelastic

fluids.
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A Appendix

Starting from equation 7, AP is isolated and both sides of the equation are integrated.
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Finally, expressing @ leads to equation 8.

B Supplementary figures
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Fig. 8: Evolution with time of the volume left in the syringe for the different GTU solutions considered
(presented in Table 2). The marks show the experimental measurements, while the dashed lines show the
theoretical predictions. The colours reflect the IDDSI level. A liquid leaving between 0-1mL in the syringe
is of level 0 and colored in white, 1-4ml level 1 in grey, 4-8mL level 2 in pink, and 8-10mL level 3 in yellow
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