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Abstract The objective of this study was to examine the

relationships among three categories of measurements

(rheological, sensory texture, and swallowing pressure)

from fluids thickened to two different viscosities with 15

different hydrocolloids. Fluids at viscosities of 300 and

1500 cP (at 30 s-1) were targeted because these are the

viscosities corresponding to the barium standards used in

radiographic dysphagia diagnosis. Within the low viscosity

(nectar) fluids (300 cP), the sensory properties thickness,

stickiness, adhesiveness, mouth coating, and number of

swallows were highly positively correlated with each other

and highly positively correlated with the flow behavior

index, n value (an indicator of shear-thinning behavior).

Within the higher viscosity (thin honey) fluids (1500 cP),

the sensory textures of adhesiveness, stickiness, mouth

coating, and number of swallows correlated positively with

rheological measures of n value. Swallowing pressures

measured in the anterior oral cavity correlated negatively

with the consistency coefficient k [shear stress/(shear

rate)n]. Samples that were more shear thinning (lower

n values, higher k values) were generally perceived as less

thick, with less adhesive properties (stickiness, adhesive-

ness, mouthcoating, and number of swallows). This infor-

mation can be useful for selecting thickeners for people

with dysphagia. A desirable thickener for many dysphagic

patients would be one that allowed for a safe swallow by

being viscous enough to reduce airway penetration, yet

pleasant to drink, having the minimal perceived thickness

and mouthcoating associated with greater shear thinning.

Keywords Fluid rheology � Swallowing pressure �
Thickness � Mouthcoating � Sensory evaluation � Flow
behavior

Introduction

The lifetime prevalence of a swallowing disorder is 38 %

[1]. Without effective diagnosis and treatment, dysphagia

can lead to dehydration, malnutrition, reduced rehabilita-

tive potential after injury or illness, pulmonary complica-

tions related to chronic aspiration, associated reductions in

quality of life [2–5], and even death.

Dysphagia can result in choking or aspiration when

swallowing thin liquids, semi-solid, or solid foods. Because

of the risk of aspiration, fluid intake may be curtailed,

leading to inadequate hydration of patients with impaired

swallowing [6, 7]. Modifications to the texture of liquids,

such as increase in the viscosity, have been used to pro-

mote safe swallowing [8–10]. By thickening liquids,

oropharyngeal transit time is increased, and a more cohe-

sive bolus is created, thus compensating somewhat for the

swallowing deficit [11, 12]. Commercial thickening agents
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are often used because of ease of preparation, convenience,

reasonable cost, and the suspending ability of the thickened

beverages [9, 10].

Rheology

The majority of thickened beverages are non-Newtonian

[13], and thus exhibit both viscous and elastic properties.

The rheological behavior of these fluids depends on the

shear rate. The viscosity of non-Newtonian fluids is

expressed as apparent viscosity (ga), defined as the ratio of

shear rate to shear stress, specified for a given shear rate.

However, the shear rate appropriate for swallowing is still

the subject of debate.

In an effort to standardize thickened beverages used in the

treatment and/or management of dysphagia, the National

Dysphagia Diet Task Force set forth the following suggested

categories to describe viscosities based on instrumental

viscosity ranges as thin (1–50 cP), nectar-like/syrup-like

(51–350 cP), thin honey-like (351–1750 cP), and pudding-

like/spoon-thick ([1750 cP), measured at 50 s-1 and 25 �C.
A shear rate of 50 s-1 was chosen by the task force, based on

the average shear rate suggested byWood [14] for the human

swallow. This shear rate was intended as a starting point for

the creation of national standards for dysphagic patients; the

marker will undoubtedly be changed as more research is

accumulated [15]. Disparities between the rheology of

prethickened treatment fluids and diagnostic fluids are an

ongoing concern in the treatment or management of dys-

phagia [16–18] (Ould Eleya and Gunasekaran [16]; Payne

[17]; Brito-de la Fuente, 1[8]), with the standards being

designed to target apparent viscosity at a shear rate of 30 s-1,

rather than 50 s-1.

Shear-thinning fluids are those where ga decreases as

shear rate increases. The power law model describes shear-

thinning behavior:

r ¼ K _cn; ð1Þ

where r is the shear stress in Pa, K is the consistency

coefficient at a shear rate of 1 s-1, _cn is shear rate (s-1),

and the exponent n is the dimensionless flow behavior

index which reflects closeness to Newtonian flow. The

farther that n departs from one, the greater is the deviation

from Newtonian flow. Fluids having flow index values less

than 1.0 show shear-thinning properties, i.e., lower the

value of n, the greater the shear-thinning behavior. The

apparent viscosity of shear-thinning fluids will decrease as

the shear rate increases, at constant shear stress. The con-

sistency coefficient (K) is an indication of the relationship

between the shear stress and shear rate. A higher consis-

tency coefficient indicates that a greater shear stress must

be applied to a fluid to effect the same change in shear rate

[19].

The Herschel–Bulkley model is a modification of the

power law model that includes yield stress

r ¼ ro þ K _cn ð2Þ

where ro is the yield stress in Pa. Yield stress is the min-

imum shear stress that needs to be exerted on a fluid to

initiate flow. Below the yield stress, a fluid exhibits solid-

like behavior [20]. When yield stress is zero, the equation

simplifies to the power law model. While the concept of

yield stress is the subject of some debate, it may be a useful

parameter in the development of thickened fluids for the

treatment of dysphagia. Since fluids with a higher yield

stress require a greater force to initiate flow, this may

facilitate manipulation of the bolus, initiating the pharyn-

geal swallow, as well as impact sensory perception of

thickness.

Sensory Evaluation of Liquids

Sensory evaluation of texture is a highly dynamic process

because the physical properties of foods change continu-

ously when they are manipulated in the mouth. Not even

the most sophisticated piece of machinery, whether it be a

texture analyzer or a viscometer, has been able to repro-

duce accurately and comprehensively all the events that

take place in the mouth upon ingestion of a food or bev-

erage [21].

Oral processing of a thickened beverage involves three

different stages: initial introduction into the mouth,

manipulation in the mouth, and swallowing. When a

thickened beverage is introduced into the mouth, it is first

positioned and pressed against the palate by the tongue.

The filiform papillae, which coat the dorsal surface of the

tongue but do not contain any taste buds, are responsible

for keeping the food in place on the tongue. Foods are

moistened by saliva and hence subjected to changes in

texture. Saliva mixes with the thickened beverage (acting

as a diluent and lubricant), and the tongue muscles move

the food toward the throat. The bolus is monitored for its

readiness for swallowing by evaluating its texture and

finally swallowed, with the help of muscles in the pharynx

and upper esophagus [22].

Matta et al. [5] used a modified texture profile method to

describe the sensory characteristics of beverages prepared

with commercial thickeners used for dysphagia diets. They

found that starch-based thickeners imparted a grainy tex-

ture, gum-based thickeners imparted a higher ‘‘slickness’’,

and thickness generally was higher in beverages prepared

with starch-based thickeners.

Although mouthcoating has received far less academic

attention compared to thickness, Carvalho-da-Silva et al.

[23] have shown that higher ratings of mouthcoating (from

chocolate) were associated with longer in-mouth residence
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time and a greater number of swallows needed to clear the

mouth. Thus, fluids that exhibit higher mouthcoating may

increase the amount of time and effort needed for dys-

phagic patients to swallow them.

Relationships Among Rheological, Sensory,

and Instrumental Measurements

The rheological properties are important determinants of

the sensory assessment of fluid and semi-solid foods.

Szczesniak [24] observed that sensory viscosity showed a

curvilinear relation with the instrumental viscosity—the

sensory viscosity increased more per unit of instrumental

viscosity at high levels of instrumental viscosity than at

low levels of instrumental viscosity. Adhesiveness

increased linearly with an in increase in instrumental

adhesiveness. Kokini et al. [25] found that sensory thick-

ness was related to the viscous force between the tongue

and the roof of the mouth and that sensory slipperiness was

related to the reciprocal of the average of viscous and

frictional forces. Aime et al. [26] found that mouthcoating

was positively correlated with apparent viscosity and the

consistency coefficient. Carvalho-da-Silva et al. [27] found

that greater mouthcoating of chocolate was associated with

a higher coefficient of friction in the range of sliding speeds

occurring in the mouth.

Swallowing Biomechanics

Tongue activity plays a crucial role in both oral and pha-

ryngeal phases of swallowing. This tongue activity has

traditionally been quantified by recording swallowing

pressures at three lingual sites (tip, blade, and dorsum) as

the tongue hits the palate of the mouth during swallowing

[28]. Increased bolus thickness has consistently increased

lingual swallowing pressure [29–32]. However, the

biomechanics of thickened beverage swallowing may be

related to instrumental parameters other than apparent

viscosity. Sensory textural attributes, such as thickness,

adhesiveness, slipperiness, and mouthcoating may also

contribute to the swallowing biomechanics.

Objective

The objective of this study was to examine the relation-

ships among three categories of measurements (rheologi-

cal, sensory texture, and swallowing pressure) from fluids

thickened to two different viscosities. Fluids with apparent

viscosities of 300 ± 30 cP (nectar) and 1500 ± 100 cP

(thin honey) at 30 s-1 (Bracco Diagnostics, Inc.) were

targeted because these are the viscosities corresponding to

the bariums used most commonly in radiographic

dysphagia diagnosis in the U.S. Fifteen different hydro-

colloids were selected as thickeners, each used to produce

nectar and thin honey consistencies. These thickeners were

selected to represent a wide range of hydrocolloid cate-

gories, rheological properties, and sensory attributes.

Materials and Methods

Samples

The 15 thickeners listed in Table 1 were used to prepare 30

thickened beverages at nectar and thin honey viscosities.

These beverages adhered to the apparent viscosities for

nectar- and thin honey-like viscosities, i.e., g = 300 ±

30 cP for nectars and g = 1500 ± 100 cP for thin honeys

at 22 �C, except that apparent viscosity was measured at a

shear rate of 30 s-1 to match the diagnostic standards

against which they were compared. (Additional informa-

tion about these thickeners and fluid preparation is avail-

able in Supplemental Tables S1 and S2.)

All beverages were water based and made with a base

liquid. The base liquid was sweetened with 3 % (w/w)

sucrose, and pH was adjusted to approximately

4.45 ± 0.03 using citric acid (Tate & Lyle, Decatur, IL)

and sodium citrate (Tate & Lyle), each added at approxi-

mately 0.1 %. Prepared samples were flavored using

lemonade type flavor 645081 (Givaudan Flavors Corp.,

Cincinnati, OH).

Thickeners were mixed into the base liquid using a

rotational mixer (Controller: Master Servodyne Controller,

Cole Palmer Instrument Co., Chicago, IL; Rotational head:

Model E650, 1/16–3/8 in CAP, 3/8–24 THD, Robbins

Meyers Electro-craft, Hopkins, MN) equipped with a

12 9 5/16 in diameter stainless steel impeller shaft (Model

A712, Caframo, Wiarton ON, Canada) and a 1.5 in stain-

less steel blade (Caframo).

The lemon flavor was added at 0.24 ± 0.01 % (v/w) of

the final beverage to account for the differences in amount

of thickener in each beverage. Some beverages had more

complex manufacturing steps beyond thickener addition

and mixing, such as extra ingredient addition or heating.

For most beverages, the lemon flavor was added to the base

liquid before the thickener, except the ones that were

heated. A Corning stirrer-hot plate (Model PC-420, Corn-

ing Incorporated Life Sciences, Lowell, MA) was used for

heating beverages. All beverages were stored in the

refrigerator after they were made and for at least 24 h

before testing the rheological properties. Prior to rheolog-

ical profiling, densities of the fluids at 22 �C were mea-

sured using an 11.5 ml pycnometer (WU-38001-00, Cole-

Parmer, Vernon Hills, IL).
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Rheological Profiling

Apparent viscosities of the fluids manufactured for the

sensory analysis were confirmed using Brookfield Ultra III

HA and RV rheometers (Brookfield Engineering Labs,

Middleboro, MA). Apparent viscosities of the fluids

(30 s-1, 22 �C) fell within the prescribed parameters for

nectars (300 ± 30 cP) or thin honey (1500 ± 100 cP)

prior to sending the samples for sensory testing.

Full rheological testing was performed on the samples

using a Discovery HR-3 rheometer (TA Instruments, New

Castle, DE). Flow curves were determined using logarith-

mically stepped shear rates from 10,000 to 1 s-1. Apparent

viscosity (30 s-1, 22 �C), flow index (n), consistency

coefficient (K), and yield stress (ro) were determined for all

fluids by fitting to power law and Hershel–Bulkley models

using TRIOS software. All samples were analyzed in

triplicate.

Sensory Profiling

Subjects

Twenty-four subjects (6 males, 18 females) aged 19–58

with a median age of 26, were recruited from the Univer-

sity of Minnesota using an email screener. Subjects having

a swallowing disorder or treatment thereof and/or any food

allergies were excluded. Subjects were paid a cash incen-

tive for their participation. The University of Minnesota

Institutional Review Board approved this study.

Training Session

Individual beverage samples of 28 ml were removed from

the refrigerator an hour before serving and served at room

temperature in 60 ml Solo� cups labeled with random,

3-digit codes. New codes were generated for each test

session.

Panelists attended one training session during the first

week of the study. At the beginning of the session, they

were provided with a lexicon that was based on the texture

lexicon by Hootman [33]. This was modified with panelists

input to describe relevant differences among the 30

products.

During the training session, each panelist was provided

with a subset of ten different thickened beverages chosen

as they best represented the entire set of 30 beverages in

terms of thickness and mouthcoating, and included all

chemical categories of thickeners. The different sensory

attributes were illustrated by selecting samples from this

set that varied perceivably in each sensory attribute.

Panelists were asked to plug their nose using nose clips

while rating tastes to avoid aromas. The remaining sensory

attributes had to be rated without the nose clips. All flavors

besides lemon flavor were to be considered together and

rated on a scale for ‘Other Flavor.’ Panelists were also

given instruction on how to rate the different textural

attributes (i.e., thickness, adhesiveness, stickiness, slip-

periness, and mouthcoating) (Table 2).

The panelists also learned a standardized sampling

method to minimize variability in delivery as well as

Table 1 Thickeners used for beverages

Hydrocolloid Variation Trade name

Agar Gelidium/Gracilaria blend Food Quick Soluble Agar - Quick Gelagar - QT30

Alginates Sodium alginate SatialgineTM S 1100

Carrageenans Iota (i) carrageenan Viscarin� SD 389

Cellulosics Cellulose gum TIC Pretested� Ticaloid� EZ-1900 Powder

Methylcellulose TIC Pretested� Ticacel� LV Powder

Microcrystalline cellulose Avicel� AC 4125

Gums Guar gum Guar Gum FG6070

Konjac gum TIC Pretested� Ticagel� Konjac HV-D

Tara gum TIC Pretested� Tara Gum 100

Xanthan gum TIC Pretested� Pre-Hydrated� Ticaxan� Rapid-3 Powder

Proteins Calcium caseinate Ca. cas Spray

Pectins High methoxyl pectin UnipectineTM AYD 258

Low methoxyl pectin Coyote Brand Pectin LM 0929

Starches Waxy rice starch Remyline XS-B - Extra stable waxy rice starch

Acetylated waxy maize distarch phosphate Stabitex - InstantTM 12625

(see Supplemental Table S1 for additional details on manufacturers; see supplemental table S2 for details on preparing the beverages)
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perception of the sensory attributes. The standardized

sampling method ensured that each panelist evaluated the

same amount of each sample. The standardized method

required that they first gently stir the sample 30 times with

a plastic spoon (Bakers and ChefsTM Plastic Spoons,

Bentonville, Arkansas) in order to mimic the stirring done

before instrumental measurements were taken. Panelists

were prompted to do this for each beverage during the

training and test sessions by computerized instructions.

Panelists then filled the spoon full with the sample, leveled

it off if necessary with a plastic coffee stirrer (PropakTM

Coffee/Bar Stirrers), placed the nose clips on, put the

spoonful of sample in their mouth, evaluated the sample for

sweet, sour, and bitter tastes, removed the nose clips, and

evaluated the sample for lemon and other flavor. (We had

panelists rate these attributes to prevent them from

‘dumping’ these sensations into ratings of the texture

attributes.) Panelists were permitted to expectorate this first

spoonful of sample after evaluating it. Then, they con-

sumed a second spoonful of the same sample and evaluated

thickness, adhesiveness, stickiness, and slipperiness before

swallowing. Mouthcoating and number of swallows

required to cleanse the palate were evaluated after the

second spoonful was swallowed.

Test Sessions

The 7 test sessions were divided into 4 sensory evaluation

sessions, 1 lingual pressure measurement session, and 2

residual mouthcoating measurement sessions.

Sensory Evaluation Sessions Panelists typically attended

four sensory evaluation sessions during two consecutive

weeks. The set of 30 thickened beverages was randomly

divided into 2 groups of 15 beverages. The same 15 bev-

erages were served to all panelists at each session. The

position in which each of these 15 beverages was served at

each session was determined by a design for 15 treatments

in 2 blocks balanced for the effect of order of presentation

and first-order carry-over effects [34]. Panelists sampled

the complete set of 30 beverages in the first week (i.e., 15

beverages during session 1 and the remaining 15 during

session 2). Similarly, all 30 beverages were sampled again

through the second week.

The panelists tasted each beverage using the standard-

ized sampling method described in the training session. At

each session, the panelists rated each beverage for taste—

sweet, sour, and bitter; flavor—lemon and other; and tex-

ture—thickness, adhesiveness, stickiness, slipperiness,

mouthcoating, and the number of swallows required to

clear the palate. Ratings for all these sensory attributes

were collected on 15-point numerical category scale, with

end-points of 0 and 15. The scale had tick marks labeled

with numbers at regular intervals of 1 unit. Panelists could

choose any point on the scale from 0 to 15, with end

anchors ‘‘none’’ and ‘‘intense.’’ Panelists also recorded the

number of swallows required to cleanse the palate after the

thickened beverage was swallowed. The first swallow was

not included in this rating. Twenty-two panelists completed

all 4 sensory evaluation sessions.

Lingual Pressure Measurement Session Panelists atten-

ded one swallowing pressure measurement session. A

3-bulb array was inserted into their buccal cavity and

bonded to their palate using StomahesiveTM (ConvaTec,

USA) (Fig. 1). This bulb array was connected to a

KayPentax Swallowing Workstation that recorded the

pressure (mm Hg) exerted by the tongue on each pressure

bulb as the panelist swallowed the sample. The panelists

were fed a leveled spoonful of each of the complete set of

30 thickened beverages and asked to swallow the sample in

a single swallow. The order in which each panelist was

served these 30 beverages was determined by a 30 9 30

Latin square design balanced for order and carry-over

effects, generated using DesignExpress� (Product Percep-

tions Ltd, Horley, Surrey, UK). Twenty-two panelists

attended the swallowing pressure measurement session, but

data collected from two panelists were not used due to

discomfort caused by the lingual pressure array.

Fig. 1 3-Bulb pressure array adhered to the palate at midline

Table 2 Thickened beverage texture lexicon: Description used by

panelists after putting a level spoonful in their mouth

Attribute Description

Thickness The force required to push the liquid against the roof

of the mouth

Adhesiveness The amount of work needed to remove the liquid from

the palate

Stickiness The amount of force needed to pull the tongue away

from the roof of the mouth. Touch the tongue to the

roof of the mouth, then pull it directly down

Slipperiness The enhanced lubricating or friction-reducing

qualities at the back of the throat as you swallow

Mouthcoating The degree to which the beverage coats the inside of

the mouth after swallowing
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Residual Mouthcoating Measurement Session Panelists

attended two, hour-long residual mouthcoating measure-

ment sessions during two consecutive weeks. One gl-1 of

riboflavin (Sigma-Aldrich Co., St. Louis, MI) was incor-

porated into the base liquid of all the thickened beverages

during preparation. The complete set of 30 thickened

beverages was randomly divided into 2 groups of 15 bev-

erages. At each session, all panelists were served the same

set of 15 thickened beverages. The positions in which these

15 beverages were served was determined by a design for

15 treatments in 2 balanced blocks of 30 consumers each so

as to balance the effect of order of presentation and first-

order carry-over effects [34].

A rinse-and-expectorate protocol was developed that

involved the following steps: panelists gently stirred the

sample 30 times with a plastic spoon (Bakers and ChefsTM

Plastic Spoons, Bentonville, Arkansas), filled the spoon full

with the sample, leveled it off if necessary with a plastic

coffee stirrer (PropakTM Coffee/Bar Stirrers), and swal-

lowed this spoonful. Panelists then rinsed their mouth with

10 ml of water, swishing it three times inside the mouth,

and spit this rinse water into a 16 oz. spit cup (Dart� Foam

Cups, Mason, Michigan) labeled with the same code

number as the sample. This rinse-and-expectorate protocol

was repeated 5 times after swallowing each sample. (At the

start of each session, panelists swallowed a spoonful of

water instead of the thickened beverage sample, to famil-

iarize them with the protocol as well as to remove food

particles from their mouth.)

The riboflavin concentration in the rinse water from

each judge for each sample was determined using a

chemical analysis and fluorescent spectroscopy method

[35]. The total riboflavin content in the rinse water was

calculated by multiplying this riboflavin concentration by

the volume of rinse water. The total riboflavin content was

considered to be a measure of residual mouthcoating.

Data Analysis

The raw data from the tests above were compiled on

Microsoft Excel sheets. Statistical analyses were carried

out using SAS computer software (The SAS System for

WindowsTM, Version 9.2, The SAS Institute Inc., Cary,

NC) and XLSTAT TM 2013 (Addinsoft SARL, New York,

NY). Unless otherwise noted, statistical significance was

set at 0.05. Although the taste and flavor measurements

varied among the beverages, they were unrelated to any of

the rheological, sensory texture, or swallowing pressure

measurements and are not included in any data analyses

reported here.

Linear regression (SAS PROC REG) was used to relate

sensory and swallowing pressure measurements to the three

rheological measurements (apparent viscosity, K value, and

n value). Analyses were done separately for thin honey

beverages and nectar beverages to visualize relationships

within each of the two viscosity ranges.

Principal components analysis with Varimax rotation

(XLSTAT�) was used to summarize the relationships

among the three groups of measurements (sensory, rheo-

logical, and swallowing pressure) for the nectar and the

thin honey beverages separately. The main data set for each

principal components analysis contained the 15 beverages

as observations and the rheological measurements as

variables. Sensory texture measurements and swallowing

pressures for each of the 15 beverages were added as

supplementary variables.

The relationship between the sensory perception of

mouthcoating and the instrumental measurement was

examined for predicting mouthcoating using linear

regression. The dependent variable was the sensory per-

ception of mouthcoating; the instrumental measurement of

residual riboflavin served as a predictor. Each judge was

included in the model as a dummy variable.

Results

The relatively huge differences in viscosity between the

two thickness levels (nectar and thin honey) overwhelmed

comparisons among the thickeners, so the observations

below have been separated into those for the nectar bev-

erages and those for the thin honey beverages. The bev-

erages within these subsets had very similar apparent

viscosities, thus shifting the focus towards relationships of

the other rheological properties with the sensory and

swallowing measurements.

Supplemental Tables S3, S4, and S5 contain mean val-

ues of the rheological measurements, sensory measure-

ments and swallowing pressure measurements,

respectively.

Rheology and Density

The beverage samples exhibited a range of rheological

behaviors at both thicknesses (Table S3). While all of the

fluids met the target parameters for apparent viscosity at

30 s-1 when measured on the Brookfield rheometers, there

were some variations among the apparent viscosities when

the same samples were measured on the TA rheometer:

some of the values fell outside of the target ranges, but

most were not found to be significantly different

(p\ 0.05). Using the power law fit, flow indices (n values)

for nectars varied from 0.24 to 0.86, whereas for thin

honeys, n values varied from 0.24 to 0.77. Consistency

(K) for nectars ranged from 280 cP to 4000 cP, whereas for

thin honeys, K ranged from 2200 to 26,000 cP.
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For many of the thickened solutions evaluated, Hershel–

Bulkley predicted negative values for yield stress. There-

fore, those parameters were not included in any further

analysis. Further attempts were made to measure yield

stress directly but the results were highly variable. Flow

curves of the solutions showed no evidence of plateaus in

stress values even when low shear rates (10-1–10-4 s-1)

were used, so measurement of yield stress was not pursued

for this work.

Densities of the fluids were not found to vary signifi-

cantly among the samples, with both nectars and thin

honeys in the range from 1.03 to 1.07 g ml-1. Therefore,

density was not included in further analyses.

Nectar Beverages

The sensory properties thickness, stickiness, adhesiveness,

mouthcoating, and number of swallows were highly neg-

atively correlated with principal component 1, and highly

positively correlated with the flow behavior index (n value)

(Fig. 2; Table 3). Slipperiness was negatively correlated

with n value and with all the other sensory texture attri-
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Fig. 2 Principal components plot showing relationships among

rheological, sensory, and swallowing pressure measurements for

nectar beverages. The first component (horizontal axis) is highly

positively correlated with K value (consistency coefficient) and highly

negatively correlated with n value (flow behavior index). The second

component is strongly positively correlated with apparent viscosity

Table 3 Best linear regression equations, relating sensory and swallowing pressure measurements to the rheological measurements for nectar
fluids only

Sensory/swallowing attribute Intercept Rheological measurements Adjusted R2

Apparent viscosity n value K value

Thickness -1.0 5.7 0.72

Adhesiveness -1.5 7.7 0.70

Stickiness 0.0 0.59

Slipperiness 11.8 -7.2 0.57

Mouth coating -0.2 3.3 0.60

No. of swallows 0.82 3.8 0.67

Bulb 1 142 -0.12

Bulb 2 181 0.04

Bulb 3 159 -0.15

Values are beta coefficients (the change in the sensory or swallowing pressure measurement produced by a one unit increase in the rheological

measurement.)

Empty cells indicate no significant relationship between the sensory or swallowing pressure measurement and the rheological measurement
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Fig. 3 Principal components plot for nectar beverages showing the

factor scores for the 15 thickeners. The first component (horizontal

axis) is highly positively correlated with K value (consistency

coefficient) and highly negatively correlated with n value (flow

behavior index). The second component is strongly positively

correlated with apparent viscosity
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butes. Principal component 2 and apparent viscosity were

not significantly correlated with any of the sensory or

swallowing pressure measurements. This was not surpris-

ing because ga for either nectar or thin honey fluids was

intended to be the same. Although bulb 1 and bulb 2

pressures were significantly correlated with each other,

they were not significantly related to any of the principal

components, or to any rheological measurements (Fig. 2;

Table 3).

Panelists rated high methoxyl pectin, methyl cellulose,

calcium caseinate, and low methoxyl pectin relatively more

intense than other thickeners for stickiness, adhesiveness,

thickness, and mouthcoating. Flow indices for these fluids

ranged from 0.77 to 0.86, so they tended to have more

Newtonian flow than the other samples. Xanthan gum,

extra stable waxy rice starch, agar, microcrystalline cellu-

lose, and acetylated distarch phosphate were rated rela-

tively lower on those thickness and adhesive–related

attributes, and higher for slipperiness. These samples had

the lowest n values (0.22–0.49) among the prepared nectar

samples (Table S3; Fig. 3).

The sensory attributes thickness, adhesiveness, sticki-

ness, mouthcoating, and number of swallows were highly

correlated with each other (all r[ 0.93; computed across

means of the 15 nectar beverages). The n value was posi-

tively correlated (0.82\ r\ 0.87) and the k value was

negatively correlated with all these sensory attributes

(-0.75\ r\-0.59). None of the rheological measure-

ments were significantly related to the swallowing pressure

measurements (-0.23\ r\ 0.32).

Thin Honey Beverages

The sensory properties adhesiveness, stickiness, mouth-

coating, and number of swallows were positively correlated

(r[ 0.54) with component 1 and with the n value (Fig. 4;

Table 4). Slipperiness was negatively correlated with

principal component 1, with the n value and with all the

other sensory texture attributes. Bulb 1 and bulb 2 pres-

sures were significantly correlated with each other and had

correlations of 0.45 and 0.44, respectively, with principal

component 1. Both bulb 1 and bulb 2 pressures were

negatively correlated to K value, and were positively cor-

related to n value. Bulb 3 pressure was negatively corre-

lated to slipperiness (r = -0.58).

The sensory attributes adhesiveness, stickiness, mouth-

coating, and number of swallowswere highly correlatedwith

each other (all r[ 0.94; computed across means of the 15

thin honey beverages). The n value was positively correlated

with all these sensory attributes (0.68\ r\ 0.75); the

K value was negatively correlated with all these sensory

attributes (-0.58\ r\-0.52). Bulb 2 pressure was

negatively related to the K value (r = -0.40). Bulb 1 and 3

pressures were uniquely related, but not significantly corre-

lated with any of the rheological measurements (Table 4).

Panelists rated calcium caseinate, low methoxyl pectin,

methyl cellulose, and high methoxyl pectin (n values

ranging from 0.67 to 0.77) relatively more intense for

stickiness, adhesiveness, mouthcoating, and number of

swallows. Those samples had the highest n values, i.e., they

were the least shear thinning among the thin honey sam-

ples. Xanthan gum, iota carrageenan, microcrystalline

cellulose, and agar (n values ranged from 0.23 to 0.40)

were rated relatively lower on these attributes and rela-

tively higher for slipperiness; those samples were the most

shear thinning among the thin honeys. (Table S3; Fig. 5).

Thickness was poorly correlated with either of the first

two principal components—likely because all fluids were

formulated to a similar apparent viscosity.

Sensory Attributes and Swallowing Pressures

Relationships among the swallowing pressures and the

sensory attributes were generally weak, and even in the

cases of significance, linear relationships had low R2 val-

ues. Swallowing pressures for nectar beverages were neg-

atively related to the number of swallows and positively

related to thickness (Table 5). Swallowing pressures for

thin honey beverages were not consistent among the three

bulbs (Table 6).

Residual Riboflavin as a Measure of Mouthcoating

The amount of riboflavin left in the mouth was positively

correlated with the sensory mouthcoating scores. A 1 mg

increase in riboflavin corresponded to a 4.1 unit increase in

the sensory perception of mouthcoating (p\ 0.001,

Fig. 6). The amount of riboflavin left in the mouth plotted

against the sensory mouthcoating scores showed a linear

relationship (Fig. 6).

Discussion

Sensory evaluation of fluids does not occur at a constant

shear rate. Instead people adjust the shear rates in the

mouth to the consistency of the food they are consuming

[36]. Shear rates in the mouth are generally lower for more

viscous fluids and higher for less viscous fluids [37].

Likewise, successful prediction of sensory thickness from

instrumental viscosity depends on the shear rate chosen for

the instrumental measurement [25, 36, 38, 39]. Cutler et al.

[38] predicted that the best correlation between sensory

thickness and apparent viscosity of non-Newtonian fluid

foods would be at a shear rate of 10 s-1. However, Wood
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[14] suggested an average shear rate of 50 s-1, which was

adopted by the National Dysphagia Task Force for the

standardization of treatment fluid viscosities even though

ga of the diagnostic fluids commonly used for dysphagia

were developed at an average shear rate of 30 s-1.

It is currently believed that there is large range of oral

shear rates during swallowing, from 1 to 1000 s-1, based

on observed flow characteristics of the bolus [17, 18]. At

this point, no agreement on shear rate exists for perception

of non-Newtonian foods [40]. Further, Nicosia [41] noted

that the shear rates for a specific bolus during swallowing

can vary across the duration of the swallow, and at a single

time point, they can vary considerably from one region of

that bolus to another. Houska et al. [42] showed that oral

evaluation during swallowing of non-Newtonian fluids

depended on viscosity, with a shear rate of approximately

12.7 s-1 at an equivalent instrumental viscosity of thin

honey beverages [i.e., 1500 cP (mPa s)]. They also showed

that oral evaluation during swallowing of non-Newtonian

fluids with an equivalent instrumental viscosity of nectar

beverages [i.e., 300 cP (mPa s)] occurred at a shear rate of

approximately 70 s-1. Hasegawa, Otoguro et al. [43]

reported a shear rate at swallowing of 10 s-1.

Based on the work of Houska et al. [42], one might

expect that if rates closer to 10–12 s-1 for the thin honey

beverages and closer to 70 s-1 for the nectar beverages had
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Fig. 5 Principal components plot for thin honey beverages showing

the factor scores for the 15 thickeners. The first component

(horizontal axis) is highly positively correlated with n value (flow

behavior index) and highly negatively correlated with K value

(consistency coefficient) and yield stress. The second component is

strongly positively correlated with apparent viscosity

Table 4 Best linear regression equations relating sensory and swallowing pressure measurements to the rheological measurements for thin

honey fluids only

Sensory/swallowing attribute Intercept Rheological measurement Adjusted R2

Apparent viscosity n value k value

Thickness -1.0 1.6 0.72

Adhesiveness -1.5 7.7 0.70

Stickiness 0 0.60

Slipperiness 11.8 -7.2 0.60

Mouth coating -0.2 7.6 0.60

No. of swallows 0.8 1.3 0.68

Bulb 1 142 -0.13

Bulb 2 181 -0.001 0.04

Bulb 3 159 -15

Values are beta coefficients (the change in the sensory or swallowing pressure measurement produced by a one unit increase in the rheological

measurement.)

Empty cells indicate no significant relationship between the sensory or swallowing pressure measurement and the rheological measurement
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Fig. 4 Principal components plot showing relationships among

rheological, sensory, and swallowing pressure measurements for thin

honey beverages. The first component (horizontal axis) is highly

positively correlated with n value (flow behavior index) and highly

negatively correlated with K value (consistency coefficient) and yield

stress. The second component is strongly positively correlated with

apparent viscosity
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been used in this study, higher correlations may have been

observed between the rheological properties of the beverages

and their perceived thickness ratings. However, it also has

been suggested in more recent work that great care is needed

when using a single shear rate for the evaluation of non-

Newtonian fluids: there may be dramatic differences among

non-Newtonian fluids above and below the chosen shear rate,

and that may have consequences beyond ‘‘thickness’’ per-

ception [40]. These differences would likely be increasingly

dramatic for very shear-thinning fluids.

Apparent viscosities of the nectar and thin honey fluids

were achieved by way of thickener concentration; as

concentrations increased, apparent viscosity and non-

Newtonian behavior increased (n values decreased, K val-

ues increased). Formulating nectars and thin honeys to the

shear rates suggested by Houska et al. [42] may have

improved sensory correlations for more Newtonian fluids

(higher n values), but there may be less distinction between

very shear-thinning fluids. For example, in the case of

thickened fluids with relatively high shear-thinning

behavior (such as xanthan gum), thickener concentration

for a fluid formulated to be 1500 cP at 12.7 s-1would

begin to approach that of a fluid formulated to be 300 cP at

70 s-1.

Rao and Lopes da Silva [44] suggested that one reason

shear-thinning non-Newtonian liquids are safer to swallow

than thin Newtonian liquids is due to reduced fluid flow in

the second half of the swallowing process. Reduced flow

allows time for air passages (entry to the trachea and

nasopharynx) to close completely, so a dysphagic patient is

less likely to aspirate as they would with a Newtonian

bolus. They also found that increased consistency coeffi-

cient (K value) of shear-thinning fluids significantly

increased the time to swallow a critical volume of fluid

(tcv), defined as the number of seconds to transport the first

1 ml of fluid into the esophagus. They assumed that the

greater the value of tcv, the safer the swallow due to

reduced risk of aspiration. O’Leary et al. [45] also noted

that thickened liquids with greater shear thinning (low

n value) may be more suitable for people with swallowing

disorders because the high apparent viscosity at low shear

rates prior to swallowing would prevent the fluid from

rapidly running into the airway, and the shear thinning

would make the fluid easy to swallow, requiring minimal
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Fig. 6 Linear relationship between the amount of riboflavin left in

the mouth and the sensory perception of mouthcoating. The points on

the graph represent means for each nectar and thin honey beverage

across all judges and all repetitions

Table 6 Beta coefficients (the change in the swallowing pressure

measurement produced by a one unit increase in the sensory attribute)

from the best linear regression equations, fit by restricted maximum

likelihood (REML), relating swallowing pressures and sensory

attributes for thin honey samples. Empty cells indicate no significant

relationship between the sensory and the swallowing pressure

measurement

Swallowing pressure Intercept Thick Adhesive Sticky Slippery Mouth coating No. of swallows Adjusted R2

Bulb 1 133 8.0 0.19

Bulb 2 161 -12 15.8 0.16

Bulb 3 183 -7.7 7.1 0.30

Table 5 Beta coefficients (the change in the swallowing pressure

measurement produced by a one unit increase in the sensory attribute)

from the best linear regression equations, fit by restricted maximum

likelihood (REML), relating swallowing pressures and sensory

attributes for nectar thick samples. Empty cells indicate no significant

relationship between the sensory and the swallowing pressure

measurement

Swallowing pressure Intercept Thick Adhesive Sticky Slippery Mouth coating No. of swallows Adjusted R2

Bulb 1 146 13.7 -11.3 0.02

Bulb 2 181 -9.8 0.02

Bulb 3 163 9.5 -7.3 0.01
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muscular force. Thus, we would expect the fluids with

relatively high shear thinning (fluids towards the right in

Fig. 3 and towards the left in Fig. 5) to provide rheology

more suitable for successful swallowing. Microcrystalline

cellulose, agar, and xanthan gum exhibited these features at

both nectar and thin honey consistencies (Figs. 3, 5).

Acetylated distarch phosphate and extra stable waxy rice

starch exhibited these features at a nectar consistency; iota

carrageenan exhibited these features at a thin honey con-

sistency. Nishinara et al. [13] provided some, but incom-

plete, evidence that more shear-thinning liquids (having

relatively higher viscosities at low shear rates) were aspi-

rated less than liquids with lower viscosities at lower shear

rates. They suggested that these higher viscosities at lower

shear rates might also alter the subjects’ perception of the

bolus nearing the pharynx and airway (epiglottis).

Based on the rheological parameters measured, shear-

thinning behavior (n value) and consistency coefficient

(K) seemed to have the highest correlation with the sensory

attributes studied. Samples that were more shear thinning

(lower n values, higher K values) were generally perceived

as less thick, with less adhesive properties (stickiness,

adhesiveness, mouthcoating, and number of swallows) and

greater slipperiness. Swallowing pressures did not appear

to be significantly affected by the rheological parameters

measured, or by sensory attributes.

Results of this study may be useful for selecting thick-

eners for people with dysphagia. A desirable thickener for

many dysphagic patients would be one that allowed for a

safe swallow (the fluid would have rheological properties

that reduced airway penetration) yet be pleasant to drink

(minimal perceived thickness, minimal mouth coating, and

minimal off flavors). Additional research will be needed to

select best combinations of thickeners that when mixed

with beverages maximize desirable and minimize unde-

sirable characteristics.
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